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Abstract Rrslp is a ribosomal protein L11-binding protein in
Saccharomyces cerevisiae. We have obtained temperature-sen-
sitive rrsI mutants by random PCR mutagenesis. [?H]Methio-
nine pulse-chase analysis reveals that the rrsI mutations cause a
defect in maturation of 25S rRNA. Ribosomal protein L25-
enhanced green fluorescent protein, a reporter of the 60S
ribosomal subunit, concentrates in the nucleus with enrichment
in the nucleolus when the rrsI mutants are shifted to the
restrictive temperature. These results suggest that Rrslp stays
on the pre-60S particle from the early stage to very late stage of
the large-subunit maturation and is required for export of 60S
subunits from the nucleolus to the cytoplasm.

© 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Ribosome synthesis is a barometer of cell growth in yeast.
Yeast cells produce about 2000 ribosomes/min when growing
actively and are able to control ribosome synthesis in re-
sponse to environmental changes [1]. Ribosomes are synthe-
sized mainly in the nucleolus (reviewed in [2,3]). Ribosomal
RNA (rRNA) is transcribed as a precursor RNA, and many
ribosomal protein (RP) and non-RPs assemble with 35S
rRNA, the largest detectable precursor, to form a large ri-
bonucleoprotein particle. This particle corresponding to the
90S pre-ribosomal particle is converted to precursors of the
40S subunit and the 60S subunit by cleavage of the pre-rRNA
and assembly of other factor proteins [4]. Several intermedi-
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Abbreviations: TAP, tandem affinity purification; eGFP, enhanced
green fluorescent protein; DsRed, red fluorescent protein; ORF, open
reading frame; ts, temperature sensitive; cs, cold sensitive; HA,
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ates of the 60S subunit were identified by tandem affinity
purification (TAP) followed by mass spectrometry [5-9]. The
early pre-60 S ribosomal particle is produced in the nucleolus,
and the later complex is transported to the nucleoplasm, and
further to the cytoplasm. Export of the 60S subunit
requires Crm1p/Xpolp and Nmd3p, a shuttling NES-adaptor
protein.

It has been demonstrated that more than 100 trans-acting
factor proteins are involved in pre-rRNA processing and
assembly of ribosomal subunits in the nucleolus. However,
the biochemical functions of many of these proteins remain
unclear. Rrslp is one of the factors whose biochemical
functions are unclear, although it is clearly essential for
biogenesis of the 60S ribosomal subunit [10,11]. RRSI was
originally isolated as the gene responsible for signal trans-
duction for transcriptional repression of ribosomal genes due
to a secretion block [10]. We clarified that Rrslp has a role
in the maturation of 25S rRNA and one in the assembly of
the 60S ribosomal subunit [10,11]. Rrslp has two-hybrid
interactions with Ebp2p and Rpf2p, which are also essential
for 60S subunit synthesis [12,13]. Both Rrslp and Rpf2p can
bind to Rplllp, RP L11. Rpf2p is a member of the Imp4p
superfamily that possesses the c’’-like RNA-binding motif
[6]. We proposed that Rrslp and Rpf2p recruit Rplllp to
the pre-ribosomal particle [13]. Ebp2p was identified in pre-
60S complexes co-purified from TAP-Ssflp [5] and TAP-
Nop7p [7], and Rfp2p was identified by TAP-Ssflp [5].
However, Rrslp has never been detected in the TAP-com-
plexes as far as we know, even when they contain Ebp2p
and/or Rpf2p.

Most of the factors of ribosome synthesis containing Rrslp,
Ebp2p, and Rpf2p are essential for cell growth and evolu-
tionally conserved in eukaryotes. Homologues of many factor
proteins were identified in proteomic analyses of nucleoli iso-
lated from cultured human cells [14,15]. Moreover, it was
suggested that RRSI was implicated in the underlying process
occurring in the human Huntington’s disease [16]. In order to
obtain more details about the function of Rrslp in yeast, we
have isolated and characterized temperature-sensitive rrsl
mutants. Here, we show that Rrslp is required for the export
of the 60S ribosomal subunit from the nucleus to the
cytoplasm.
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2. Materials and methods

