
www.fems-microbiology.org

FEMS Yeast Research 5 (2004) 271–280

D
ow

nloaded from
 https://academ

ic.oup.com
Functional interaction in establishment of ribosomal
integrity between small subunit protein rpS6 and

translational regulator rpL10/Grc5p

Karin Pachler a, Thomas Karl a, Kerstin Kolmann a, Norbert Mehlmer a,
Michaela Eder a, Michael Loeffler b, Kamil Oender c, Elisabeth O. Hochleitner d,

Friedrich Lottspeich d, Nikolaus Bresgen a, Klaus Richter a,
Michael Breitenbach a, Lore Koller a,*

a Department of Cell Biology, Paris Lodron University Salzburg, Hellbrunnerstrasse 34, A-5020 Salzburg, Austria
b Department of Endocrinology, General Hospital Vienna, Waehringer Guertel 18-20, A-1090 Vienna, Austria

c Department of Dermatology, General Hospital Salzburg, Muellner Hauptstrasse 48, A-5020 Salzburg, Austria
d Max-Planck Institute of Biochemistry, Am Klopferspitz 18a, D-82152 Martinsried, Germany

Received 3 June 2004; received in revised form 18 July 2004; accepted 24 July 2004

First published online 7 October 2004
/fem
syr/article/5/3/271/533482 by guest on 18 M

ay
Abstract

Functional ribosomes synthesize proteins in all living cells and are composed of two labile associated subunits, which are made of

rRNA and ribosomal proteins. The rRNA of the small 40S subunit (SSU) of the functional eukaryotic 80S ribosome decodes the

mRNA molecule and the large 60S subunit (LSU) rRNA catalyzes protein synthesis. Recent fine structure determinations of the

ribosome renewed interest in the role of ribosomal proteins in modulation of the core ribosomal functions. RpL10/Grc5p is a com-

ponent of the LSU and is a multifunctional translational regulator, operating in 60S subunit biogenesis, 60S subunit export and 60S

subunit joining with the 40S subunit. Here, we report that rpL10/Grc5p functionally interacts with the nuclear export factor Nmd3p

in modulation of the cellular polysome complement and with the small subunit protein rpS6 in subunit joining and differential pro-

tein expression.

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

Ribosomes are molecular machines composed of two

labile associated subunits, which synthesize proteins in
all living cells. In the eukaryote Saccharomyces cerevis-

iae, the small 40S subunit (SSU) is composed of an

18S ribosomal RNA (rRNA) molecule and 32 ribosomal
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proteins. The large 60S subunit (LSU) harbours three

rRNA molecules (25S rRNA, 5.8S rRNA and 5S

rRNA) and 46 ribosomal proteins, and of the 78 differ-

ent ribosomal proteins 59 are encoded by duplicate
genes [1].

On the functional level, decades of biochemical and

biophysical analyses of eukaryotic, prokaryotic and

archaebacterial ribosomes have established that the

ribosomal core function of mRNA template-determined

protein synthesis is provided by rRNAs, i.e., mRNA

decoding by the SSU rRNA and peptidyltransferase
. Published by Elsevier B.V. All rights reserved.
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activity by the LSU rRNA [2]. Serial association of pro-

tein translation factors with the ribosome induce con-

formational changes on the ribosome and modulate

the intrinsic rate of the ribosome-catalyzed reactions

[3]. There is yet another class of protein molecules with

an interesting potential to modulate ribosomal func-
tions: the ribosomal proteins proper. We have previ-

ously characterized rpL10/Grc5p, a prime candidate

for ribosomal protein-mediated translational control

[4–6]. A temperature-sensitive G161D mutation in

RPL10/GRC5, grc5-1ts (growth control), exhibits a sub-

unit-joining defect, concomitant with a severe reduction

in polysomes, i.e., the translationally-active ribosome

complement. We have shown that rpL10p/Grc5p inter-
acts genetically with Nmd3p, a nuclear export factor

for 60S subunits [5]. Here, we show that ectopic expres-

sion of NMD3 restores the polysome level to wild-type

in a grc5-1ts strain. However, the functional nature of

this interaction has not been described and the molecu-

lar mechanism of action of rpL10/Grc5p on the ribo-

some is not known. Interestingly, fine-structure

analyses of the Haloarcula marismortui LSU [7] and of
the yeast ribosome [8,9] have shown that rpL10/Grc5p

