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ABSTRACT

In eukaryotes ribosome biogenesis required that rRNAs primary transcripts are assembled in pre-ribosomal particles and
processed. Protein factors and pre-ribosomal complexes involved in this complex pathway are not completely depicted. The
essential ORF YPR143W encodes in yeast for an uncharacterized protein product, named here Rrp15p. Cellular function of
Rrp15p has not so far defined even if nucleolar location was referred. With the aim to define the possible role of this orphan
gene, we performed TAP-tagging of Rrp15p and investigated its molecular association with known pre-ribosomal complexes.
Comparative sucrose gradient sedimentation analyses of yeast lysates expressing the TAP-tagged Rrp15p, strongly indicated that
this protein is a component of the pre-60S particles. Northern hybridization, primer extension and functional proteomics on
TAP-affinity isolated complexes proved that Rrp15p predominately associated with pre-rRNAs and proteins previously char-
acterized as components of early pre-60S ribosomal particles. Finally, depletion of Rrp15p inhibited the accumulation of 27S
and 7S pre-rRNAs and 5.8S and 25S mature rRNA. These results provide the first indication that Rrp15p is a novel factor
involved in the early maturation steps of the 60S subunits. Moreover, the identification of the protein kinase CK2 in the
Rrp15p-containing pre-ribosomal particles here reported, sustains the link between ribosome synthesis and cell cycle progres-
sion.
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INTRODUCTION

Ribosome synthesis in eukaryotes starts in the nucleolus
with the transcription of a large precursor RNA (pre-rRNA)
by RNA polymerase I. This primary transcript is subse-
quently chemically modified by a myriad of small nucleolar
ribonucleoprotein complexes (snoRNPs) and mature 18S,
5.8S, and 25–28S rRNAs are produced by a complex series
of endo- and exo-nucleolytic cleavage steps (Fig. 1; for re-
view, see Venema and Tollervey 1999). During these pro-
cessing reactions, the rRNA intermediates associate with the
5S rRNA, about 80 ribosomal proteins and a large number
of nonribosomal proteins, to form pre-ribosomal particles.
The pre-ribosomal particles are dynamically remodeled and
matured as they transit from the nucleolus to the nucleo-

plasm and then are exported to the cytoplasm, where syn-
thesis of the 60S and 40S ribosomal subunits is completed
(Tschochner and Hurt 2003).

An outline of ribosome assembly pathway was provided
in yeast by tandem affinity purifications (TAP method) of
tagged trans-acting factors required for pre-rRNA process-
ing (Harnpicharnchai et al. 2001; Fatica et al. 2002; Gavin et
al. 2002; Grandi et al. 2002; Nissan et al. 2002; Saveanu et al.
2003; Schafer et al. 2003). Such studies identified several
pre-ribosomal particles containing more than 140 proteins
transiently associated with pre-rRNAs (for review, see Fatica
and Tollervey 2002; Fromont-Racine et al. 2003; Milkereit
et al. 2003; Tschochner and Hurt 2003). Comparison of the
RNA and proteins associated with these complexes led to a
depiction of the succession of pre-ribosomal particles and
showed a remarkable separation of the factors involved in
the synthesis of the 40S and 60S ribosomal subunits.

In this study, we characterize an as yet unknown com-
ponent of early pre-60S ribosomal particles, ypr143w (now
Rrp15p), which is required for the maturation of large sub-
unit rRNAs.
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RESULTS

Rrp15p is an essential evolutionarily conserved
protein that associates with pre-60S
ribosomal particles

The essential ORF YPR143w encoded for a protein of 28
kDa. We termed this protein Rrp15p (Ribosomal RNA Pro-
cessing). Sequence analyses identified putative orthologs in
fungi and higher eukaryotes (Fig. 2), indicating that these
proteins perform evolutionary conserved functions. How-
ever, there was no sequence similarity between Rrp15p and
known protein domains.

GFP-tagged Rrp15p has been localized to the nucleus
with consistent nucleolar enrichment (Huh et al. 2003) and,
in a large-scale study, associated with different large subunit
rRNA processing factors (Ho et al. 2002). Although Rrp15p
has not been so far identified in the protein complexes
described in the ribosome assembly pathway (Harnpicharn-
chai et al. 2001; Fatica et al. 2002; Gavin et al. 2002; Grandi
et al. 2002; Nissan et al. 2002; Saveanu et al. 2003; Schafer

et al. 2003), overall these data suggested its involvement in
the ribosome biogenesis.