2.1. Random PCR mutagenesis and isolation of rrsl mutants

Random mutagenesis of the RRS/ gene was performed for 30 cycles,
each consisting of 1 min at 91 °C, 1 min at 50 °C, and 3 min at
72 °C in the reaction mixture containing 1x PCR buffer (TaKaRa),
0.2 mM each of dNTPs, with the exception that concentration of
dGTP or dATP was increased to 0.5 mM, 1.8 mM MgCl,, 0.18 mM
MnCl,, 0.3 uM of each primer, pRS316 (URA3)-RRS1, and Tag DNA
polymerase (TaKaRa). The PCR products were digested with Xbal
and SnaBI at the 5 and 3’ flanking sites of the RRSI open reading
frame (ORF) and ligated with pRS313 (HIS3)-RRS1 at the same re-
striction sites. KM 111 (W303a rrsIA::LEU2 pRS316-HA-RRS1, [10])
was transformed with the library and replica-plated onto SC-His plate
containing S5-fluoroorotic acid to isolate mutants (W303a rrs/A::LEU2
PpRS313-rrsl). Colonies were picked up, stamped onto YPD plates, and
incubated at 14, 18, 25, 35.5, or 37 °C. Each plasmid DNA recovered
from candidates for temperature (ts)- or cold (cs)-sensitive mutant was
reintroduced into KM111 [10] by plasmid shuffling. We constructed
the strains in which rrsi-84, rrsi-124, HA-rrs1-84, and HA-rrsI-124
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Fig. 1. Temperature-sensitive and cs phenotypes of the rrs/ mutants.
‘W303a and the rrs/A:: LEU2 strains containing RRS/ or rrsl plasmids
were cultured. Fivefold serial diluted cells were stamped onto YPD
plates and incubated at the indicated temperatures. rrs/-1 (KM112)
was previously isolated [10].
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alleles were integrated in the genomic DNA (W303a rrsIA::HIS3 rrsl
integrated at RRSI).

2.2. Other methods

For Western blotting, anti-GFP antibodies (kindly provided by
Silver; [18]), anti-HA antibodies (12CA5), and anti-PSTAIRE (sc-53)
were used for detection of Rpl25p-enhanced green fluorescent protein
(eGFP), hemagglutinin (HA)-Rrslp, and Cdc28p, respectively.
Horseradish peroxidase-conjugated donkey anti-rabbit IgG or sheep
anti-mouse IgG was used as the secondary antibody. Signals were vi-
sualized by Enhanced Chemiluminescence (Amersham). Northern
blotting, [methyl->H]methionine pulse-chase analysis and preparation
of the ribosome fraction were performed as previously described
[11,19].

3. Results and discussion

3.1. Isolation of rrsl mutants

We obtained 11 ts and 1 ¢s mutants by using low fidelity
PCR (Fig. 1). DNA sequencing revealed that each of the ts
mutants has a mutated rrs/ allele that causes one or several
amino acid substitutions (Fig. 2). Most of the ts mutants have
at least one amino acid substitution in two narrow regions,
from 22 to 32 or from 61 to 66 amino acid residues. Several
substitutions are shared by different alleles and some of them
are conserved amino acid residues from yeast to human: rrsi-
84, -100, and -141 have D22G, and rrsl-124 and -125 have
L61P. Others are conserved between budding yeast and hu-
man; rrsI-100 and -111 have N32D, and rrsI-5 and -60 have
L65P (Fig. 2; [10]). Both rrsi-5 and rrsi-124 have only one
amino acid substitution, indicating that both L65P and L61P
confer a temperature sensitivity phenotype. One cs mutant,
rrsl-7, has a nonsense mutation at codon 141. Compared with
rrsl-1, the cs mutant that we previously isolated [10], rrsl-7 is
predicted to produce a larger protein than rrsi-1, and it shows
less severe cold sensitivity (Figs. 1 and 2). This suggests that
the cold sensitivity depends on the extent of the C-terminal
truncation. The rrsi-84, -124, and -125 mutants exhibit more
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Fig. 2. Mutated alleles of RRS1. The complete Rrs1p amino acid sequence from 1 to 203 is shown in bold type. Amino acids substituted in each of the
mutated alleles of RRSI are indicated in single-letter code above each altered amino acid. Stars indicate nonsense mutation. The number in pa-

rentheses indicates the number of substituted amino acids.
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severe temperature sensitivity than the other mutants. As rrsi-
124 shares the amino acid substitution with rrsI-125, we per-
formed further experiments using the rrsi-84 and rrsi-124
strains.

