OPEN 8 ACCESS Freely available online

© pLos one

rRNA Maturation in Yeast Cells Depleted of Large

Ribosomal Subunit Proteins

Gisela PolI'®, Tobias Braun'?, Jelena Jakovljevic?, Andreas Neueder', Steffen Jakob', John L.
Woolford, Jr.%*, Herbert Tschochner'*, Philipp Milkereit'*

1 Institut fir Biochemie Ill, Universitdt Regensburg, Regensburg, Germany, 2 Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, Pennsylvania,

United States of America

Abstract

The structural constituents of the large eukaryotic ribosomal subunit are 3 ribosomal RNAs, namely the 25S, 5.8S and 5S
rRNA and about 46 ribosomal proteins (r-proteins). They assemble and mature in a highly dynamic process that involves
more than 150 proteins and 70 small RNAs. Ribosome biogenesis starts in the nucleolus, continues in the nucleoplasm and
is completed after nucleo-cytoplasmic translocation of the subunits in the cytoplasm. In this work we created 26 yeast
strains, each of which conditionally expresses one of the large ribosomal subunit (LSU) proteins. In vivo depletion of the
analysed LSU r-proteins was lethal and led to destabilisation and degradation of the LSU and/or its precursors. Detailed
steady state and metabolic pulse labelling analyses of rRNA precursors in these mutant strains showed that LSU r-proteins
can be grouped according to their requirement for efficient progression of different steps of large ribosomal subunit
maturation. Comparative analyses of the observed phenotypes and the nature of r-protein — rRNA interactions as predicted
by current atomic LSU structure models led us to discuss working hypotheses on i) how individual r-proteins control the
productive processing of the major 5" end of 5.8S rRNA precursors by exonucleases Rat1p and Xrn1p, and ii) the nature of
structural characteristics of nascent LSUs that are required for cytoplasmic accumulation of nascent subunits but are
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nonessential for most of the nuclear LSU pre-rRNA processing events.
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Introduction

The structural constituents of the two eukaryotic ribosomal
subunits are 4 ribosomal RNAs, namely the 258, 1885, 5.8S and 5S
rRNA and more than 79 ribosomal proteins (r-proteins). They
assemble in a highly dynamic process that starts with the synthesis
of the precursor of 25S-, 18S- and 5.8S rRNA by RNA
polymerase I and initial maturation events in the nucleolus,
proceeds in the nucleoplasm and finally ends after nucleo-
cytoplasmic translocation of the subunits in the cytoplasm. The
5S rRNA is synthesized by RNA polymerase III and is recruited as
ribonucleoproteincomplex (RNP) together with rpLL5 and rpL11 to
early nuclear pre-60S particles [1].

Genetic, biochemical and bioinformatic analysis identified more
than 150 protein factors and more than 70 small nucleolar RNAs
involved in eukaryotic ribosome biogenesis. The large majority of
the small nucleolar RNAs, together with some of the protein
factors, mediate site directed pre-rRINA modifications and a few of
the protein factors have exo- and endonucleolytic activities
responsible for pre-rRNA trimming and cleavage reactions (see
[2] for a recent review and see Fig. 1 for an overview of pre-rRNA
processing events in S. cerevisae). The molecular function of most of
the remaining ribosome biogenesis factors is less clear. The
assoclation of many of these factors with different pre- 40S or pre-
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60S ribosomal subunit assembly intermediates has been deter-
mined. Initial investigation of functions employed analyses of
changes or specific blocks in pre-rRNA processing, pre-rRNA
modification or nuclear export in cells in which selected factors
were depleted @ wviwo or genetically inactivated. Accordingly,
individual proteins or subcomplexes were suggested to participate
in steps that trigger processing, modification and folding of pre-
rRINA, assembly of ribosomal proteins and/or export through the
nuclear pore (see [2] for a recent review). Most of these processes
seem to be tightly linked [3,4,5]. Consequently, it is often difficult
to attribute a direct molecular function to factors. In addition, 3D-
localisation of ribosome biogenesis factors on the pre-ribosomes
and the nature of their exact molecular interaction with (pre-)
rRNA and / or r-proteins is in most cases unknown. Therefore a
molecular understanding of eukaryotic ribosome biogenesis factor
functions remains incomplete.

On the other hand, atomic resolution structure models of
prokaryotic ribosomes and pseudo-atomic models of eukaryotic
ribosomes are available (see [6] for a recent review, [7,8]) that
predict the molecular interactions of most of the eukaryotic r-
proteins with rRNA in mature ribosomes. Accordingly, if particular
steps in pre-rRNA processing or folding can be assigned to the
presence of specific r-proteins, based on the nature of the relevant r-
protein - rRNA interactions, insights may be obtained for how
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Figure 1. Large ribosomal subunit rRNA maturation pathways in S. cerevisiae. Four of the five rRNAs found in mature ribosomes are derived

from transcripts made by RNA polymerase | and processed through a series of endo- and exon

ucleolytic reactions. In (A) External transcribed spacer

regions (ETS1, ETS2), Internal transcribed spacer regions (ITS1, ITS2), the transcription start site (+1) and major rRNA processing sites of primary rDNA

transcripts are indicated. In (B) major pathways of precursor rRNA processing are shown.
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proteinaceous ribosomal entities influence pre-rRNA maturation.
In this way, working hypotheses could be developed to implicate
structural prerequisites into the pre-rRNA maturation pathway.