is located on the rim of the large subunit, on the intersub-

unit side of the 60S subunit. There it resides in the cleft

between the central protuberance and the ribosomal

P0/P1/P2 stalk, and a protrusion leads down into the

peptidyltransferase center. Data mining for ribosomal

components with the potential to interact with rpL10/

Grc5p in the intersubunit interface has identified rpS6
as a candidate functional partner of rpL10/Grc5p.

Here, we report that ectopic expression of RPS6 in a

grc5-1ts background restores the subunit-joining pheno-

type and we obtained evidence that there may be a dos-

age-dependent function for rpS6 in the supply of 40S

subunits for the cell. Furthermore, we show that grc5-

1ts cells exhibit a protein expression pattern that differs

from that of the wild-type. Notably, expression of
RPS6 in grc5-1ts cells restores the aberrant protein

expression pattern of the mutant strain and we have

identified pyruvate kinase, a key glycolytic enzyme, as

a differentially expressed protein species. This agrees

well with our previous results, where we have shown

that rpL10p/Grc5p interacts physically with acetyl-coA

synthetase, also an enzyme involved in essential meta-

bolic pathways [6].
2. Materials and methods

2.1. Materials

Components for preparation of media to culture

Escherichia coli and yeast cells were obtained from GIB-
CO-BRL (Paisley, Scotland) and Merck (Darmstadt,

Germany). Restriction endonucleases were obtained
from New England Biolabs (Schwalbach, Germany)

and Boehringer (Mannheim, Germany). DNA-modify-

ing enzymes were purchased from Bethesda Research

Laboratories (Eggenstein, Germany), Boehringer

(Mannheim, Germany) and Fermentas (Vilnius, Lithua-

nia). Antibodies were obtained from Roche (Basel, Swit-
zerland) and from Chemicon International (Temecula,

CA, USA), sequencing reagents were purchased from

Applied Biosystems (Foster City, CA, USA) and oligo-

nucleotides were ordered from VBC Genomics (Vienna,

Austria). Reagents for two-dimensional gel electropho-

resis (2DE) were purchased from Amersham Pharmacia

Biotech (Vienna, Austria).

2.2. Growth conditions, strains, plasmids, oligonucleotide

primers and DNA sequence analysis

Yeast media, culture conditions and the manipula-

tion of yeast strains were as described by Rose et al.

[10]. Yeast cells were either incubated in rich medium

(YPD) or in synthetic minimal medium (SD), with the

appropriate nutrient supplements. E. coli strain DH5 a
[11] was used for the propagation of plasmids. Cloning

strategies, oligonucleotide primers used for sequence

amplification and plasmids used in this study are listed

in Table 1.

DNA sequence analysis was performed on an ABI

Prism 310 Genetic Analyzer. PCR-amplified sequence

tracts obtained in this study were sequenced and com-

pared to available databases (http://www.ncbi.nlm.nih.
gov) using the BLAST algorithm. The yeast strains

employed in this study are listed in Table 2.

2.3. Ribosomal profile analysis

It is important to note that all profiles were obtained

from yeast cells cultivated at the grc5-1ts permissive tem-

perature (24 �C), so that growth rates and ribosomal
profiles of the investigated strains could be compared di-

rectly. Yeast cells were grown in 50 ml YPD, YPGal or

SC-ura medium and harvested at exponential growth

(OD600 = 0.7), cells were incubated with cycloheximide

(100 lg ml�1 culture) and were grown for an additional

15 min. Cells were lysed and ribosomal profile analysis

was performed by fractionating cytoplasmic extracts of

exactly OD600 = 10 as described in [6].

