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Summary

Despite the rising knowledge about ribosome func-
tion and structure and how ribosomal subunits as-
semble in vitro in bacteria, the in vivo role of many
ribosomal proteins remains obscure both in pro- and
eukaryotes. Our systematic analysis of yeast ribo-
somal proteins (r-proteins) of the small subunit re-
vealed that most eukaryotic r-proteins fulfill different
roles in ribosome biogenesis, making them indis-
pensable for growth. Different r-proteins control dis-
tinct steps of nuclear and cytoplasmic pre-18S rRNA
processing and, thus, ensure that only properly as-
sembled ribosomes become engaged in translation.
Comparative analysis of dynamic and steady-state
maturation assays revealed that several r-proteins
are required for efficient nuclear export of pre-18S
rBRNA, suggesting that they form an interaction plat-
form with the export machinery. In contrast, the pres-
ence of other r-proteins is mainly required before
nuclear export is initiated. Our studies draw a correla-
tion between the in vitro assembly, structural localiza-
tion, and in vivo function of r-proteins.

Introduction

Formation of the two eukaryotic ribosomal subunits is
an evolutionarily conserved process that relies on the
correct assembly of four rRNA species and more than
70 ribosomal proteins. In addition, about 150 nonribo-
somal factors are required for synthesis, maturation,
and transport of the two subunits. In yeast, the power-
ful combination of genetic and modern biochemical ap-
proaches has shed light on the participation of eukary-
otic nonribosomal factors in single steps of ribosome
biogenesis. However, much less is known about the
roles of eukaryotic r-proteins. A comprehensive analy-
sis of eukaryotic ribosomal protein function in S. cere-
visiae is difficult because 59 of the 78 r-proteins are
encoded by two copy genes and, therefore, those
genes could not be analyzed in the genome-wide, sin-
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gle knockout approach (Giaever et al., 2002; Winzeler et
al., 1999). Because only four of the 19 one-copy genes
are not essential for growth, a pivotal role for most of
the ribosomal proteins encoded by two gene copies
can be anticipated.

In principal, ribosomal protein function can be re-
quired for different stages of ribosome biogenesis and/
or for distinct steps of the translation process. Accord-
ingly, r-proteins might play a central role in rRNA pro-
cessing, protein assembly, RNA folding, transport of the
ribosomal precursors, stabilization of the subunit struc-
ture, and/or interaction with other factors required for
either ribosome biogenesis or translation (Blaha, 2004;
Nierhaus, 2004). Furthermore, they can also be involved
in cotranslational processes like the interaction with
protein folding factors at the exit tunnel of the ribosome
(Kramer et al., 2002; Pool et al., 2002) or cotranslational
translocation (Beckmann et al., 2001; Clemons et al.,
2004). R-proteins can also contribute to important en-
zymatic activities for ribosome function like the mRNA
helicase activity of bacterial ribosomes (Takyar et al.,
2005).

For eukaryotic r-proteins, only a few functional roles
in translation have been so far suggested. rpS0 was
shown to interact directly with the subunit Tif32p of the
translation initiation factor elF3, arguing that it is in-
volved in recruiting elF3 to the small ribosomal subunit
(Valasek et al., 2003). Mutants of the small ribosomal
subunit protein genes RPS2 and RPS9 are able to sup-
press all three classes of nonsense codons in yeast.
Together with rpS28, the corresponding r-proteins are
important for translational accuracy, e.g., the rate of
missense translation errors, resembling in function their
prokaryotic counterparts (Alksne et al., 1993; Stansfield
et al., 1998; Synetos et al., 1996). Furthermore, mutants
of RPL3 and RPL5 and deletions of the nonessential
genes RPL24, RPL39, and RPL41 have effects on the
peptidyltransferase activity of the resulting ribosomes
(Dresios et al., 2003; Meskauskas and Dinman, 2001;
Peltz et al., 1999). Whether these ribosomal proteins
are also required for ribosome biogenesis is not known.

Although initial biochemical maps of nonribosomal
factors in pre-60S and pre-40S ribosomal subunits that
were on their path from the nucleolus to the cytoplasm
have been established (see Milkereit et al., 2003a;
Tschochner and Hurt, 2003 and references therein),
ribosomal proteins were pragmatically excluded be-
cause they were considered to be nonspecific contami-
nants —many r-proteins were nonspecifically associ-
ated to control beads and were found in more than
3.5% of isolated eukaryotic protein complexes (Gavin
et al., 2002; Ho et al., 2002). Most maturation steps of
ribosomal precursor particles take place in the nucleo-
lus. First, a common precursor of both ribosomal sub-
units with the sedimentation constant of 90S is pro-
duced, which is then split into precursor particles of
the large and small subunit. Components of the small
subunit processome (SSU-processome; Dragon et al.,
2002), which are also part of the 90S preribosome
(Grandi et al., 2002), were suggested to associate cot-
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ranscriptionally with the growing RNA chain (Gallagher
et al., 2004). When the U3 snoRNA, together with UTPs
(U-three proteins), have assembled to complete the
SSU-processome, cleavage at site A2 occurs, and most
of the pre-40S factors are then released en bloc and
pre-60S factors start to associate with the RNA moiety.
After cleavage at site A2, both ribosomal subunits ma-
ture in two distinct pathways. The pre-40S ribosomal
subunit is rapidly released through the nuclear pore to
the cytoplasm (Leger-Silvestre et al., 2004; Trapman
and Planta, 1976), where the last processing steps, in-
cluding the processing of 20S rRNA to mature 18S
rRNA, take place. In the 60S pathway, many nucleolar
and nuclear pre-ribosomal complexes have been iden-
tified that are all involved in proper maturation and
transport of the large subunit.

For the 60S-pathway, the roles of a few ribosomal
proteins were investigated more closely. Nuclear export
of the large subunit is dependent on the interaction
between rpL10 and the adaptor protein Nmd3p (John-
son et al., 2002). Apparently rpL10, together with the
GTPase Lsg1, is required to release cytoplasmic Nmd3
from the 60S particle to allow Nmd3 recycling into the
nucleus (Hedges et al., 2005).