Previously, a comprehensive analysis of the impact of the
structural organisation of r-proteins on the i vivo maturation and
nuclear export of a ribosomal subunit was only performed for the
small subunit (SSU). The three secondary structure domains of the
18S rRNA, the 5’ domain, the central domain and the 3" domain,
fold in space in two major topologically separated substructures,
the head and the body domain. In S. cerevisiae assembly of r-
proteins with the body domain of the SSU is closely related to
early nuclear restricted pre-rRINA cleavage steps. R-protein — pre-
rRNA assembly events in the SSU head domain have gradual
impact on the cytoplasmic accumulation of nascent SSUs and the
final maturation of the 3" end of 18S rRNA [9,5].

While six different secondary structure domains can be distinguished
in 25S- and 5.8S rRNA, the large ribosomal subunit (LSU) appears in
3D structure models as “one single, gigantic domain” [10] with two
lateral and one central protuberance, which contains the 5S rRNA. In
remarkable contrast to SSU r-proteins, most LSU r-proteins contact
more than one rRNA secondary structure domain [11] and thereby
seem to contribute significantly to the formation of the LSUs compact
structure through the establishment and stabilisation of a complex
rRNA - r-protein and rRNA - rRNA interaction network. Accordingly,
it could be assumed that - because of the “one-domain” appearance of
the LSU and because of the multiplicity of interactions of LSU r-
proteins - inactivation or depletion of single LSU r-proteins could result
in a more common maturation phenotype rather than distinct ones.
However, i viwo depletion of the essential yeast r-proteins rpL.3, rpL,
rpL.25 and rpL.33 ( [12,13,14,15,16]) and the human r-proteins RPL5,
RPL7, RPL11, RPL14, RPL26 and RPL35A/rpL33 [17] leads to
impairment of distinguishable steps of eukaryotic pre-rRNA matura-
tion. In addition, yeast rpLL10 was suggested to play a specific role in
LSU nuclear export by either recruiting the nucleo-cytoplasmic
transport factor Nmd3p to nuclear LSU precursors [18] or by being
mvolved in its release from nascent cytoplasmic LSUs [19].
Furthermore, rpL1, rpPO0, rpP1, rpP2 and rpL.12, constituents of the
LSUs two lateral protrusions [20,21,22] and several nonessential LSU
r-proteins, including rpL22 ( [23] and our own unpublished data),
rpL41 [24], rpL24 [25], rpL31 ( [26] and our own unpublished data),
rpL29 [27] and rpL39 [28] seem not to be strictly required for LSU
maturation. Some of them were shown to play a role in different
aspects of mRNA translation (see [29] for a review).

In this work we created 26 yeast mutant strains, each of which
conditionally expresses one essential r-protein of the eukaryotic
LSU. We subsequently performed a comparative analysis of
phenotypes in these mutant strains and found that groups of LSU
r-proteins are required for efficient progression of different steps of
LSU maturation. Based on the observed phenotypes and the nature
of the corresponding r-protein — rRINA interactions in current
atomic LSU structure models we discuss how individual r-proteins
might promote the productive processing of the major 5" end of
5.85 rRNA precursors through protecting them from exonucleolytic
degradation. In addition, the analyses presented in this work point
towards structural characteristics of nascent LSUs that are required
for their cytoplasmic accumulation but are nonessential for most of
the nuclear LSU pre-rRNA processing events.

Results

Ribosomal Subunit Accumulation After Shut-Down of rpL
Expression

In order to analyse i vivo functions of eukaryotic LSU r-proteins
we created 26 yeast mutant strains conditional for expression of
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individual LSU r-protein genes. This set of mutants was chosen to
be representative for the about 37 possibly essential r-protein genes
(see introduction) and includes many genes coding for r-proteins
whose bacterial homologues are located throughout the mature
50S ribosomal subunit. In each of these strains one of the LSU r-
protein genes was ectopically expressed under the control of the
galactose inducible GALI promoter (see Materials and Methods).
All 26 mutant strains could be cultivated in galactose containing
medium but stopped growth when plated on medium with glucose
as the sole carbon source (data not shown), indicating that each of
the corresponding LSU r-proteins is essential for yeast growth.
This interpretation is in agreement with previous genetic analysis
done of several S. cerevisae r-protein  gene mutants
[20,30,13,31,32,33,34,35,30,15,36,37].

Next we analysed by Northern blotting the impact of depletion
of individual essential LSU r-proteins on the accumulation of
mature rRNAs. For most of the strains we observed after
prolonged incubation in restrictive conditions (4 h-8 h) a
significant reduction of both the LSU 25S rRNA and the SSU
18S rRNA content per OD of cells (data not shown). A similar
phenotype was observed before in conditional mutants of RPL25
and of several yeast genes coding for LSU biogenesis factors (see
[14] and Discussion). In addition, all mutant strains exhibited a
clear increase in the ratio of SSU 18S rRNA to LSU 255 rRNA
during the first eight hours after shift to restrictive conditions
(Fig. 2A). Less severe effects on ribosomal subunit balance were
observed upon depletion of rpL.1 and rpL.40. These results suggest
that iz vivo depletion of each of the LSU r-proteins examined leads
to destabilisation and degradation of the LSU and/or its
precursors. rpL1 and rpL40 seem to play the least critical roles
for LSU accumulation. Polysome analyses of yeast mutants of
RPL1, RPL3, RPL4, RPL5, RPL8, RPL10, RPL33 or RPL40
support the latter interpretation (see Fig. S1 and
[20,38,39,15,36,12,40,13,16]).

To assess more directly a role of individual LSU r-proteins in
LSU production we analysed the relative changes in steady-state
levels of LSU precursor rRNAs after depletion of individual LSU
r-proteins by Northern blotting and primer extension experiments.
Consistent with previous analyses [14], we observed in most strains
under restrictive conditions a relative accumulation of 35S pre-
rRNA (data not shown, see also pulse labelling experiments
described below) indicating general delays in processing events in
the ETSI, ITS1, and ITS2 pre-rRNA sequences (see LSU pre-
rRNA processing scheme in Fig. 1).