2.4. Two-dimensional gel electrophoresis

Yeast cells were incubated in 100 ml YPD, YPGal or

SC-ura at 24 �C and harvested at exponential growth

(OD600 = 0.7). The cell pellets were washed with distilled

water and resuspended in 1 ml of fresh lysis buffer (9 M

urea, 2% (w/v) CHAPS, 1% (w/v) DTT, 2% (v/v) Phar-
malyte 3-10). Cell lysis was performed by vortexing the

pellets with one volume of 0.45-mm acid-washed glass

http://www.uni-frankfurt.de/fb15/mikro/euroscarf/
http://www.uni-frankfurt.de/fb15/mikro/euroscarf/


Table 1

Cloning strategies and plasmids used in this study. Nucleotide sequences of oligonucleotide primers homologous to the respective templates are

underlined, and restriction enzyme sites are in italics

YEplac195 Saccharomyces cerevisiae/E. coli shuttle vector, 2lURA3, amp [30]

Ycplac33 Saccharomyces cerevisiae/E. coli shuttle vector, CEN4, URA3, amp [30]

pYES2 Saccharomyces cerevisiae/E. coli shuttle vector, URA3, amp, GAL1 promotor, (Invitrogen)

pYES2-RPS6A-HIS Yeast gene RPS6A was PCR-amplified from genomic FY1679 DNA omitting the 5 0-intron by including the first 6 nt

in the 5 0 primer and with C-term RGS6HIS-tag, using 5 0 primer (+401) 5 0-gggacaagctt atgaagttgaacatttcttacccagtt-30

(+421) and the 30 primer (+1102) 50-gggactctaga ttaatggtgatggtgatggtgagccttcaaagaagaagct-30 (+1084) and cloned

into pYES2 via HindIII/XbaI restriction sites (This study)

YEplac195-RPS6A-HIS Yeast gene RPS6A was PCR-amplified from genomic W303 DNA with 5 0 flanking sequence and C-term RGS6HIS-

tag from nt. �500 to +1102, using 5 0primer LG627 (�500) 50-gggacgcatgc gtaagcagaagccggaag-30 (�483) and

30primer LG628 (+1102) 50-gggacgcatcg ttagtgatggtgatggtgatgcgatcctctagccttcaaagaagaagctc-30 (+1083) and cloned

into YEplac195 via SphI restriction site (This study)

YEplac195-RPS6B-HA Yeast gene RPS6B was PCR-amplified from genomic W303 DNA with 5 0 flanking sequences and C-term HA-tag

from nt. �500 to +1102 using 5 0 primer (�500) 5 0-gggacaagctttaacttctcaacataattatgta-3 0 (�478) and 3 0 primer (+1062)

50-gggacgcatgcttaagcgtaatctggaacgtcgtatgggtaagccttcaaagaagaagctc-30 (+1041) and cloned into YEplac195 via

HindIII/SphI restriction sites (This study)

YEplac195-RPL10-HIS Yeast gene RPL10 was PCR-amplified from genomic DNA with 5 0 and 30 flanking sequences, C-term RGS6HIS-tag

and cloned into YEplac195 via 2-step PCR. Additionally, URA3 gene, including 50 and 3 0 flanking sequences, was

PCR-amplified with YEplac195 as template and extended by RPL10 50 and 30 flanking sequences by 2-step PCR. The

URA3 construct was cloned into the first vector via ClaI/BamHI restriction sites, using a natural ClaI restriction site

in the 3 0 flanking sequence of RPL10 and yielding an intron of 2817 nt. RPL10 5 0 flanking sequence was amplified

using 50 primer (�501) 50-gggacgagctc tcttgtatctcttcag-30 (�486) and 30 primer (�19) 5 0-cttgaattagttatttgat-30 (�1).

RPL10 ORF+RGS6HIS was amplified with 5 0 primer (�25) 5 0-cagtatatcaaataactaattcaag-30 (�1) and 3 0 primer

(+641) 5 0-ttactgatggtgatggtgatgcgatcctctagcttgagcagcaaagtattct-3 0 (+662); RPL10 3 0 flanking sequence was amplified

with 5 0 primer (+663) 5 0-gcatcaccatcaccatcactaagttcttttcaaacatttgaac- 30 (+686) and 30primer (+1143) 5 0-gggacggatcct
cagattcctttgtgat-3 0(+1159). URA3 ORF with 50 and 30 flanking sequences was amplified with 5 0 primer 5 0-cagtatatc-
aaataactaattcaaggcttttcaattcaattcatc- 30 and 3 0 primer 50-gtttgaaaagaacgagaattgggtaataactg-30; RPL10 30 flanking
sequence for the URA3 construct was amplified using 5 0 primer (+666) 5 0-cccaattctcgttcttttcaaacatttgaac-3 0 (+686)
and 30 primer (+1143) 5 0-gggacggatcct cagattcctttgtgat-3 0 (+1159) (This study)