Stabilization of 5S rRNA is mediated by the interac-
tion with rpL5 and rpL16, while rpL12 is involved in the
correct assembly of the ribosomal stalk (Briones et al.,
1998; Deshmukh et al., 1995; Deshmukh et al., 1993;
Tsay et al., 1994).

Interestingly, disruption of some genes coding for ri-
bosomal proteins of the small subunit resulted in re-
lated but distinct rRNA processing defects rather than
producing just “suboptimal” ribosomes. For instance,
rpS15 was shown to be required for late nucleoplasmic
maturation steps that make the small subunit precur-
sors competent for nuclear export (Leger-Silvestre et
al., 2004). Structural and functional data pointed to a
role of rpS14, rpS0, and rpS21 in cytoplasmic rRNA pro-
cessing steps leading to mature 18S rRNA (Jakovljevic
et al., 2004) (Ford et al., 1999; Tabb-Massey et al.,
2003).

In conclusion, it can be hypothesized that many
eukaryotic small ribosomal subunit proteins that main-
tain the structural integrity of mature ribosomal sub-
units also play important roles in ribosome biogenesis
and intracellular transport. However many questions re-
main open such as the following: (1) how many and
which small ribosomal subunit proteins are required for
growth; (2) which small ribosomal subunit proteins are
required for ribosome biogenesis; (3) are they involved
in distinct maturation steps along the entire biogenesis
pathway; (4) are small ribosomal subunit proteins di-
rectly involved in nuclear export; and (5) which of the
ribosomal proteins play a crucial role in ribosome
function?

We decided to systematically approach these impor-
tant questions. Yeast strains conditionally expressing
r-proteins were generated, and the role of individual ri-
bosomal proteins in growth, pre-18S rRNA processing,
localization and export of pre-18S rRNA, and protein
translation were analyzed. Our data revealed that most
small subunit r-proteins play an essential role in ribo-
some maturation and transport of rRNA. Shutting down
of several essential ribosomal protein genes retard, but

do not completely block, pre-rRNA export, supporting
the idea that these ribosomal proteins are directly in-
volved in the export of the small subunit. These r-pro-
teins can be distinguished from those controlling spe-
cific maturation steps in the nucleus. From these
results, specific ribosomal proteins can now be used as
crucial landmarks in the established rRNA processing
pathway. Moreover, this in vivo analysis of eukaryotic
r-proteins can be compared with structural data and
the in vitro assembly map of their bacterial homologs.

Results

Strategy to Generate and Analyze Strains
Conditionally Expressing Ribosomal Proteins

A systematic functional study of yeast ribosomal pro-
teins requires in most cases the knockout of two iden-
tical copies present in the haploid genome (Figure 1).
First, a diploid strain was generated by mating two
yeast strains in which either one of the two ribosomal
gene copies was replaced by a different selection
marker (KanMX4 or HIS3). After transformation with a
shuttle vector expressing a wild-type copy of the re-
spective ribosomal protein and the URA3 gene product
(PRPSX), tetrade analysis was performed, and haploid
strains bearing deletions in both gene copies were se-
lected. Viability of complete knockout strains was then
tested on 5-FOA-plates. Twenty six of the 28 small sub-
unit r-proteins studied herein are required for cell growth.
Of the remaining four, small subunit r-proteins rpS4
(Synetos et al., 1992) and rpS21 were already reported
to be essential (see www.yeastgenome.org) (Tabb-
Massey et al., 2003) and r-proteins rpS22 and rpS29 are
still under investigation, as no clear phenotype could
be observed.

Strains conditionally expressing the respective ribo-
somal protein were generated by exchanging the plas-
mid containing the wild-type copy with a vector carry-
ing a conditional allele (for details see Figure 1 and
Experimental Procedures). We chose plasmid pGAL-
RPSX in which expression of the ribosomal protein is
controlled by the tightly regulated GAL1 promoter,
yielding high expression levels in the presence of ga-
lactose and being strongly repressed after changing to
glucose. Our shut-down analysis after transfer of the
strains from galactose to glucose was in agreement
with the viability test on 5-FOA-plates with only one
exception: knockout of RPS31 was lethal on 5-FOA-
plates, whereas shutting down gene expression on glu-
cose resulted in strongly retarded growth. We assume
that survival could be due to a highly efficient transla-
tion of the rpS31-mRNA, because we could not detect
transcription of any of the GAL1-controlled RPS genes,
including RPS31, 2 hr after transfer to glucose by
Northern blotting analysis (data not shown).

Viability of all double knockouts could be rescued by
overexpression of one of the two r-protein alleles, con-
firming that the essential function of the respective
r-protein is redundant. This observation is in agreement
with the systematic single-knockout studies (Giaever et
al., 2002; Winzeler et al., 1999).

Plamids used in the complementation studies con-
tained only the coding sequence of the respective
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Figure 1. Generation of a Yeast-Strain Col-
lection in which (Duplicated) Genes Coding
for Ribosomal Proteins Are Deleted

A strategy to derive knockout strains and
strains conditionally expressing r-proteins is
depicted. KanMX4 deletion markers of knock-
out strains were replaced by HIS3 markers.
Haploid strains bearing either a KanMX4 or a
HIS3 marker in one of the two genes coding
for the same r-protein copies were crossed.
The resulting diploid cells were transformed
with a URA plasmid encoding a wild-type
copy of ribosomal protein X. Strains were
sporulated, submitted to tetrade analysis,
and selected for both markers (HIS3 and
Kan) to derive the corresponding shuffle
strain for gene RPSX. Any conditional strains
can be obtained by exchange of the shuffle
plasmid with a plasmid expressing a respec-
tive mutant allele, prpsXa.

yeast r-protein, although most of the chromosomal
genes contain intron sequences. Interestingly, no sig-
nificant growth reduction was observed, demonstrating
that intron sequences and splicing reaction within ribo-
somal protein genes play no essential role for cellular
processes including maturation and transport of the re-
spective mRNA. Because most ribosomal proteins are
required for growth, we used the strains conditionally
expressing r-proteins to determine which of the essen-
tial ribosomal proteins was required for the production
of ribosomes.