Furthermore, mutant strains could be categorized into four
major groups according to changes in levels of precursor rRNAs
after r-protein depletion:(1) strains showing phenotypes in 5" end
processing of 5.8S rRNA precursors (2) strains with a delay in the
endonucleolytic cleavage separating 5.85 rRNA and 25S rRNA
precursors (3) strains with phenotypes in 3’ processing of 5.8S
rRINA precursors, and (4) strains with no obvious major pre-rRNA
processing defect.

5’ End Processing of 5.8S rRNA Precursors After Shut-
Down of rpL Expression

One group of nine mutant strains (lacking one of r-proteins rpL3,
rpl4, rpLl7, rpL8, rpL.16, rpL18, rpL.20, rpL.32 or rpL.33) showed
an elevated ratio of 27SA2 pre-rRNA to 27SB pre-rRNA under
non-permissive versus permissive conditions compared with the
other strains (Fig. 2B and Fig. 3). Production of 27SA2 pre-rRNAs
results in yeast from the endonucleolytic cleavage at site A2 in the
ITSI region of pre-rRNA which separates the precursor RNAs of
the small and the large ribosomal subunits. Two alternative
pathways exist in yeast through which 27SA2 pre-rRNAs are
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Figure 2. Relative accumulation of large ribosomal subunit pre-rRNAs in conditional r-protein gene mutants as indicated by
Northern blotting analyses. Yeast strains expressing the indicated r-protein genes under control of the galactose-dependent GALT promoter were
shifted to glucose medium in A) for 2 hours (white bars), 4 hours (light grey bars) or 8 hours (dark grey bar) and in B) and C) for 2 hours (light grey
bars) or 4 hours (dark grey bars). For each strain the relative accumulation of 18S rRNA over 25S rRNA (A), 27SA2 pre-rRNA over total 27S pre-rRNA (B)
and 7S pre-rRNA over total 27S pre-rRNA (C) in restrictive (glucose medium) versus permissive (galactose medium) conditions was determined by
Northern blotting as described in Materials and methods. These relative accumulations are indicated in the y-axis of the diagrams in A) to C). Strains
are placed in groups according to rRNA processing phenotypes.

doi:10.1371/journal.pone.0008249.9002

converted into 27SB pre-rRNAs (Fig. 1): The major pathway starts reaction by 5'-3’ exonucleaseses Xrnlp and Ratlp [41]. These
with an endonucleolytic cut at site A3 through RNAse MRP, about enzymes stop exonucleolytic digestion at site B1S which is the major
70 nucleotides downstream of site A2, followed by a trimming 5" end of mature 5.85 rRNA. The minor pathway is thought to
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Figure 3. Accumulation of 27SA,-, 27SAs-, 27SB,,- and 27SB;s pre-rRNA in conditional r-protein gene mutants as indicated by
primer extension analyses. Yeast strains expressing the indicated r-protein genes under control of the galactose-dependent GALT promoter were
shifted for the specified times to glucose-containing medium. Primer extension analyses of LSU pre-rRNA was performed as described in Materials
and methods. The diagrams in the lower panel are quantitative representations of the radioactive signals seen in the upper panel.

doi:10.1371/journal.pone.0008249.g003

involve an unknown endonuclease which directly cuts at site B1L,
the 5" end of about 20% of mature 5.8S rRNAs [42]. Our primer
extension analyses indicated that in the nine mutant strains
mentioned above pre-rRNAs with the BIS 5’ end are strongly
underrepresented relative to pre-rRNAs with BIL and A2 5" ends
(Fig. 3). Accordingly, the pathway leading to B1S 5'ends of pre-
rRNAs is largely non-productive when levels of any of the
corresponding nine proteins are limited # viwo. Pre-rRNAs with
BIL 5’ ends were still detected in these strains but in many cases at
lower absolute levels when compared to a control strain (Fig. 3). In
addition, endonucleolytic cleavage at site C2 in the I'T'S2 region of
pre-rRNA is apparently impeded under these circumstances, since,
with the exception of rpLL32, only minor levels of the resulting 7S
pre-rRNA (Fig. 2C) or A2-C2 fragments (data not shown) could be
detected. Alltogether we conclude, that pre-ribosomes with 27SB1L
pre-rRNA are still made in these strains, but are largely turned over
in a non-productive way. Previously, similar pre-rRNA processing
phenotypes were observed upon depletion of yeast rpL.3 [12], in a
yeast carrying a mutant allele of RPL33A [15,16]and after
knockdown of the mammalian homologues of rpL.7 and rpL.33 in
human cells [17,43].

@ PLoS ONE | www.plosone.org

Endonucleolytic Cleavage between 5.85 and 25S rRNA
After Shut-Down of rpL Expression

A low 27SA2 pre-rRNA to 27SB pre-rRNA ratio was observed
in all other depletion strains (Fig. 2B), indicating that processing of
27SA2 pre-rRNA into 27SB pre-rRNA at site Bl could still occur.
5" processing at site Bl in the ITS1 region of pre-rRNA is
currently believed to precede the cleavage in the ITS2 region by
an unknown endonclease which leads to the production of 7S pre-
rRNA and 25.5S pre-rRNA, the precursors of 5.8S and 25S rRNA
[44]. In seven strains (GAL-RPL9, GAL-RPL19, GAL-RPL23,
GAL-RPL25, GAL-RPL27, GAL-RPL34 and GAL-RPL35) the
ratio of 7S pre-rRNA to 27S pre-rRNA significantly decreased in
restrictive conditions (Fig. 2C). Only minor amounts of steady state
7S pre-rRNA could be detected in this group of mutants, with the
highest absolute 7S pre-rRNA level observed i the rpLl19
depleted strain. Apparently, endonucleolytic cleavage in the
I'TS2 region of pre-rRNA at site G2, converting 27SB pre-rRNA
into 7S pre-rRNA and the short lived 25.5S pre-rRNA (Fig. 1), is
not completely blocked, but significantly delayed in the absence of
rpL9, rpL19, rpL23, rpL25 (see also [14]), rpL27, rpL34 and
rpL35.
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3’ End Processing of 5.8S rRNA Precursors After Shut-