To assess the association of Rrp15p with pre-ribosomal
particles, we performed a sucrose gradient analysis with a
lysate from a C-terminal TAP tagged strain (Rrp15-TAP).
This construct supported wild-type growth, showing it to be
fully functional (Fig. 3). Furthermore, steady-state rRNA
levels in the TAP-tagged strain are identical to the wild-type
one (see Fig. 4B,C).

The sedimentation of Rrp15-TAP was determined by
Western blotting and compared to that of the rRNA and
pre-rRNA species (Fig. 4A). Comparison to the position of
the mature rRNAs detected by ethidium staining (data not
shown) indicated that Rrp15-TAP is enriched in the 60S of
the gradient, with a weaker peak around 80S to 90S regions.
Northern hybridization showed that the peak of Rrp15-TAP
coincides with the peak of 27SA and 27SB pre-rRNAs.
These analyses strongly indicate that Rrp15p is a compo-
nent of the pre-60S particles.

To confirm these data, we identified the RNAs and pro-
teins physically associated with Rrp15p using the TAP tag
purification procedure. RNAs coprecipitated with Rrp15-
TAP were analyzed by Northern hybridization (Fig. 4B,C)
and primer extension (Fig. 4D). An isogenic nontagged
wild-type strain was utilized as control. Coprecipitation was
seen for the 27SA2, 27SA3, 27SB, and 7S pre-rRNAs and
mature 5S rRNAs. The 7S pre-rRNA was detected with
much lower abundance than 27S species (Fig. 4B,C). No
precipitation was seen for 35S and 6S pre-rRNAs (data not
shown) and for mature 18S and 25S rRNAs (Fig. 4C). Con-
sistent with the sedimentation data, we conclude that
Rrp15p predominately associated with the 27S pre-RNAs of
the large ribosome subunit.

To identify the proteins associated with Rrp15-TAP, we
performed a SDS-PAGE of purified proteins followed by
Coomassie staining (Fig. 4E). Bands were excised and ana-
lyzed by MALDI-Tof mass spectrometry. Rrp15-TAP copu-
rified with a number of nonribosomal proteins, including
Rlp7p, Rrp1p, Nop1p, Brx1p, Rpf1p, Rpf2p, Nop16p, Tif6p,
Has1p, Nop56p, Nog1p, Puf6p, Nsa1p, and Loc1p, all of
which were previously described as components and/or
were implicated in 60S biogenesis (Fabian and Hopper
1987; Tollervey et al. 1991; Gautier et al. 1997; Venema and
Tollervey 1999; Dunbar et al. 2000; Harnpicharnchai et al.
2001; Fatica et al. 2002; Wehner and Baserga 2002; Nissan et
al. 2002; Kallstrom et al. 2003; Emery et al. 2004). In addi-
tion, only ribosomal proteins of the large subunit were
identified (Rpl4p, Rpl5p, Rpl7p, Rpl8p, Rpl13p, Rpl15p,
Rpl1p, Rpl16p, Rpl17p, and Rpl14p). We detected also the
Cka1p subunit of the yeast protein kinase CK2. Compo-
nents of this holoenzyme have been identified in other
pre-ribosomal particles (Gavin et al. 2002; Ho et al. 2002)
and this interaction may provide an additional link between
ribosome synthesis and cell cycle progression (see Discus-
sion).

FIGURE 1. Pre-rRNA processing pathway. In wild-type cells, the 35S
pre-rRNA is cleaved at site A0 producing the 33S pre-rRNA. This
molecule is rapidly cleaved at site A1 to produce the 32S, which is
cleaved at site A2 releasing the 20S and 27SA2 pre-rRNAs. The 20S
pre-rRNA is exported to the cytoplasm where it is dimethylated by
Dim1p and then cleaved at site D, by an unidentified enzyme, to
generate the mature 18S rRNA. 27SA2 is processed via two alternative
pathways. It is either cut at site A3 to generate 27SA3, which is then
trimmed to site B1S, producing 27SBS. Alternatively, it can be pro-
cessed to 27SBL by an as yet unknown mechanism. 27SBS and 27SBL