Expression of Almost Any Single R-Protein

of the Small Subunit Limits Ribosome Production
The dynamics of mature rRNA synthesis were analyzed
after shut down of ribosomal protein gene expression in
conditional mutants as detailed above (Figure 2). Newly
synthesized levels of both 18S rRNA and 25S rRNA
were significantly reduced; however, reduction in 18S
rRNA synthesis was predominant. Only two exceptions
were observed: shut down of RPS30 and RPS8 gene

expression affected production of 18S and 25S rRNA
to a similar extent, suggesting that both ribosomal sub-
units are still produced at a comparably low level. Thus,
limiting the amounts of any of the r-proteins interferes
with efficient production of both mature ribosomal sub-
units. However, because reduction in 18S synthesis is
predominant, the influence of the small ribosomal pro-
teins on proper maturation of the small subunit is more
direct. It is a general observation in mutants affecting
small subunit production that processing of the large-
subunit rRNAs still proceeds, however with reduced
kinetics. Even though significantly reduced, levels of
newly synthesized 18S rRNA vary in the different condi-
tional strains. Among the strains in which still more than
4% of the wild-type18S rRNA is generated are GAL-
RPS7, GAL-RPS10, and GAL-RPS31, as well as GAL-
RPS8 and GAL-RPS30 (see above), indicating that
small subunit biosynthesis is not completely blocked in
these strains. When the nonessential r-proteins rpS12
and rpS25 were depleted, similar amounts of 18S and
25S rRNA were produced, however, at a reduced level:
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65% and 30%, respectively (data not shown). These
data clearly suggest that by far most r-proteins of the
small subunit that are essential for growth are also re-
quired for the proper production of the small subunit.
Thus, ribosomal proteins can either play a direct role
in the maturation pathway or their presence might be
mandatory to ensure that only properly assembled ribo-
somal subunits reach their place of function.

Most Ribosomal Proteins of the Small Subunit Have
a Distinct Role in 18S rRNA Processing

Next, we investigated whether ribosomal proteins are
required for distinct steps in the rRNA processing path-
way. Therefore, we analyzed steady-state levels of
rRNA intermediates leading to mature 18S rRNA after
2 and 4 hr shift from galactose to glucose (Figure 3).
Transblotted rRNA species were detected by using
specific probes (see legend to Figure 3 and Experimen-
tal Procedures). According to their different RNA pro-
cessing patterns, strains could be divided into six dif-
ferent groups and subgroups (Figures 3C and 3D),
demonstrating that almost all essential small ribosomal
proteins are involved in the control of distinct matura-
tion steps. Thus, strains could be separated into two
main groups, one in which 20S rRNA is not detectable
(group |, Figure 3C) and one in which 20S rRNA is pro-
duced with either wild-type or slightly reduced effi-
ciency (group ll, Figure 3C). 20S rRNA occurs after pro-
cessing of pre18S rRNA at sites A0, A1, and A2 (Figure
3A). However, both the slightly elevated levels of 35S
and 32S rRNA and the detectable amounts of 23S rRNA
in the same mutants indicate that cleavage at sites A0,
A1, and A2 is either delayed or not as efficient as in
wild-type yeast. Three subgroups of mutant strains pro-
ducing 20S rRNA could further be distinguished: strains
that accumulate either 21S rRNA (like pGAL-RPS20),
22S rRNA (like pGAL-RPS10), or none of these two spe-
cies (like pGAL-RPS30 or the recently published pGAL-
RPS15 [Leger-Silvestre et al., 2004]). Appearance of
22S rRNA indicates cleavage at site A0 but defective

- 255
304 =1 18S
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Figure 2. Effect of Small-Subunit R-Protein
Depletion on Newly Synthesized Pre-rRNAs

Yeast cells were shifted to glucose contain-
ing medium for 2 hr to deplete rpS synthesis
and were pulse labeled for 15 min with
[®H]uracil. RNAs were isolated and sepa-
rated by gel electrophoresis and blotted
onto a nylon membrane. Membrane slices
containing *H-labeled 25S and 18S rRNA, re-
spectively, were cut, and incorporation of
[BH]uracil-activities were counted with a
scintillation counter. Background activity
was subtracted, and total activity was stan-
dardized according to steady-state 25S
rRNA (as determined by Northern blotting
analysis) in the load. The amount of 25S and
18S rRNA in mutant strains is compared with
wild-type conditions.

processing at sites A1 and A2, whereas 21S rRNA re-
sults from inefficient cleavage at site A2 and cleavage
occurring at sites A0 and A1l. These results underline
that a distinct subset of r-proteins supports each cleav-
age step leading to 20S rRNA, the export-competent
form of pre-18S rRNA. Although 20S rRNA is made in
these strains, its steady-state amount is more or less
reduced.