Down of rpL Expression

While 27S pre-rRNA accumulated in several of the residual
mutants, the relatively high 7S pre-rRNA to 27S pre-rRNA ratio
observed after shifting these ten strains (GAL-RPL1, GAL-RPL2,
GAL-RPL5, GAL-RPL10, GAL-RPL13, GAL-RPL17, GAL-
RPL21, GAL-RPL28, GAL-RPL40, and GAL-RPL43) to restric-
tive conditions (Fig. 2C) argues that cleavage at site C2 still takes
place in precursor LSUs lacking the corresponding ribosomal
proteins. It had been shown previously that 3" extended forms of
5.8S rRNA (Fig. 1) strongly accumulate in yeast strains carrying
deletions of the nonessential genes encoding the 3’5" exonucle-
ases Rrp6p, Rexlp, Rex2p, Rex3 or the endonuclease Ngl2p
[45,46,47]. Some of these 3’ extended forms of 5.8S rRNA seem
to be able to carry out the essential functions of 5.8S rRNA in
cytoplasmic ribosomes ([45,46] and discussion therein, [48]). In
none of the mutant strains we could detect a comparably strong
increase of these intermediates or of the short lived 25.5S pre-
rRNA (Fig. 4 and data not shown) which is stabilised after
inactivation of the two 5'=3" exonucleases Ratlp and Xrnlp [49].
On the other hand, upon depletion of rpL.2, rpLL5 and rpL.43 and,
to a minor degree rpL21, we observed a pronounced relative
accumulation of 7S pre-rRNA versus 5.85+30 pre-rRNA and of
5.85+30 pre-rRNA versus 6S pre-rRNA (Fig. 4). This indicates a
specific delay of exosome-mediated 3" processing of 5.8S rRNA. A
previously performed siRNA mediated knock-down of L5 resulted
in similar pre-rRNA processing phenotypes in cultivated human
cells [17]. Upon depletion of rpLl1, rpL40, rpL10, rpL13, rpL17
and rpL28, we did not detect major pre-rRNA processing
phenotypes except for the generally observed accumulation of

strain (GAL-) : wit L2 LS

restrictive

conditions : Oh 2h 4h  0Oh 2h 4h

J-aud

AT

lane: 1 2 3 4 5 6 7 8 9
strain (GAL-) : L21 L28 L43
restrictive
conditions: 0h 2h 4h 0Oh 2h 4h
J TS -
¢
Py
51 5.85+30 - -
= 6S - W -
lane: 19 20 21 22 23 24

0h 2h 4h 0Oh 2h 4h

s - WS ' * Bewe Wy Www

‘qu A 'P" — '

10 11 12

rRNA Maturation and Assembly

35S pre-rRNA (see above). Apparently, most steps of LSU rRNA
maturation can occur in pre-ribosomes lacking these r-proteins.

Dynamics of Maturation and Cytoplasmic Accumulation
of Nascent rRNAs and tRNAs After Shut-Down of rpL
Expression

To analyse more directly the efficiency and dynamics of LSU
pre-rRNA processing and of the transport of precursor LSUs from
the nucleus to the cytoplasm in the mutant strains, we performed
RNA pulse labelling experiments, followed by nucleo-cytoplasmic
fractionation. As depicted in Fig. 5, lanes 1 and 2, pulse labelled
newly synthesized LSU pre-rRNAs (35S-, 27SA-, 275B- and 7S
pre-rRNA) could be detected in wildtype cells exclusively in the
nuclear fraction while newly synthesized 25S rRNA and 5.8S
rRNA accumulated in the cytoplasmic fraction. Newly synthesized
5S rRNA was detected in apparent excess over 5.8S rRNA in
nuclear fractions while cytoplasmic fractions contained similar
amounts of both pulse labelled LSU rRNA species. These results
agree with conclusions drawn from similar experiments that in
yeast cells nascent LSUs containing 25S rRNA, 5.8S rRNA (or its
functional equivalent 3" extended forms, see above) and 5S rRNA
are adequate substrates of the nuclear export machinery
[50,51,52].

Newly synthesized 25S rRNA and 5.8S rRNA or their
precursors did not accumulate in the cytoplasm of any of the
analysed mutants, except pGAL-RPL1 and pGAL-RPL40. On the
other hand, in all strains synthesis and nuclear export of tRNA and
(pre-)18S rRNA clearly took place during the period of the *H-
uracil pulse (Fig. 5) even if nuclear accumulation of newly
synthesized 35S rRNA, a putative common precursor of 18S
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Figure 4. Accumulation of 3’ extended forms of 5.8S rRNA in conditional r-protein gene mutants as indicated by Northern blotting
analyses. Yeast strains expressing the indicated r-protein genes under control of the galactose dependent GALT promoter were shifted for the
specified times to glucose containing medium. Detection of 3’ extended forms of 5.85 rRNA by northern blotting was performed as described in
Materials and methods. Shown is analysis of wildtype yeast (BY4741) and of yeast strains in which separation of 5.85 rRNA precursors and 25S rRNA
precursors through endonucleolytic cleavage in the ITS2 region of pre-rRNA was readily detectable.

doi:10.1371/journal.pone.0008249.9004
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Figure 5. Neo-synthesis and intracellular transport of tRNA and rRNA in conditional r-protein gene mutants as indicated by
metabolic RNA labelling and nucleo-cytoplasmic fractionation. Yeast strains expressing the indicated r-protein genes under control of the
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rRNA, 255 rRNA and 5.8S rRNA (see Fig. 1 and above), was
evident. These observations indicate that limited expression of
individual LSU r-proteins primarily results in a rather specific and
predominant effect on LSU production. Interestingly, in many
mutant strains we observed substantial production of nuclear 5S
rRINA and detected some minor amount of newly synthesized 5S
rRNA in the cytoplasm (Fig. 5, lanes 8,10,12,14,26,28,30,32),
leaving open the possibility that in yeast 5S rRNA containing
particles can translocate to the cytoplasm independently of most of
the residual LSU components (see also discussion in [51]).