YEplac195-NMD3-HIS Yeast gene NMD3 was PCR-amplified from genomic DNA with 5 0 and 30 flanking sequences, C-tem RGS6HIS-tag

and cloned into YEplac195 via 2-step PCR with HindIII and SphI restriction sites, yielding an insert of 1975 nt.

NMD3 50 flanking sequence was amplified with 5 0 primer (�280) 5 0-gggacaagcttcaatcaccgacgggtaac-30 (�191) and 30

primer (�18) 5 0-cctttgtcaaattcctc-3 0 (�1). NMD3 ORF + RGS6HIS was amplified with 50 primer (�22) 5 0-cgttgag-
gaatttgacaaaagg-3 0 (�1) and 30 primer (+1533) 50-ttagtgatggtgatggtgatgcgatcctctctgctgagattcaacgggtgt-30 (�1553).

NMD3 30 flanking sequence was amplified with 5 0 primer (+1554) 5-gcatcaccatcaccatcactaaaaaaacaccaagaatgg-30

(+1574) and 30 primer (+1710) 3 0-gggacgcatgc cttgcgtaagagctctac-3 0 (+1727) (This study)
YCplac33-RPL10-HIS Yeast gene RPL10 including 5 0 and 3 0 flanking sequences (1471 bp) and C-term RGS6HIS tag from nt. �419 to nt.

+1052 was PCR amplified from W303 DNA using 50 Primer LG 540 (�419) 5 0-gggacctgcagtcaattcacctcatctcatct-30

(�403) 3 0 Primer LG 541 (+663) 5 0-gggacggatccttaatggtgatggtgatggtgagaacctctagcttgagcagcaaagtattc-30 (+643) and
cloned into YCplac33 via PstI/BamHI (Part I). In a second cloning step 5 0 Primer LG 542 (+667) 50-gggacggatcc-
gttcttttcaaacatttgaac-3 0 (+687)30 Primer LG 543 (+1052) 5 0-gggacggtaccaactctgcttcatcgtattga-30 (+1032) were used to

amplify the 30 RPL10 flanking sequence from nt.+667 to nt.+1052 (Part II) and cloned into PartI vector via PstI

BamHI/KpnI [6]

YCplac33-NMD3-HIS Yeast NMD3 gene including 5 0 and 30 flanking sequences and C-term RGS6HIS-Tag from nt �210 to +1838 was

PCR amplified from W303 DNA and cloned into YCplac33 in two steps: In a first step, 50 flanking sequence and

NMD3-RGS6HIS were amplified using 5 0 primer (�210) 50-gggaccatatgctgcaggtaccaatcaccgacgggt-3 0 (�192) and

30primer (+1554) 5 0-gggacaagcttatactcgagttaatggtgatggtgatggtgagaacttctctgctgagattcaacggg-3 0 (+1537) and integrated

via PstI/HindII restriction sites. In a second step, 3 0 flanking sequence was cloned into the first step plasmid using 5 0

primer (+1558) 50-ggaccatatgctgcaggtaccaatcaccgacgggt-30 (+1577) and 3 0primer (+1842) 5 0-gggacaagcttgttatctaagt-
agcatcgtaa-3 0 (+1822) via XhoI/HindIII restriction sites (this study)

YCplac33-grc5-1ts-HIS Mutant gene grc5-1ts (harbouring G161D mutation in RPL10) including 5 0 and 30 flanking sequences and 3 0-term
RGS6HIS-tag from nt. �417 to +996 was PCR amplified fromW303 DNA and cloned into YCplac33 in two steps: In

a first step, 5 0 flanking sequence and grc5-1ts–RGS6HIS were amplified using 5 0 primer (�471) 5 0-gggacctgcagtcaatt-
cacctcatctcatct-30 (�402) and 3 0 primer (+663) 5 0-gggacggatcctaatggtgatggtgatggtgagaacctctagcttgagcagcaaagtattc-30