are matured to the 5.8S and 25S following identical pathways. Cleav-
age at site C2 generates the 7S and 26S pre-rRNAs. The 7S pre-rRNA
is digested 3� to 5� to 6S pre-rRNA and then to the mature 5.8S rRNA.
The 26S pre-rRNA is digested 5� to 3� to the 25S� pre-rRNA and then
to the mature 25S rRNA. (For a review on pre-rRNA processing and
the known processing enzymes see Venema and Tollervey 1999.)
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All together, these data demonstrate that Rrp15p is a new
component of pre-60S particles, with a weaker and transient
association with the earlier 90S preribosomes.

Rrp15p is required for the synthesis of large
subunit rRNAs

The association of Rrp15p with pre-60S particles suggested
its involvement in subunit maturation. To investigate this,
a chromosomal HA-tagged Rrp15p fusion protein was cre-
ated under the control of the repressible GAL1 promoter,
GAL�HA-rrp15 (Longtine et al. 1998). In galactose liquid
media, growth of the GAL�HA-rrp15 and of an isogenic wild-
type strain was very similar (data not shown). Following trans-
fer to glucose liquid medium, the growth rate of both strains
was initially the same but growth of the GAL�HA-rrp15 strain
was strongly reduced after 8 h and almost ceased by 16 h (Fig.
5A). Western blot analysis using anti-HA antibodies revealed
that the decrease in growth rate in glucose medium was con-
comitant with HA-Rrp15p depletion (Fig. 5B).

Pre-rRNA processing was subsequently assessed by
Northern hybridizations, primer extension analyses (Fig. 6)
and pulse-chase labeling (Fig. 7).

Steady-state levels of mature and precursor rRNA mol-
ecules were determined by Northern hybridization with
oligonucleotides specific for the pre-rRNAs and mature
rRNAs (Fig. 6). Analysis of high molecular weight rRNAs

showed that Rrp15p depletion leads to
reduce levels of 25S and 18S rRNAs.
Consistent with its putative role in 60S
maturation, 25S production is signifi-
cantly reduced relative to 18S rRNA
synthesis (Fig. 6B). As other pre-60S
protein components, depletion of
Rrp15p led to accumulation of the 35S
pre-rRNA (Fig. 6B) and to reduction of
the 27SA2 and 27SB. The 20S pre-rRNA
was also reduced with concomitant ap-
pearance of the aberrant 23S RNA. This
is consistent with the delay in early pre-
rRNA processing steps at site A0, A1, and
A2 seen in many others processing mu-
tants involved in large subunit matura-
tion (Venema and Tollervey 1999). Af-
ter the shift to glucose medium a rapid
and strong reduction was seen in the
level of 7S pre-rRNA (Fig. 6C), which is
generated by cleavage at site C2 in the
27SB (see Fig. 1A). Together with the
accumulation of the A2-C2 fragment
(Fig. 6C), this indicates that in the ab-
sence of Rrp15p the 27SA2 is not pro-
cessed at sites A3 and B1 but directly
cleaved at site C2 (see Fig. 6E). Despite
the drastic reduction in 7S pre-rRNA

level, primer extension analysis up to site C2 did not shown
any reduction in the level of 26S pre-rRNA, which is the
other product of the C2 cleavage (Fig. 6C). It is very likely
that the A2-C2 fragment replaces the 7S pre-rRNA in the
normal base-pairing with the 26S, preventing their process-
ing to mature rRNAs and leading both molecules to de-
gradation (see Fig. 6E). This phenotype has been already

FIGURE 2. Multiple sequence alignment of Rrp15p and related proteins. The full sequences
of Rrp15p and its putative eukaryotic orthologs were aligned using PSI-BLAST (Altschul et al.
1997). Putative orthologs in Rattus norvegicus (XP_341170.1), Homo sapiens (AAH20641.1),
Schizosaccharomyces pombe (NP_592956), and Saccharomyces cerevisiae (YPR143W) are shown.