Mutant strains in which 20S rRNA is not detectable
accumulate 23S rRNA (Figures 3B and 3C), represent-
ing either an aberrant RNA intermediate that is normally
degraded (Venema and Tollervey, 1999) or an intermedi-
ate of an alternative pathway to mature 18S rRNA
(Granneman and Baserga, 2004). 23S rRNA is gener-
ated when cleavage at site A3 precedes processing at
sites A0, A1, and A2. Accordingly, accumulation of the
23S rRNA indicates that the respective depleted r-pro-
tein is involved in early cleavage steps at sites A0, A1,
and A2. Two further subgroups in which 23S rRNA is
accumulated can be distinguished, one in which cleav-
age at AO is affected but occurs at a low rate to yield
22S rRNA and one in which A0, A1, and A2 are equally
inhibited. Depletion of rpS27 resulted particularly in 23S
rRNA accumulation. However, in this strain, an rRNA
intermediate was also detected with probes specific for
the region upstream of A0 and upstream of the 3’
boundary of 18S rRNA, whereas probes complemen-
tary to ITS1 did not recognize this species (data not
shown). We conclude that in this mutant strain, cleav-
age at site A0 and A1 is inhibited, whereas processing
at site A2 is delayed, leading to a pronounced level of
23S rRNA. Apparently in this mutant, a minor fraction
of rRNA is cleaved at the 3’ boundary of the 18S rRNA
(site D) before cleavage at A2 occurs, resulting in an
intermediate slightly larger than the 22S rRNA with ex-
tension to the +1 site of transcription. A similar frag-
ment spanning the region from +1 to site D was recently
described (Kufel et al., 2003; Vos et al., 2004). It will be
interesting to see whether in this case D cleavage oc-
curs in the nucleus or whether the unprocessed rRNA
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can be transported out of the nucleus prior to the cleav-
age reaction at site D. To bypass the conventional mat-
uration pathway, depletion of rpS27 thus tethers the cy-
toplasmic processing machinery to the nucleus or
allows the passage of unprocessed rRNA through the
nuclear membrane.

Ribosomal Proteins Control Export of Pre-18S and
Late rRNA Processing Steps

Mutants defective in 18S rRNA synthesis but producing
20S rRNA are inhibited in making 20S rRNA export
competent, are directly impaired in export of 20S rRNA
from the nucleus to the cytoplasm, or are deficient in
the cytoplasmic processing steps. To differentiate be-
tween these possibilities, a dynamic maturation assay
was applied that helps to distinguish spatially and tem-
porally between rRNA species at high resolution (Figure
4A). We performed short (15 min) 3H-uracil pulse-label-
ing experiments with the respective conditional yeast
strains and localized de novo-synthesized rRNA spe-
cies by subsequent cell fractionation. Northern blot
analysis revealed that the amounts of steady-state
rRNAs did not change during the first 2 hr of Gal deple-
tion. Thus, samples were normalized according to their
content of steady-state 25S rRNA. Previous studies
demonstrated that this assay allows the comparison of
the maturation and export of 20S rRNA in wild-type
cells to that in mutant cells in which the expression of
distinct (pre-) ribosomal factors was blocked (Leger-
Silvestre et al., 2004). Strains having a low amount of
steady-state 20S rRNA after depletion of r-proteins
(rpS5, rpS18, and rpS19 (see Figure 3B) show only a
minor amount of neosynthesized 20S rRNA in nuclei
and no 20S rRNA in the cytoplasmic fraction (Figure
4A). We conclude that 20S rRNA cannot reach the cyto-
plasm because either it is unstable, and/or it is ex-
ported at such a reduced level that it cannot be de-
tected. Anyway, the primary defect of these mutants is
the low occurrence of the precursor rRNA that should
be exported to the cytoplasm.

In contrast, in conditional mutant strains yielding high
levels of steady-state 20S rRNA (strains depleted in
rpS15, rpS10, rpS26, rpS3, rpS2, rpS30, rpS20, rpSo, or
rpS31, see Figure 3B), similar amounts (between 50%
and 110% of wild-type levels) of neosynthesized 20S
rRNA are found in nuclear fractions as in wild-type nu-
clei (Figure 4A, upper). If rpS20, rpS31, rpS7, or rpS30 is
lacking, a significant amount of newly made 20S rRNA
reaches the cytoplasm. In strains depleted in rpS7,
rpS30, and rpS31, some of the cytoplasmic 20S rRNA
can be further processed to 18S rRNA (Figure 4A, see
also Figure 2). Accordingly, r-proteins rpS7, rpS30, and
rpS31 seem to be not strictly required for rRNA matura-
tion and nuclear export, indicating that their primary
role might be in protein translation. No neosynthesized
18S rRNA is visible after depletion of rpS20, suggesting
that 20S rRNA can be exported, but not converted into
18S rRNA.

Surprisingly, in strains depleted in rpS15, rpS10,
rpS26, rpS3, rpS0, or rpS2, the amount of neosynthe-
sized 20S rRNA in the nuclear fractions corresponds to
wild-type levels, but the amount of newly made 20S
rRNA reaching the cytoplasm during the 15 min of pulse

is strongly reduced. This result shows that exit of pre-
18S rRNA from the nucleus is clearly retarded, but not
completely inhibited, which can be explained by a di-
rect export defect in these mutants. From these data,
we suggest that r-proteins rpS15, rpS10, rpS26, rpS3,
rpS0, and rpS2 are an integral part of the export ma-
chinery for 20S rRNA. By comparison, r-proteins rpS5,
rpS18, and rpS19 can be required for a late nuclear pre-
40S maturation step before the passage of 20S rRNA
through the nuclear pore. Such a late processing step
could be the proper assembly of export-competent
pre-40S particles that contain 20S rRNA and that might
represent the immediate prerequisite for the contact
between the pre-40S particles and the nuclear export
factors. In fact, proper assembly of pre-40S-specific
factors with 20S rRNA is disturbed in rpS19-depleted
cells (P.-E.G., unpublished data).