3.2. rrsl alleles cause a defect in pre-rRNA processing

Expression levels of Rrslp in rrsl/-84 and rrsi-124 were de-
termined by Western blot analysis using the HA-tagged ver-
sion of the mutants. As shown in Fig. 3, approximately equal
amount of Rrslp was expressed in each strain at permissive
temperature. At the restrictive temperature, rrs/-124 expressed
similar amount of Rrslp compared to the wild-type cells,
whereas in the rrs/-84 cells, cellular concentration of Rrslp
appeared to be reduced, although the signal of HA-Rrslp was
still clearly detected.

We performed [methyl->H]methionine pulse-chase analysis
to investigate whether the rrs/ mutation caused a defect in
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Fig. 3. Expression of Rrslp in the rrs/ mutants. The HA-RRSI, HA-
rrs1-84, and HA-rrsi-124 strains were grown at 25 °C and shifted to 37
°C for 4 h. Equal amounts (10 pg protein) of the cell extracts were used
for Western blot analysis. Asterisk indicates non-specific bands.
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Fig. 4. The rrsl mutations cause a defect in pre-rRNA processing. The
RRS1, rrsl1-84, and rrsi-124 cells were grown in SC-Met medium at 25
°C, and shifted to 37 °C for 4 h. Each culture was pulsed with [methyl-
3H]methionine (10 uCi/ml) for 3 min and chased. Samples were taken
at the indicated times to prepare total RNA.
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pre-rRNA processing. At permissive temperature, the rrs/-84
and rrsl-124 mutants exhibited a slight retardation of the
maturation of 25S rRNA compared with the wild-type cells
(Fig. 4, lanes 1-12). When the cells were shifted to 37 °C, a
severe effect was observed. In wild-type cells, most precursor
rRNAs were processed to 25S and 18S after a 3-min chase
(Fig. 4, lane 14). On the other hand, in the rrs/ cells, the
processing rate of the 35S pre-rRNA was slower than that of
the wild-type cells at 37 °C. After a 10-min chase, a significant
amount of the 27S pre-rRNA remained without further pro-
cessing to 25S rRNA in the rrs/ cells (Fig. 4, lanes 20 and 24),
suggesting that the maturation of 25S rRNA is defective in
the rrs1-84 and rrsl-124 cells at 37 °C. In contrast, most of the
20S pre-rRNA was processed to 18S rRNA in the rrs/ cells
after a 3-min chase at 37 °C (Fig. 4, lanes 18 and 22). The
result indicates that the rrs/ alleles cause a specific defect in
the maturation of 25S rRNA, but not in the maturation of
18S rRNA.

3.3. rrsl mutations affect the transcriptional repression of both
RP genes in response to a secretory defect

It was previously shown that a block in secretion caused
transcriptional repression of both rRNA genes and RP genes
[20,21]. RRS! was originally isolated as the wild-type allele of
the cs rrsl-1 mutation, which caused derepression of RP gene
transcription when the secretory pathway was blocked [10]. We
examined whether the rrs/ mutations also had any effect on the
transcriptional repression of RP genes and rRNA genes. Both
rrsl-84 and rrsl-124 mutations attenuated the transcriptional
repression of both RP and rRNA genes due to a secretory
defect, which was caused by the addition of tunicamycin, an
inhibitor of the secretory pathway at 33 °C, a semi-permissive
temperature for the mutants (data not shown). Taken together,
both the cs rrsI-1 mutation [10] and the ts rrsI-84 and rrsi-124
mutations cause defects in both 60S subunit biogenesis and the
secretory response, supporting our model in which the mech-
anism of transcriptional repression in response to a secretory
defect is tightly linked to the normal regulatory mechanism
that maintains ribosome synthesis [11].

3.4. rrsl mutants are impaired in intranuclear transport and
nuclear export of the 60S subunit