In strains in which rpL3, rpL4, rpL7, rpL8, rpLl16, rpL18,
rpL20, rpL32 and rpL33 were depleted, the 35S- and 27SA pre-
rRNAs were the only prevalent newly synthesized precursors
of the 25S rRNA and 5.85S rRNA (Fig. 5 lanes 3,5,
7,9,11,13,15,17,19). In strains lacking rpL9, rpLl19, rpL23,
rpL25, rpL27, rpL34 or rpL35, 27SB pre-rRNAs were clearly
produced during the time of pulse labelling, but newly synthesized
7S pre-rRNA and 25S rRNA/25.5S rRNA were hardly
observable (Fig. 5 lanes 21,23,25,27,29,31,33). Altogether these
data indicate that assembly of rpL3, rpL4, rpL7, rpL8, rpLl6,
rpL18, rpL20, rpL32 and rpL33 is required for productive
generation of 27SB pre-rRNA from 27SA pre-rRNA while
assembly of rpL9, rpL19, rpL23, rpL25, rpL27, rpL34 and
rpL35 are important for efficient conversion of 27SB pre-rRNA
into 7S pre-RNA and 25.5S pre-rRNA containing pre-LSU’s
through endonucleolytic cleavage in the I'T'S2 pre-rRNA region at
site. C2. In addition, the absence of all these ribosomal proteins
seems ultimately to lead to nuclear degradation of nascent LSUs.

In strains GAL-RPL1, GAL-RPL2, GAL-RPL5, GAL-RPLI10,
GAL-RPL13, GAL-RPL17, GAL-RPL21, GAL-RPL28, GAL-
RPL40 and GAL-RPLA43, for which the steady state analyses
suggested that cleavage in the ITS2 region of pre-rRNA still
occurs to some extent, neo-synthesis of the resulting nuclear 7S
pre-TRNA (Fig. 5, lower panel, lanes 35, 37, 39, 41, 43, 45, 47, 49,
53, 55) and, at least for strains GAL-RPL5, GAL-RPL10, GAL-
RPL13, GAL-RPL17, GAL-RPL21, GAL-RPL28, GAL-RPLI
and GAL-RPL40, neo-synthesis of nuclear 25.55/25S rRNA
(Fig. 5, upper panel, lanes 37, 39, 41, 43, 45, 47) was detectable. In
addition, in strains GAL-RPL10, GAL-RPL13, GAL-RPL17,
GAL-RPL21 and GAL-RPL28, but not in strains GAL-RPL2,
GAL-RPL5 and GAL-RPL43, some production of short lived
nuclear pre-LSUs containing 65/5.8S rRNA was evident, which
apparently were precluded from translocation through the nuclear
pores (Fig. 5, compare lanes 39, 41, 43, 45 and 47 with lanes 35,
37 and 49). In agreement with previous analyses [13,1]
demonstrating a role for yeast rpL5 in 5S rRNA stability and in
recruitment of an 5S rRNA — rpLL5 — rpLL11 RNP into the LSU
precursors, in strain pGAL-RPL5 accumulation of newly synthe-
sized 5S rRINA was reduced compared to tRNA accumulation
(Fig. 5 lower panel, compare lanes 37 and 38 with lanes 57 and
58). In conclusion, these analyses suggest that in the absence of
rpL2 and rpl.43 as in the absence of rpL, and consequently the
5S rRNA — rpL5 — rpL11 RNP, unstable nuclear restricted pre-
LSUs containing 25S rRNA and 7S pre-rRNA are made which
are inefficient substrates for consequent exosome mediated pre-
rRINA processing events. On the other hand, when expression of
genes coding for rpL.10, rpL13, rpL17, rpL.21 and rpL28 is shut
down, the cellular production of nuclear pre-LSUs containing
matured rRNAs is not completely blocked. However, the data
suggest that these pre-LSUs lacking rpLL10, rpLL13, rpL17, rpL21
or rpL28 are largely restricted to the nucleus and are finally
degraded.

In strains depleted of rpl.40 or rpLl significant amounts of
newly synthesized cytoplasmic LSUs containing 25S rRNA, 5S

@ PLoS ONE | www.plosone.org

rRNA Maturation and Assembly

rRINA and 5.8S rRNA were detected. Nevertheless, cytoplasmic
LSU accumulation was slightly reduced compared to a wildtype
strain (Iig. 5, compare lanes 54 and 56 with lane 58). In agreement
with this, both strains showed comparably low, but detectable
ribosomal subunit imbalance phenotypes in steady state analyses
after shift to restrictive conditions (see above, Fig. 2A, Fig. S1).
Interestingly, in 7p/l but not in 7p/40 mutant the ratio between
newly synthesized nuclear and cytoplasmic 25S and 5.8S rRNA
was clearly increased when compared to wildtype cells (Fig. 5,
compare lanes 53 and 54 with lanes 55-58), indicating a delay of
nucleo-cytoplasmic transport of pre-LSUs which fail to assemble
rpLI.