FIGURE 3. Tap-tagged Rrp15p supports wild-type growth. Growth
rate of Rrp15-TAP (circles) and wild-type (squares) strains at 30°C in
YPD.
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described for other components of early pre-60S particles
(Fatica et al. 2002, 2003; Dez et al. 2004; Rosado and de La
Cruz 2004). Decrease levels of 5.8S and 5S mature rRNAs
were also observed (Fig. 6C). The 5.8S reduction is a con-
sequence of the inhibition of the synthesis of its direct pre-
cursor 7S pre-rRNA; while the diminution in 5S rRNA accu-
mulation is probably due to the reduction of large ribosomal
subunits in which 5S molecule has to be incorporated.

Pulse-chase analysis of the GAL�HA-rrp15 strain with
[3H]-uracil was performed 8 h after transfer to glucose me-
dium (Fig. 7). Comparison of the wild type and mutant
strains showed that overall incorporation of [3H]-uracil was
reduced upon Rrp15p depletion. However, the accumula-
tion of 5.8S rRNA was delayed in the mutant strain.

From these results, we concluded that
Rrp15p is required for large subunit
rRNA maturation and, in particular, for
proper processing of 27SA2 that leads to
the production of 5.8S and 25S rRNAs.

DISCUSSION

Here we report the characterization of a
new essential yeast gene, named RRP15,
required for the formation of 60S ribo-
somal subunits. Sedimentation data and
analysis of proteins and RNAs associ-
ated with Rrp15p indicate that it is a
component of early pre-60S particles. In
particular, the results presented in this
study show that Rrp15p associates with
pre-ribosomes at the step that separates
the precursors to the 40S and 60S sub-
units. Coprecipitation of the 27SA2,
27SA3, and 27SB, with lower efficiency
of 7S pre-rRNAs, but not of the mature
5.8S and 25S rRNAs indicate that
Rrp15p remains associated in pre-ribo-
somal particles during all the processing
steps of the 27SA2, dissociating at C2

cleavage. Indeed, as reported for other
pre-60S components (Fatica et al. 2002,
2003; Dez et al. 2004; Rosado and de La
Cruz 2004), the presence of Rrp15p is re-
quired to block premature cleavage of
27SA2 at site C2. This leads to the conclu-
sion that the still unidentified endonucle-
ase responsible for this cleavage event can
act even on a not properly assembled pre-
ribosome and that the function of some
pre-60S components is to provide quality
control systems that guarantee the right
timing of the 27SA2 processing events.

Surprisingly, Rrp15p has never been
detected in any of the several ribosomal

TAP complexes purified in these years (Harnpicharnchai et
al. 2001; Fatica et al. 2002; Gavin et al. 2002; Grandi et al.
2002; Nissan et al. 2002; Saveanu et al. 2003; Schafer et al.
2003). However, it has been copurified with overexpressed
tagged Nop7p together with other known pre-60S protein
components in a large-scale purification study (Ho et al.
2002). This may be explained by the fact that pre-60S ri-
bosomal particles are very dynamic and affinity purification
results in different laboratories depend upon the purifica-
tion protocol utilized and the growth phase of the tagged
strains. Moreover, and this might be our case, some pro-
teins might escape detection by mass-spectrometry. For
these reasons, it is also very difficult to define the precise
maturation stage of the pre-ribosomal particles containing

FIGURE 4. Rrp15p is associated with pre-60S ribosomal particles.(A) Upper panel: sedimen-
tation of TAP tagged Rrp15p on a 10–50% sucrose gradient. The levels of the Rrp15-TAP
protein were determined by immunoblot analysis. Lower panel: The levels of the 27S pre-rRNA
were determined by Northern analysis. Positions of 40S and 60S ribosomal subunits and 80S
ribosomes are indicated, as determined by ethidium staining of the RNA recovered from each
fraction (data not shown). (B,C) Northern analysis of low and high molecular weight rRNAs,
respectively, and (D) primer extension analyses of rRNAs and pre-rRNAs coprecipitated with
Rrp15-TAP. RNA was extracted from whole cells (Tot. lane) and affinity purified fractions from
tagged (+ lane) and the non-tagged isogenic wild-type strain (− lane). The Northern membrane
was consecutively hybridized with the probes indicated (see Materials and Methods and Fig. 6A
for locations of the probes used). (E) Purified proteins obtained from the TAP method were
resolved by SDS-PAGE. Bands were visualized by Coomassie staining. The labeled bands were
excised and identified by mass spectrometry. MALDI-ToF identified proteins are indicated.
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Rrp15p. Furthermore, it remains to be analyzed whether
Rrp15p is required for the nuclear and/or nucleolar export
of pre-60S particles.