Analysis of the steady-state levels of pre-18S rRNA
of rpS mutants confirmed the suggested roles of the
r-proteins in either export or late processing steps. We
used the same blot as in Figure 4A to determine steady-
state levels of pre-18S rRNAs in nuclei and cytoplasm
by using Dig-labeled ITS1 as a probe for the Northern
blot (Figure 4B). As anticipated, mutants having a re-
tarded nuclear export rate (rpS15, rpS10, rpS26, rpS3,
rpS0, and rpS2) accumulate steady-state 20S rRNA in
the nucleus. Surprisingly, cytoplasmic 20S rRNA of
these mutants is rather stable, as it apparently accumu-
lates over time and —after two hours depletion —it
reaches levels between 40% and 120% of the cytoplas-
mic 20S rRNA intermediate in wild-type cells (In wild-
type cells about 80% of 20S rRNA is found in the cyto-
plasm). These findings are in agreement with previous
studies on rpS0, which showed that cytoplasmic 20S
rRNA is not efficiently processed in haplo-insufficient
RPSO0-cells (Ford et al., 1999; Tabb-Massey et al., 2003).
In this group of mutants with a retarded rRNA export,
yeast cells depleted in rpS15 clearly accumulate the
lowest amount of cytoplasmic 20S rRNA over time, ex-
plaining the low cytoplasmic signal in fluorescence in
situ hybridization analysis (FISH) of pre 18S rRNA
(Leger-Silvestre et al., 2004; see below). No cytoplas-
mic 20S rRNA was detected in strains lacking rpS5,
rpS18, or rpS19, in agreement with a primary role for
these proteins in late nuclear ribosome biogenesis.

FISH analysis using ITS1 as probe verified the
steady-state distribution of 20S rRNA and its precur-
sors in the nuclei and cytoplasm of the mutants (Figure
4C). Exclusively nucleolar and nuclear localization of
rRNA intermediates hybridizing with ITS1 was visible in
mutants depleted of rpS5, rpS18, and rpS19. In mu-
tants that are able to export 20S rRNA at a similar rate
as wild-type cells (strains depleted in rpS20, rpS30, and
rpS31) or that can accumulate 20S rRNA over time
(strains depleted in rpS10, rpS26, rpS3, rpS0O, and
rpS2), nuclear and cytoplasmic FISH signals similar or
only slightly reduced to those obtained with wild-type
cells were observed. This result emphasizes that FISH
analysis cannot identify mutants in which the dynamics
of nuclear export are impaired if these mutants can
slowly accumulate unprocessed 20S rRNA in the cyto-
plasm (see Figures 4A and 4B). In agreement with previ-
ous observations (Leger-Silvestre et al., 2004), deple-
tion of rpS15 has a pronounced impact on pre-18S
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export. Steady-state amounts of cytoplasmic 20S rRNA
is clearly reduced in rpS15-depleted cells according to
our FISH and Northern blot analyses (Figures 4B and
4C), though higher amounts (about 110%) of nuclear
20S rRNA is produced compared to wild-type cells (see
Figure 4A).

In summary, these results demonstrate that ribo-
somal proteins have different functional roles and can
be involved in several important 18S rRNA maturation
steps. R-proteins rpS10, rpS26, rpS3, rpS0, rpS15, and
rpS2 appear to be directly involved in nuclear export.
Defects in rpS5, rpS18, and rpS19 impair late nuclear
processing and/or quality control steps leading to
nuclear 20S rRNA that is not exported. Finally, lack of
rpS20 blocks cytoplasmic 20S rRNA processing
whereas rpS7, rpS30, and rpS31 play no primary role
for 18S rRNA maturation.

Ribosomal Proteins Are Involved in the Process

of Translation

rpS7, rpS30, and rpS31 were essential ribosomal pro-
teins whose depletion did not completely block pro-
duction of mature 18S rRNA (see Figure 2 and Figure
4). It is possible that these ribosomal proteins, together
with the two nonessential proteins rpS12 and rpS25,
function predominantly in protein translation. We inves-
tigated this possibility by analyzing polysome assembly
in strains in which the respective ribosomal protein is
missing. Polysome profiles obtained from strains lack-
ing either rpS12 or rpS25 were indistinguishable from
those of wild-type cells (Figure 5A), indicating that both
proteins are not required for formation of mRNA-asso-
ciated ribosomes. However, depletion of the essential
ribosomal proteins rpS30, rpS31, and rpS7 showed a
significant reduction in free 40S subunits and poly-
somes, whereas the levels of 80S and/or free 60S ribo-
somes were increased. A simple explanation for this
result is that 40S subunits are incorporated in 80S ribo-
somes that are either not associated with mRNA (Cigan
et al., 1991; Hartwell and McLaughlin, 1969) or are in-
competent for translation initiation or elongation. Ac-
cordingly, the polysome:80S ratio drops (Deloche et al.,
2004). In contrast, mutant strains with a pronounced
defect in 40S biosynthesis show a clear reduction of
the 40S peak and, in addition, a decrease in both 80S
and polysomes peaks (but not in free 60S subunits)
(Figure 5A, Gal RPSO0, 2 hr YPD incubation). This finding
is observed in small subunit biogenesis mutants, un-

derlining that association of 40S with the 60S subunit
cannot occur because production of the small subunit
is impaired (Tabb-Massey et al., 2003; Dragon et al.,
2002; Grandi et al., 2002; Milkereit et al., 2003b). From
these data, we conclude that the ribosomal proteins
rpS30, rpS7, and rpS31, but not rpS12 and rpS25, are
required to form properly assembled polysomes, but it
remains to be shown how these r-proteins affect ribo-
some function.

Although rpS12 and rpS25 do not directly participate
in the proper formation of a cytoplasmic ribosome, they
can still be important for the translation reaction. There-
fore, we analyzed strains lacking the respective pro-
teins in their sensitivity against cycloheximide, an inhib-
itor of protein biosynthesis (Dresios et al., 2001).
Cycloheximide blocks the peptidyltransferase activity
of mRNA-associated ribosomes, thereby inhibiting
both translational initiation and elongation. In the pres-
ence of 0.5 pg/ml cycloheximide, wild-type cells showed
only a slight growth reduction whereas strains bearing
a knockout of either RPS12 or RPS25 alleles are signifi-
cantly growth inhibited (Figure 5B). Consistent with a
distinguished role of rpS30 in ribosome function, a sin-
gle knockout of one of the two RPS30 alleles also re-
sults in growth inhibition in the presence of cyclohexi-
mide (Figure 5B). In which specific step of protein
translation these ribosomal proteins are involved re-
mains to be determined.