Discussion

In the work presented here we created 26 yeast strains each of
which conditionally expresses one of the 46 ribosomal proteins of
the large ribosomal subunit. None of the mutant strains exhibited
significant growth under restrictive conditions, indicating that
production of the majority of LSU r-proteins is essential for yeast
growth. After long term iz vivo depletion of most LSU proteins, we
observed not only a decrease in cellular content of LSUs and a
resulting ribosomal subunit imbalance but also a clear, albeit less
pronounced decrease in the amount of SSUs per cell. The latter
phenotype was seen before in conditional mutants of RPL25 and
of several LSU biogenesis factors (see [14] and discussion therein).
On the other hand, soon after shifting to restrictive conditions, we
could see specific effects on production of new LSUs in most
conditional LSU r-protein gene mutant strains whereas biogenesis
of SSUs remained largely unaffected. Therefore we conclude that
a primary effect of shortage of LSU r-protein expression is on pre-
LSU maturation.

In most cases, shutdown of individual LSU r-protein gene
expression led to rather strong defects in different, specific steps of
LSU maturation, namely 5" maturation of 5.8S pre-rRNA, endo-
and exonucleolytic processing of the ITS2 region of pre-LSU
rRNA and cytoplasmic accumulation of LSU precursors. Despite
the fact that current 3-D models of the LSU clearly indicate a
complex network of interactions between its structural compo-
nents, individual groups of LSU r-proteins seem to have specific
impact on different aspects of rRNA maturation.

In principle, various molecular functions in rRNA maturation
and transport can be envisioned for r-proteins as for ribosome
biogenesis factors. They could have intrinsic exo- or endonucleo-
lytic activity required for rRNA maturation or facilitate by
themselves passage through nuclear pores. They could directly
mediate the interaction of pre-LSUs with rRNA maturation/
transport factors, as was suggested for rpLL.10 [18] or they could be
involved in building up local or global structures that allow the
interaction of rRNA maturation/transport factors. In addition
they could trigger the release of maturation/transport factors from
pre-LSUs, as might be the case for the nonessential rpl.24 [53]
and for rpL10 [19], or they could be involved in protecting pre-
LSUs from degradation by endo- and exonucleases.

Structural models may help to predict molecular functions of r-
proteins: Primary rRNA maturation/transport phenotypes ob-
served in strains carrying conditional r-protein-gene mutants can
be compared with the exact positioning of the corresponding
proteins in current atomic resolution structure models of
eukaryotic ribosomes.

Down-regulation of expression of r-proteins rpL3, rpL4, rpL7,
rpL8, rpLl16, rpL18, rpL20, rpL32 and rpL33 resulted in
inefficient production of pre-rRNAs with a matured 5" end of
5.8S pre-rRNA. More spectfically, the maturation pathway
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leading in yeast to the major 5" end of 5.8S pre-rRNA was strongly
affected in these mutant strains. This pathway is initiated by an
endonucleolytic cut about 80 nucleotides upstream of the 5" end of
5.85 rRNA at site A3 and involves then an exonucleolytic
trimming reaction mediated by the general 5'—3’ exonucleases
Ratlp/Xrnlp. These enzymes stop exonucleolytic digestion at site
B1S which is the 5" end of about 80% of mature 5.8S rRNA in
wildtype conditions. Detailed analyses of current 3D-folding
models of eukaryotic LSU rRNAs [7] suggests that the 5'end of
5.85 rRNA forms an extended secondary structure network
involving a part of domain II of 25S rRNA and that formation of
these interactions requires correct folding of domain I and domain

A
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rpL17
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II sequences positioned inbetween these two elements (Fig. 6A).
Interestingly, rpL3, rpL4, rpL7, rpL8, rpLl6, rpLl8, rpL20,
rpL32 and rpLL33 are LSU r-proteins that contact this area of LSU
rRNA domains I and II or are closely positioned near the 5" end of
5.8S rRNA (Fig. 6A). Thereby it seems plausible that 1) these r-
proteins help establish the 3-dimensional organisation of LSU
rRNA domains I and II leading to the extensive rRNA-rRNA
interaction network at the 5" end of 5.8S rRNA, and 2) the
establishment of rRNA-rRNA interactions at the 5" end of 5.8S

rRNA is important to restrict the exonucleolytic action of Ratlp/
Xrnlp to correctly trim LSU pre-rRNAs rather than allowing
Ratlp/Xrnlp to degrade LSU pre-rRNAs.

oS

AR,

Figure 6. rRNA - r-protein interactions as indicated by atomic resolution structure models of the eukaryotic mature cytoplasmic
LSU. PDB file 2ZKR from [7], based on a 8.7 A electron cryomicroscopy map of the mammalian ribosome in which rRNA and homology models of r-
proteins were docked, was used in (A) — (D). The phosphate backbone of (parts of) LSU rRNA (in yellow, if not stated otherwise) and ribbon
representations of 20 r-proteins with currently known 3D-localisation are shown (dark green). In (A) domain | and the 5’ region of domain Il of LSU
rRNA are visualised with the 5.85 rRNA in blue and a part of domain Il forming a helical structure with the 5’ end of 5.85 rRNA in red. In (B) - (D) the
LSU is seen in the crown view with the L1 stalk on the left, the (L7/L12-)Phospho-stalk on the right and the 5S rRNA in light green. In (B) - (D) 5.8S
rRNA is highlighted in blue, its 3’ end in red and the 5’ end of 255 rRNA in violet. In (C) rRNA is shown transparent, with LSU rRNA domain V in violet
and LSU rRNA domain Il in red.

doi:10.1371/journal.pone.0008249.9g006
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Down-regulation of expression of another group of LSU r-
proteins resulted in a pronounced delay of endonucleolytic
cleavage in the ITS2 region of pre-rRNA at site C2. According
to current 3D-models of the eukaryotic LSU rpL19, rpL25 and
rpL35 are positioned at the bottom of the LSU, and rpL23 and
rpL.9 on an axis spanning from there towards the base of the (L7/
L12-)phospho-protein stalk (see Fig. 6B). According to secondary
structure models [54,55,56] the I'T'S2 region of pre-rRNA is
predicted to fold in several helical segments with site G2 about 135
nucleotides away from the 5.8S rRNA 3’ end and 100 nucleotides
away from the 258 rRNA 5 end. How the ITS2 region of pre-
rRNA folds in space and how it orients toward other parts of the
LSU precursor particle is currently not known.