Interestingly, in our purification we identified also the
Cka1p subunit of the yeast casein kinase 2 (CK2). CK2 is a
pleiotropic protein kinase that has crucial roles in cell dif-
ferentiation, proliferation, and survival (for review, see
Ahmed et al. 2002). It is able to phosphorylate over 300
proteins; between them are proteins affecting protein syn-
thesis and ribosomal proteins of the large subunit (Zam-
brano et al. 1997; Meggio and Pinna 2003). This almost
universal kinase CK2 has a quaternary structure composed
of two catalytic (CKA1 and CKA2) and two regulatory sub-
units (CKB1 and CKB2). Interestingly, each CK2 subunit
enters the nucleus as distinct subunits rather than as pre-
assembled holoenzyme and they are integrated into differ-
ent multimolecular complexes (Filhol et al. 2004). Compo-
nents of this kinase have been already identified in several
complexes containing pre-ribosomal proteins but their role
in ribosome assembly is still unclear (Gavin et al. 2002; Ho
et al. 2002). Several proteins involved in ribosome biogen-
esis have additional roles in cell cycle (Du and Stillman
2002; Zhang et al. 2002; Oeffinger and Tollervey 2003)

and this association may provide a fur-
ther link between these two processes.
Further work is needed to clarify a pos-
sible role for Rrp15p in cell cycle pro-
gression.

MATERIALS AND METHODS

Strains and
microbiological techniques

Standard techniques were employed for
growth and handling of yeast. Yeast strains
used in this work are: BMA38 (a, his3�200,
leu2-3,112, ura3-1, trp1�, ade2-1), YAF63
(a, his3�200, leu2-3,112, ura3-1, trp1�,
ade2-1, RRP15-TAP�TRP1), YMD1 (a,
his3�200, leu2-3,112, ura3-1, trp1�, ade2-1,
KAN�GAL�HA-RRP15). Strain YMD1 was
created from BMA38 by use of a one-step
PCR strategy as previously described (Long-
tine et al. 1998). TAP tagging of Rrp15p was
performed as described in Rigaut et al.
(1999).

Sucrose gradient analysis and
affinity purification

Sucrose gradient centrifugation was per-
formed as described (Tollervey et al. 1993;
Baßler et al. 2001). RNA was extracted from
each fraction and resolved on standard 1.2%
agarose/formaldehyde gel. Mature rRNAs

and pre-rRNA species were detected by ethidium staining and
Northern hybridization, respectively. Sedimentation of proteins
was assayed by SDS-PAGE and TAP-tagged Rrp15p was detected
by Western immunoblotting with peroxidase-conjugated rabbit
IgG (Sigma). Affinity purification of TAP-tagged Rrp15p and
analysis of copurified RNAs and proteins was performed as pre-
viously described (Fatica et al. 2002).

Pulse-chase labeling

Metabolic labeling of RNA was performed as described previously
(Fatica et al. 2002). The strains GAL�HA-rrp15 and BMA38 were
transformed with a plasmid containing the URA3 gene, pre-grown
in galactose medium lacking uracil and transferred to glucose
minimal medium for 8 h. Cells at 0.3 OD600nm were labeled with
[5, 6-3H] uracil for 1 min followed by a chase with excess unla-
beled uracil for 1, 2.5, 5, 10, and 20 min. Standard 6% poly-
acrylamide/urea gels was used to analyze the high molecular
weight RNA species.

RNA extraction, Northern hybridization, and
primer extension

For depletion of the Rrp15p protein, cells were harvested at in-
tervals following a shift from RSG medium (2% galactose, 2%

FIGURE 5. Depletion of Rrp15p inhibits growth. (A) Growth rates of the GAL�HA-rrp15
(circles) and wild-type (squares) strains following a shift from galactose to glucose medium. (B)
Western blot analysis of Rrp15p depletion. Whole cell extracts were prepared from samples
harvested at the indicated times. Equal amount of proteins were separated by 10% SDS-PAGE
and the HA-tag on HA-rrp15p was detected by Western blotting.
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sucrose, 2% raffinose), or YPGal medium containing 2% galac-
tose, to YPD medium containing 2% glucose. Otherwise strains
were grown in YPD medium. RNA was extracted as described
previously (Kufel et al. 2000). Northern hybridizations and primer
extension analysis were as described (Kufel et al. 2000). Standard

1.2% agarose/formaldehyde and 6% acryl-
amide/urea gels were used to analyze the
high and low molecular weight RNA species,
respectively.