Discussion

Special Demands on the Function of Eukaryotic
Ribosomal Proteins

We started a systematic approach to study the roles of
yeast small subunit r-proteins in production, matura-
tion, and export of 18S rRNA, the rRNA component of
the small ribosomal subunit. The r-protein families of
both ribosomal subunits can be divided into two large
groups: those conserved between Bacteria, Archaea,
and Eucarya and those only common in Archaea and
Eucarya. Fifteen r-proteins of the 32 yeast small subunit
proteins have homologs in all three evolutionary do-
mains; 13 are conserved between Archaea and Eucarya
and only four do not have counterparts in Archaea or
in Bacteria (Lecompte et al., 2002). At least one-third of
r-proteins are not required for growth in E. coli at 37°C,
suggesting that many r-proteins are dispensable for ri-
bosomal structure or function (Dabbs, 1991; Nierhaus,

Figure 3. R-Proteins Control Distinct Pre-rRNA Processing Steps

(A) Scheme of pre-rRNA processing in S. cerevisiae according to Gallagher et al. (2004). Probes 1-7 were used to map the different rRNA

species.

(B) Analysis of pre-rRNA processing in strains depleted in r-proteins by Northern blot. RNA from the same amount of cells was extracted
from either wild-type or Gal-RPS strains grown in YP-galactose (0 hr) or after a 2 hr or 4 hr shift to YP-glucose. RNA probes (4) ITS1 and (5)
(bottom lane) were used to detect specific RNA intermediates. The plus sign and asterisk indicate the detection of 21S and 22S rRNA,
respectively. The presence of 21S and 22S rRNA intermediates was further confirmed with probes (2) and (5) (see Supplemental Data for se-

quences).

(C) An overview of representative strains resulting in a similar processing pattern is depicted. Northern blot hybridized with probe ITS1 (4,
upper) is shown. Detection of 21S/22S using probes A2/A3 (5) and fragment +1-D rRNA using probe +1-A0 (1) is shown (lower).

(D) Classification of r-proteins according to their pre-rRNA processing defects. Ribosomal proteins are sorted into group | if their depletion
results in loss of 20S rRNA. If 20S rRNA is still produced, they belong to group Il. Subgroups were classified according to the presence or
absence of 218, 22S, or +1-D rRNA species (la, Ib, or Ic and lla, llb, or llc, respectively).
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A WT YPD ARPS 12 YPD AARPS 25A/B YPD Figure 5. R-Protein Mutants that Allow Pro-

duction of Mature 18S rRNA Are Impaired in
805 Ribosome Function

polysome: (A) Polysome gradients of strains depleted
for the two nonessential ribosomal proteins
rpS12 and rpS25 (growth on YPD). Cyclo-
heximide-treated cell extracts were fraction-
ated on a gradient containing 8%-36% su-
crose. Absorbance at 260 nm was monitored.
(B) Comparison between polysome gradi-
ents from strains deficient in 18S rRNA pro-
duction (RPS0) and conditional lethal strains
that still produce 18S rRNA (RPS30, RPS31,
and RPS7). The strains were depleted in
r-protein expression for 2 hr in glucose-con-
taining medium, treated with cycloheximide,
and fractionated on an 8%-36% sucrose gra-
dient.

(C) Cycloheximide sensitivity of cells with the
two nonessential genes rpS12 and rpS25 de-
leted as well as for strains with deletions for
genes rps30A or rps30B. The dilution series
was plated on YPD with and without 0.5 pg/
ml cycloheximide.

B WT 2h YPD Gal RPSO 2h YPD

Gal RPS30 2h YPD Gal RPS31 2h YPD Gal RPS7 2h YPD
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wr 7 :
A12 A12
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2004). However, in yeast, by far most ribosomal pro-
teins are essential for growth, indicating that they have
acquired additional fundamental roles in addition to
participating in a stable ribosomal structure.

With the exception of three r-proteins (rpS7, rpS30,
and rpS31), all essential r-proteins of the small subunit
investigated were required for the proper generation of
mature 18S RNA, which emphasizes that one major

task of eukaryotic ribosomal proteins is to control
assembly and maturation of the ribosomal subunits. In-
terestingly, depletion of r-proteins blocks ribosome
maturation at many specific stages. These findings de-
monstrate a direct involvement of r-proteins in distinct
processing steps, showing that reduction of small sub-
unit synthesis is not a general effect when the level of
one ribosomal protein is decreased.

Figure 4. Ribosomal Proteins Control Competence and Efficiency of Pre-18S Export

Nuclear export of 20S rRNA was analyzed in Gal-RPS strains 2 hr after transfer into YP-glucose by using the following three approaches.
(A) Analysis of newly synthesized pre-18S rRNA nuclear export by metabolic labeling and cell fractionation. After a 2 hr shift to glucose-
containing medium, spheroplasts were labeled with [*H]uracil for 15 min and fractionated in nuclei and cytoplasm (see Experimental Pro-
cedures for details). RNAs were isolated and steady-state amounts of 25S rRNA were determined by dot blot analysis. Equal amounts of
steady-state 25S rRNA of cytoplasmic and nuclear fractions, respectively, were separated by gel electrophoresis and blotted. Newly synthe-
sized 3H-labeled RNAs were detected by phosphorimaging and quantified using Image Gauge software (Fuji).

(B) Steady-state analysis of rRNA in nuclei and cytoplasm. The same blots as in (A) were developed using digoxigenin-labeled ITS1-probe 4
(see Figure 3A). (Note that the cytoplasmic fraction of wild-type strains contained about 80%-90% of total 20S rRNA). 20S rRNA was
quantified with the Fuji imaging system LAS3000, applying the AIDA software (Raytest).

(C) FISH of pre-18S rRNA. A probe complementary to the D-A2 segment of ITS1 was used to localize 20S rRNA after depletion of rpS ex-
pression.