We also found in this study that the expression of another group
of LSU r-proteins was specifically required for efficient final 3’
maturation of 5.8S rRNA precursors (rpL5, rpL21, rpL2, rpl43)
and/or productive nuclear export of LSU precursor particles
(rpL.10, rpLL13, rpLi17, rpL21, rpL.28). In current 3D models these
proteins are distributed all over the LSU (Fig. 6) with one cluster
around the LSUs central protrusion (rpL5, rpL21, rpL10), with
rpL28 near the L1 stalk, rpLL17 near the exit tunnel and rpL.2 and
rpL43 at the subunit interface close to the 3’ end of 5.8S rRNA.
Several of these proteins are prototypic examples of r-proteins that
fold in a globular domain with a protruding extension (rpL2,
rpL.28, rpLi17, rpL5). These extensions are characterised by a high
content of basic aminoacids that reach inside the RNA core of the
LSU and are responsible for a disproportionally high amount of
RNA-protein interactions found in the LSU [11]. Our data
suggest, that rpL2, rpL28, rpLl17 and rpL5, which are as
mentioned above examples of r-proteins carrying these extension
domains, are not strictly required for all (rpL.28, rpL17, see Fig. 5
lanes 4748 and lanes 43—44) or most (rpL2, rpL3, see Fig. 5 lanes
35-38) of the LSU pre-rRNA processing steps. In support of this,
recent work showed that in prokaryotes the extension domains of
some r-proteins, including the rpL17 homologue L22, are not
required for i vivo assembly of ribosomal subunits [57,58].

A remarkable characteristic of the r-proteins identified here to
be involved in final nuclear steps of pre-rRINA maturation and/or
cytoplasmic accumulation of LSUs is that most of them (rpL2,
rpL5, rpL.10, rpLL17, rpL21 and rpL.28) interact both with domains
II'and V of LSU rRNA [10]. rpL.43, the only exception, interacts
with LSU rRNA domain II, not with domain V but, on the other
hand, is in close contact with rpL.2. LSU rRNA domains Il and V,
together with rpL10, rpL21 and rpL7 build an interaction
platform for the 5S rRNA - rpL5 - rpL1l RNP, the major
constituent of the LSUs central protruberance. Therefore it seems,
that correct positioning of the 5S rRNA — rpL5 — rpL.L11 RNP in
the LSU is specifically required for efficient final nuclear 3’
processing of 5.8S pre-rRNA and / or cytoplasmic accumulation
of nascent LSUs. Future analyses will have to show whether in this
group of conditional r-protein-gene mutants the 5S RNP is
physically excluded from newly synthesised LSUs as was observed
before in cells depleted @ wviwo for rpL5, rpL11l or one of the
ribosome biogenesis factors Rpf2p and Rrslp [1]. In any case,
mspection of LSU 3D structure suggests that the 5S RNP and the
extended protein folds found in rpL2, rpLL17 and rpL.28 promote
the correct positioning of LSU rRNA domains towards each other.
Apparently, late nuclear pre-rRNA maturation events and
productive nucleo-cytoplasmic translocation correlate with the
establishment of a highly ordered structural organisation of the
nascent LSUs that is not strictly required for other nuclear steps of
LSU pre-rRNA maturation.

The observation that nuclear export of nascent LSUs was not
blocked, but detectably delayed when expression of rpLl was
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downregulated, furthermore suggests that also local changes in
nascent LSU structure can detectably affect its nucleo-cytoplasmic
translocation efficiency: rpLl is the only protein constituent of one
of the LSUs two lateral protruberances (Fig. 6). Lowered
expression of rpLl does neither lead to significant pre-rRNA
processing phenotypes (see above, [20]) nor does the omission of its
prokaryotic homologue L1 affect the assembly of the residual LSU
in in vitro reconstitution experiments with purified prokaryotic LSU
components [59].

Altogether the LSU pre-rRNA maturation phenotypes observed
here in strains conditionally expressing LSU r-proteins do not
match exactly most of the ones observed in yeast strains in which
components of the endo- and exonucleases involved in LSU pre-
rRNA processing, namely RNAse MRP [60,61], Ratlp, Xrnlp
[49,41], Rntl [62], Ngl2p [47], Rexlp, Rex2p, Rex3p [46] or the
exosome [45,63], were inactivated or i viwo depleted. Strikingly,
individual and/or combinational deletions of several of the genes
coding for RNAses involved in pre-rRNA processing are not lethal
(Xrnlp, Rntlp, Ngl2p, Rexlp, Rex2p, Rrp6) but lead to rather
strong accumulation of LSUs containing immature rRNA
precursors [46,62,60,47,45,63]. In contrast, m vivo depletion of
most of the yeast LSU r-proteins was lethal and resulted in nuclear
restricted newly synthesized LSUs which contained partial or fully
processed TRNA and were ultimately substrates for degradation.
Similar phenotypes were observed in a large number of
conditional alleles of LSU biogenesis factors whose primary
structure does not contain obvious indications for their direct role
as pre-rRNA processing enzymes ( see [2] for a review). Whether
and how some of these factors promote the assembly of r-proteins
[64,1,65,66,67]remains in most cases to be answered. We assume
that this work can help in future studies to understand better the
mterplay of ribosome assembly factors, individual transient or non-
transient assembly events on nascent subunits and LSU rRNA
precursor maturation in eukaryotic cells.