Oligonucleotides

For RNA hybridizations and primer exten-
sion analysis, the following oligonucleotides
were used:

002, 5�-GCTCTTTGCTCTTGCC;
003, 5�-TGTTACCTCTGGGCCC;
006, 5�-GGCCAGCAATTTCAAGTTA;
007, 5�-CTCCGCTTATTGATATGC;
008, 5�-CATGGCTTAATCTTTGAGAC;
013, 5�-GCGTTGTTCATCGATGC;
020, 5�-TGAGAAGGAAATGACGCT; and
041 (anti-5S), 5�-CTACTCGGTCAGGCTC.

Mass spectrometric analysis

Selected protein bands were manually ex-
cised from gels and were simultaneously di-
gested with trypsin using the In-gel Digest96
Kit (Millipore), according to the manufac-
turers instructions. Following enzymatic
fragmentation, a minimal aliquot of the vol-
ume collected from each gel spot was mixed
with an equal volume of a solution of
�-cyano-4-hydroxy-trans-cinnamic acid ma-
trix saturated in 50% acetonitrile containing
0.1% trifluoroacetic acid. The obtained mix-
ture was spotted onto a MALDI target plate
and allowed to air-dry at room temperature.
MALDI-ToF analyses were performed in a
Voyager-DE STR instrument (Applied Bio-
systems) equipped with a 337 nm nitrogen
laser and operating in reflector mode. Mass
data were obtained by accumulating several
spectra from laser shots with an accelerat-
ing voltage of 20,000 V. All mass spectra
were externally calibrated using a standard
peptide mixture containing des-Arg-Brady-
kinin (m/z 904.4681), angiotensin I (m/z
1296.6853), 1–17 (m/z 2093.0867) and 18–39
(m/z 2465.1989) adrenocorticotropic hor-
mone fragments. Two tryptic autolytic pep-
tides were also used for the internal calibra-
tion (m/z 842.5100 and 2807.3145).

Database searches

A monoisotopic mass list from each pro-
tein spot was obtained from MALDI-ToF

data after exclusion of contaminant mass values, corresponding to
those expected from porcine trypsin and human keratins, auto-
matically achieved by the PeakErazor program (http://www.
protein.sdu.dk/gpmaw/Help/PeakErazor/peakerazor.html). These
peptide mass fingerprints (PMF) were used to search for protein

FIGURE 6. Depletion of Rrp15p impairs pre-rRNA processing. (A) Structure and processing
sites of the 35S pre-rRNA. This precursor contains the sequences for the mature 18S, 5.8S, and
25S which are separated by the two internal transcribed spacers ITS1 and ITS2 and flanked by
the two external transcribed spacers 5�ETS and 3�ETS. The positions of the oligonucleotides
probes are indicated. (B,C) Northern analyses of pre-rRNA processing. Strains GAL�HA-rrp15
and wild type were growth at 30°C in YPGal then shifted to YPD. Cells were harvested at the
times indicated and total RNA was extracted. Equal amounts of RNA (5 µg) were resolved on
a 1.2% agarose/formaldehyde gel (B) or 6% acrylamide/urea gel (C) and transferred to a nylon
membrane. The membranes were consecutively hybridized with the probes indicated in panel
A. (D) Primer extension analysis of the level of the 26S pre-rRNA, which was detected by the
stop at site C2. (E) Schematic representation of 27SA2 processing in wild type and Rrp15p-
depleted cells.
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candidates at the SwissProt database using the Mascot software
program (www.matrixscience.com) according to these parameters:
Saccharomyces cerevisiae as selected organism, one missed cleavage
permission, and 50 ppm measurement tolerance. Oxidation at
methionine (variable modification) was also considered and posi-
tive identifications were accepted when at least five matching pep-
tide masses were identified. No post-translational modifications
were allowed.
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