Arrowheads indicate the nucleoplasm that was visualized by DAPI staining.
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Table 1. Summary of the Effects of R-Protein Depletion on the 18S rRNA Processing Pathway

Group | Il 1] \"
20S Is Made and Exported or 20S Is Made,
20S Is Made and Retarded but Not Converted Exported, and
Phenotype 20S Is Not Detectable Not Exported into 18S Converted into 18S
Subgroup a b c a c a b c a b
rRNA species  35S/23S 35S/23S/  35S/23S/  35S/23S/ 35S/23S/ 35S/23S 35S/23S/  35S/23S/  35S/23S  35S/23S/
accumulating A0, A1, 22S At, +1-D A0, 20S 218 A0, A1, 22S A0, 21S A0, A0, A1, 22S
after A2,D A2,D A1, A2 A0, A1, A0, A1, A2, A3 A1, A2, A1, A2, A2, A3 A0, At,
depletion inhibited; inhib- inhib- A2, A3 A2, A3 delay; D A3 A3 Ddelay A2, A3
A3 delay ited; AO ited; A3 delay delay is delay; D delay; D D delay
Delay delay; D inhibited is is
(?) can inhibited inhibited
occur
with
delay
RPS
RPS13 RPS1 RPS27 RPS5 RPS18 RPS15 RPS10 RPS0O RPS30 RPS7
RPS14 RPS6 RPS19 RPS26 RPS2 RPS31
RPS16 RPS8 RPS28 RPS3
RPS9 RPS202
RPS11
RPS23
RPS24

2Note that 20S rRNA is exported almost with wild-type efficiency in rpS20-depleted cells, but cytoplasmic processing does not take place.

The Roles of R-Proteins in Processing

and Transport of Pre-18S rRNA

A summary about the different rRNA processing steps
in which r-proteins are involved is depicted in Table 1.
Eleven r-proteins are required for efficient early cleav-
ages: after their depletion, 35S and 23S rRNA accumu-
late, whereas 20S rRNA becomes not detectable. Ac-
cording to their involvement in specific cleavage steps,
they can be sorted into three further groups, each rep-
resenting a different phenotype. In the absence of any
of the remaining 15 essential r-proteins, 20S rRNA is
generated, at least to some extent. Four different phe-
notypes could be distinguished after depletion of these
respective r-proteins: (1) strains in which 20S rRNA is
produced, but not exported to the cytoplasm, (2)
strains with a significantly reduced export efficiency, (3)
one strain in which 20S rRNA is exported, but not con-
verted into 18S rRNA, and (4) strains that can export
20S rRNA and convert it into 18S rRNA.

Interestingly, lack of rpS5, rpS18, and rpS19 com-
pletely inhibits 20S rRNA export, yielding unstable RNA
intermediates. We suggest, therefore, that these r-pro-
teins are either actively involved to render pre-40S par-
ticles export competent or they participate in a quality-
control step that is required to overcome retention of
the small subunit in the nucleus. Apparently, one com-
mon crucial point of preribosomal quality control is on
the level of 20S rRNA-containing particles, because ex-
port-inhibited 20S rRNA is still slightly produced in
these conditional mutants, though cleavage at other
sites is also retarded. We suggest that in mutants with
a complete block of 20S export, the pre-40S particle is
not able to contact the export machinery, resulting in
its subsequent degradation.

Depletion of any of the r-proteins rpS15, rpS10,
rpS26, rpS2, rpS0, or rpS3 resulted in a strongly re-

duced export rate of 20S rRNA to the cytoplasm. These
findings are in accordance with previous results ob-
tained for rpS15, which was the first ribosomal protein
shown to play a crucial role in a late nuclear step of the
pre-40S pathway (Leger-Silvestre et al., 2004). Three
simple explanations for the reduced transport efficien-
cies are possible. First, these r-proteins communicate
directly or indirectly with different parts of the export
machinery. Second, incomplete folding or incomplete
assembly of the particles could interfere with the export
efficiency. Third, each of the respective r-proteins is
necessary to correctly position and shield the pre-40S
particle during its passage through the nuclear pore. It
could be that the spatial organization of these r-pro-
teins on the surface of the ribosomal subunit might be
required to insulate the hydrophilic rRNA moiety from
the hydrophobic regions of the nucleoporins.

Comparison of In Vivo Function, In Vitro Assembly,
and Structural Data of R-Proteins

The structure of the bacterial ribosomal subunits was
determined to atomic resolution (Ban et al., 2000;
Schluenzen et al., 2000; Wimberly et al., 2000; Yusupov
et al., 2001), elucidating the interaction of r-proteins
with 16S rRNA in 3D (Brodersen et al., 2002). In addi-
tion, in vitro reconstitution experiments (Held et al.,
1974; Traub and Nomura, 1968) revealed an assembly
gradient of primary, secondary, and tertiary binding pro-
teins to the rRNA (Brodersen et al., 2002; reviewed in
Nierhaus, 2004). Strikingly, three out of five bacterial
primary binders (S17, S4, and S15) have homologs in
yeast (rpS11, rpS9, and rpS13) that are involved in early
rBRNA processing, suggesting that early assembly cor-
relates with early maturation steps. Bacterial r-protein
S15 organizes the central domain (platform) of the
rBNA; S4 assembles the lower part of the 3’ major do-
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main (head); and S7 and S17 organize different parts
of the 5’ and central domain (body and platform). It is
possible that the corresponding yeast proteins also ful-
fill similar early roles in the yeast ribosomal assembly.