Materials and Methods

Yeast Cell Culture, Strain Construction and Plasmid
Construction

Standard protocols were followed for cultivation, transforma-
tion, mating, sporulation, preparation of genomic DNA, and
tetrad dissection of yeast [68]. Selection of 5-FOA resistant clones
and plasmide shuffling experiments were carried out on YNB
supplemented with glucose or galactose, respectively and the
amino acids required, in the presence of 1g/1 of 5-FOA (Toronto
Research). The general strategy for construction of conditional
rpL-gene mutants was as described in [5] or [69]. For a complete
list of the resulting strains, their genotypes and the exact
description of individual strain and plasmid construction see

Tables in Figures S2, S3, S4.

Steady-State Analysis of (pre-)rRNA

For steady-state analyses of different (pre-) rRNA species, yeast
strains were grown in galactose containing medium (YPG) at 30°C,
then centrifuged and resuspended in galactose (YPG) or glucose-
containing medium (YPD) to an OD of 0.3. Cells were incubated at
30°C and at the indicated timepoints (2 h for YPG cultures) 1.5 OD
of cells were harvested and washed in ice cold water. RNA was
extracted by hot acidic phenol-chloroform treatment [70]. Primer
extension analyses were done as described in [71] using a primer
complementary to the C1-C2 region of pre-rRNA (O211: 5'-
GAACATTGTTCGCCTAGA-3'). Northern blotting analyses after
RNA separation on formaldehyde/MOPS agarose gels (Figure 2) or
Urea/TBE/Polyacrylamid gels (Figure 4) were done essentially as
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described in [72]. Hybridization with probes was performed in 50%
formamide/5x SSC/0,5% SDS/5x Denhardt’s solution at 30°C
(25°C for probe O1935) with the following 32PJabelled probes: 0205
(18S-rRNA): 5'-CATGGCTTAATCTTTGAGAC-3"; 0212 (25S-
rRNA): 5'-CTCCGCTTATTGATATGC-3'; 0210 (E-C2 region
of pre-rRINA for detection of 7S pre-rRNA and total 27S pre-rRNA):
5'-GGCCAGCAATTTCAAGTTA-3"; 01935 (5'of pre-rRNA
ITS2 region for detection of 7S pre-rRNA, 5.85 + 30 pre-rRNA
and 6S prerRNA): 5'-TGAGAAGGAAATGACGCT-3'[63],
0207 (A2-A3 region of pre-rRNA for detection of 27SA2 pre-
rRNA): 5'-TGTTACCTCTGGGCCC-3'. The blots were washed
twice for 15 min with 2x SSC at 30°C (25°C for probe O1935).
Labeled (pre-)rRNA signals were detected using a Phosphor Imager
FLA3000 (Fujifilm) and data were quantified using MultiGauge V3.0
(Fujifilm).

Metabolic Labelling of RNA and Nucleo-Cytoplasmic
Fractionation

Metabolic labeling of total yeast RNA with *H-uracil and
subsequent nucleo-cytoplasmic fractionation was done essentially as
described in [5,50]. In brief, 30 optical density units of yeast cells
logarithmically growing in YPG were harvested and washed twice in
water and were resuspended in 50 ml of buffer Z (2 mM MgCl,,
10 mM sodium citrate pH 7.5, 120 g/l mannitol, 9 mM beta-
mercapto-ethanol). Cells were incubated for 30 min at 37°C before
2 mg of zymolyase 100T (Seikagagu) suspended in buffer Z was added.
After 15 min incubation at 37°C: the suspension was cooled down on
ice, subsequently washed twice in buffer Z at 4°C, suspended in 25 ml
YPD with 120 g/1 mannitol and incubated for 35 minutes at 30°C.
under mild movement. Cells were centrifuged for 8 min at 3000 g,
washed in 0.5 ml buffer R (20 g/1 glucose, 10 g/1bactopeptone, 6 g/1
malt extract, 0.1 g/l yeast extract, 3.8 g/l magnesium acetate (*4HO),
120 g/1 mannitol) and suspended in 0.2 ml buffer R. 20 ul [5,6-°H]
uracil (I mCi/ml, GE-Healthcare) was added and after 15 min
incubation at 30°C cells were cooled down on ice and centrifuged for
3 min. at 3000 rpm at 4°C in a table top centrifuge. The supernatant
was discarded and the cells were suspended in 0.7 ml cold buffer P (8%
polyvinylpyrrolidon av. Mr = 40000, I mM MgCly, 20 mM potassium
phosphate pH 6.5, 10 mM EDTA) containing 0.03%(w/v) Triton-
X100. Cells were broken on ice by about 20 strokes in a Douncer (25—
75 micrometer clearance, 1 ml, Wheaton) and 0.7 ml of buffer P
containing 0.6M sucrose was added. The suspension was layered on
0.5 ml of buffer P containing 0.45M sucrose and centrifuged for 10
min at 3900 g in a swing out rotor at 4°C. RNA was extracted by hot
acidic phenol/chloroform treatment [70] from 0.2 ml of the upper
layer (= fraction enriched for cytoplasmic material) and 0.1 ml of the
material that was spun down to the bottom of the tubes (enriched for
nuclear material) and suspended in 0.3 ml of buffer P containing
0.45M sucrose. Twenty percent of the extracted RNA was separated
on formaldehyde/MOPS agarose gels (Figure 2) and urea/TBE/
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