Before and during nuclear export, some alterations on the
60S ribosomal subunit could be required for release from the
nucleolus and assembly into a competent export complex. We
determined whether the rrs/ mutants are impaired in the ex-
port of 60S ribosomal subunits from the nucleolus to the cy-
toplasm at the non-permissive temperature by visual assay for
nuclear accumulation of Rpl25p-eGFP, which had been used
as a reporter of the 60S ribosomal subunits (reviewed in [22]).
At 25 °C, the signal of Rpl25p-eGFP was detected throughout
the cells except the vacuoles in each strain. When the rrsi
mutants were transferred to 37 °C, weak signal from the cy-
toplasm and dense signal from the nucleus were observed
(Fig. 5A, 4 h). The signal from the cytoplasm was gradually
disappeared and the signal from the nucleus was more con-
centrated with the passage of time (Fig. 5A, 6 and 8 h). En-
larged images showed that the dense signal of Rpl25p-eGFP
was co-localized with that of Noplp, a nucleolar protein, in
the rrsl ts mutants shifted for 6 h to 37 °C (Fig. 5B), suggesting
that majority of Rpl25p-eGFP was accumulated into the nu-
cleolus. Similar accumulation of Rpl25p-eGFP in the nucleus,
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Fig. 5. rrs] mutants are defective in export of the 60S subunit from the nucleolus to the nucleoplasm and to the cytoplasm. Yeast strains RRS1, rrsl-
84, and rrs1-124 expressing both RPL25-eGFP and red fluorescent protein (DsRed)-NOP1 (plasmids were kindly provided by Gadal et al. [17]) were
grown at 25 °C, and were shifted to 37 °C. (A) GFP signal was monitored at the indicated times after the temperature shift. (B) Six hours after the
temperature shift, GFP and DsRed signals were observed. The magnification of the images is 5.06 times larger than that in (A). Arrows point to the
nucleolus. (C) Before and 8 h after the temperature shift, cell cultures were treated with cycloheximide, lysed, and ultracentrifuged through low-salt
sucrose cushions. Equivalent amounts of total fraction (a), supernatant (b), and ribosomal pellet (¢) were subjected to SDS-PAGE and immunoblot
analysis using anti-GFP antibodies (upper panel). Proteins were detected by Coomassie blue staining (lower panel).

with enrichment in the nucleolus, was observed in each of the
rrsl ts mutants we isolated (data not shown). To ascertain that
Rpl25p-eGFP associated with the ribosomal particle under the
experimental conditions used, we analyzed extracts of the cells
expressing Rpl25p-eGFP by ultracentrifugation and Western
blotting. As shown in Fig. 5C, the majority of Rpl25p-eGFP
was detected in the ribosomal pellet fraction even at the re-
strictive temperature for the rrs/ mutants. These results sug-
gest that Rrslp is necessary for the intranuclear transport and
nuclear export of the 60S ribosomal subunit.

The nuclear export of the 60S ribosomal subunit was pre-
viously shown to be mediated by the adaptor protein Nmd3p
in a Crmlp/Xpolp-dependent pathway [17,23]. It was sug-
gested that the functions of Crmlp and Nmd3p in ribosomal
subunit export are conserved from yeast to higher eukaryotes
[24,25]. The early pre-60S particles are localized in the nu-
cleolus, but later particles are released into the nucleoplasm.
Rrslp is localized both in the nucleolus and in the nucleoplasm
[10], suggesting that it is a shuttling protein between the nu-
cleolus and the nucleoplasm. In the absence of Rrslp, the pre-
60S particle may not be competent for nuclear export. We
previously demonstrated that Rrslp is required for the pro-
cessing from 27SB to 25S rRNA, indicating that Rrslp is as-
sembled into the early 60S particles. In addition, we showed
that rrsl ts mutations caused accumulation of Rpl25p-eGFP
into the nucleus and then into the nucleolus. In order to deny

that this is common to the mutants that lead to a defect in 60S
synthesis, we investigated the localization of Rpl25p-eGFP in
the ebp2 ts mutants. EBP2 is required for 60S synthesis [12],
and the ebp2 ts alleles caused a severe defect in both the
maturation of 25S rRNA and assembly of 60S ribosomal
subunit at the restrictive temperature (Horigome et al., un-
published data). However, in the ebp2 cells, the signal of
Rpl25p-eGFP was still dispersed in the cytoplasm with the
weak accumulation in the nucleus even 8 h after the shift to the
restrictive temperature (unpublished data). Therefore, we
suggest that Rrslp is specifically implicated in previous as-
sembly steps, which need to be completed for nuclear export of
the 60S ribosomal subunit. Taken together, the data suggest
that Rrs1p stays on the pre-60S particle from the early stage to
very late stage of the large-subunit maturation.

Rrslp is an Rplllp-binding protein. Rrslp is highly con-
served in eukaryotes and is 36.8% identical to its human ho-
mologue [10]. Several lines of evidence show the mammalian
homologues of Rrslp and Rplllp to play important roles in
various kinds of cellular responses in higher eukaryotes [16,26—
28]. As Rrslp was detected in the nucleolar fraction that was
isolated from human cells [14,15], it is highly possible that
human Rrslp has a role in ribosome synthesis, like yeast
Rrslp. Further analysis of Rrslp in yeast and the under-
standing of its function may shed light on the role of the hu-
man homologue in human diseases.
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