The bacterial homologs of yeast rpSO0, rpS2, rpS3,
rpS15, and rpS20 (S2, S5, S3, S19, and S10, respec-
tively) are all tertiary binding proteins, which together
with §14 are important for forming a cluster at the 3’
major 16S rRNA, the head structure of the small subunit
(Brodersen et al., 2002). Strikingly, the corresponding
yeast proteins were all grouped into a common class
of r-proteins involved in the same two late biogenesis
steps (Table 1, lane llla and llic). Haplo-insufficient
strains of rpS29, the homolog of bacterial S14, also
show a late RNA processing defect (data not shown).
Apparently, the sequence by which r-proteins partici-
pate in the formation of ribosomal (sub-) structures was
retained in evolution. However, due to the extra de-
mands of a eukaryotic cell, yeast r-proteins have ac-
quired additional functions. Alternatively, formation of a
distinct structure, such as the head-like cluster, might
represent a necessary prerequisite to also fulfill eukary-
otic-specific functions, like nuclear export or cytoplas-
mic processing. Two further eukaryotic-specific r-pro-
teins, rpS10 and rpS26, might also participate in the
formation of such a structural entity, as they are in-
volved in the same late biogenesis steps.

Bipartite Functions of Small Subunit R-Proteins

Of course, r-proteins required for early rRNA processing
can also participate in nuclear exit, in cytoplasmic
rRNA processing, or in ribosome function. However, be-
cause their essential role is tightly linked to early matu-
ration steps, they could not be assayed for other func-
tions in this screen. Future mutational analysis of such
“early” r-proteins will reveal whether they cover bipar-
tite functions. Such a dual role was shown for rpS14,
as it was found to be involved in early rRNA processing
(Moritz et al., 1990; see also Figure 3) and its carboxy-
terminal extension was also recently described to play
an important role in late cytoplasmic rRNA processing
(Jakovljevic et al., 2004). Furthermore, it is possible that
r-proteins other than the three essential ones— rpS7,
rpS30, and rpS31— participate in activities that are
more related to ribosome function. For instance, rpS9
and rpS2 that are required for early and late biogenesis
steps (Table 1), respectively, are also important for
translational accuracy (Alksne et al., 1993; Stansfield
et al., 1998; Synetos et al., 1996). Further studies are
required to dissect other possible dual or multiple func-
tions and to find out whether and how r-proteins sup-
port the activities of eukaryotic ribosomal subunits.

Experimental Procedures

Standard techniques in molecular biology, plasmids, oligonucleo-
tides, and yeast strains are described in the Supplemental Data
available with this article online.

In Vivo Labeling Experiments

Logarithmically growing cells in YPG were resuspended in pre-
warmed YPD media (OD 0.5) and incubated for 2 hr at 30°C. 3 ml
of cells was pelleted and resuspended in 1 ml of YPD including 20
wCi of 5',6' [®H] uracil (Amersham) for 15 min at 30°C. RNA was
extracted, and the same amounts of radioactivity (cpm) were

loaded onto a denaturing agarose gel and then transferred onto a
Positive membrane (Qbiogene). The membrane was exposed to a
BAS-TR 2040 screen for 1 week.

Radioactivity on membrane slices containing 25S and 18S rRNA
was counted using a scintillation counter (Packard Tri-Carb
1600TR). Background activity was subtracted from the values ob-
tained.

The exact procedure was performed in duplicate for standardiza-
tion with the only exception being that the volumes of RNA loaded
were the same. The resulting membranes were hybridized with a
32p-labeled 25S probe. The amounts of labeled 25S rRNA in each
strain were quantified using a Phosphorimager (Fuji).

[H] activity was adjusted according to equal amounts of 258
rBRNA on the gel and was expressed as a percentage of labeled
wild-type RNA.

Cell Fractionation and Metabolic Labeling

of Neosynthesized RNA

Cells were grown overnight in YP-Galactose medium and were re-
suspended in prewarmed YP-Glucose medium for 1 hr. Twelve ml
of cells at OD 1.2 was centrifuged and washed in 2 mM DTT and
resuspended in recovery buffer (2% glucose, 1% peptone, 0.6%
malt extract, 0.01% yeast extract, 12% mannitol, and 17.8 mM
magnesium acetate) plus 1 mM DTT and 1 mg/ml zymolyase 100 T
(Seikagaku Corporation) for 30 min at 30°C with mild agitation.
Cells were resuspended for 30 min at 30°C in recovery buffer and
pulse labeled with 20 uCi of 5,6’ [H] uracil (Amersham) for 15 min
at 30°C. Nuclear and cytoplasmic fractions were then prepared as
described in (Leger-Silvestre et al., 2004).

For normalization, steady-state rRNA amounts in each fraction
were determined by using a dot blot experiment with a 2P labeled
25S probe. Same amounts of cold RNA were then loaded on a
denaturing agarose gel and transferred onto a Positive membrane
from Qbiogene.

Steady-state amounts of pre-rRNA were analyzed after hybrid-
ization by using a Dig-labeled ITS1 probe (see Northern Blotting
Analysis in the Supplemental Data available with this article online).

Neosynthesized rRNA was visualized either by phosphorimaging
(BAS-TR2040 screen, Fuji; one week exposure) or by exposure of
the blot to a BioMax MS film including a BioMax TranScreen (Ko-
dak) at -80°C.

Fluorescence In Situ Hybridization Microscopy
Cells growing in YPG were resuspended in prewarmed YPD media
(OD 0.5) for 2 hr. Cells were fixed with 4% paraformaldehyde in
YPD for 30 min at 30°C and handled as described by (Gleizes et
al., 2001) and using the same oligonucleotidic probe as in (Leger-
Silvestre et al., 2004).

Images were captured with an AxioCam MR CCD camera
mounted on an Axiovert 200M Zeiss microscope and processed
with Adobe Photoshop.

Polysome Profile Analysis

Polysome profile analyses were carried out as described in Milker-
eit et al. (2001) except that extracts containing 500 g of protein
were loaded onto a 10.5-ml, 8%-36% sucrose gradient and centri-
fuged in a SW40 rotor for 3 hr at 39,000 rpm at 4°C. Gradients
were analyzed using a BioLogic UV detection system coupled to
LP analysis software (Bio-Rad).

Supplemental Data

Supplemental Data including three tables and Supplemental Exper-
imental Procedures are available online with this article at http://
www.molecule.org/cgi/content/full/20/2/263/DC1/.
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