(+643) and integrated into YCplac33 via PstI/BamHI restriction sites. In a second step, the 30 flanking sequence was

cloned into the first construct with 5 0 primer (+667) 50-gggacggatcctgttcttttcaaacatttgaac-30 (+687) and 3 0 primer

(+1050) 50-gggacggtaccaactctgcttcatcgtattga-30 (+1030) via BamHI/KpnI restriction sites (This study)
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beads in 6 · 30 s cycles, with 30 s on ice between every

cycle. Cell debris were removed by centrifugation at

17,000g for 30 min at 4 �C. Then 450 lg of protein

(quantified with Bradford assay) were precipitated with
a three-fold volume of 100% acetone for 1 h at �20 �C
and pelleted at 14,000g for 5 min. The protein pellets

were resuspended in 450 ll of rehydration solution

(8 M urea, 1% (w/v) CHAPS, 0.2% (w/v) DTT, 0.5%



Table 2

Yeast strains used in this study

Strain Relevant genotype References

LK41-2B MATa; grc5-1ts; leu2; trp1; ura3::cttlacZ; ade2 Koller et al. [4]

LK41-22C MATa/MATa;leu; trp1 Koller et al. [4]

YLG 497 FY1679; MATa/MATa; ura3-52/ura3-52; trp1 D63/TRP1;
leu2D1/LEU2; his3D200/HIS3; GAL2/GAL2

EUROSCARFa

YLG 498 BMA64/W303; MATa/MATa; ura3-52/ura3-52; trp1 D2/trp1D2;
leu2-3_112/leu2-3_112; his3-11/his3-11; ade2-1/ade2-1; can1-100/can1-100

EUROSCARFa

YLG 499 BY4742; MATa; his3D1; leu2D0; lys2D0; ura3D0 EUROSCARFa

YLG128 BY4742; MATa; his3D1; leu2D0; lys2D0; ura3D0; YPL090c::kanMX4 (D RPS6A) EUROSCARFa

YLG130 LK41-2B + pYES2–RPS6A RGS6HIS This study

YLG149 YLG128 + YEplac195–RPL10 RGS6HIS This study

YLG147 YLG128 + YEplac195–RPS6A RGS6HIS This study

YLG151 YLG128 + YEplac195–NMD3 RGS6HIS This study

YLG152 LK41-2B + YCplac33–NMD3 RGS6HIS This study

YLG153 LK41-2B + YCplac33–RPL10 RGS6HIS This study

YLG154 LK41-2B + YCplac33–grc5-1ts RGS6HIS This study

YLG155 YLG499 + YEplac195–RPS6A RGS6HIS This study

a EUROSCARF web site: http://www.uni-frankfurt.de/fb15/mikro/euroscarf/.
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(v/v) Pharmalyte 3-10, 0.002% (w/v) bromine phenol

blue). IPG strips (24 cm, pH 3-10 NL) were rehydrated

in the same solution over night. First-dimension isoelec-

tric focussing was performed in a Multiphor II electro-

phoresis unit (Amersham Pharmacia Biotech), cooled

to 20 �C, at the following conditions: 0.05 mA/strip, 5

W; 500 V for 4 min (gradient), followed by 500 V for

1 h, 3500 V for 5 h (gradient) and 3500 V for 11 h.
The focussed strips were incubated in equilibration buf-

fer (6 M urea, 30% (v/v) glycerine, 2% (w/v) SDS, 0.05

M Tris–HCl pH 8.8, 0.002% (w/v) bromine phenol blue)

two times for 15 min: in the first step with addition of

1% (w/v) DTT, in the second step with 4% (w/v) IAA

(iodoacetoamide). For the second-dimension SDS–

PAGE, 12% resolving gels were cast with an Ettan Dalt-

six Gel Caster (Amersham Pharmacia Biotech) yielding
a gel size of 25.5 · 20 · 0.1 cm. The IPG strips were

embedded to the top of the gels with 0.5% (w/v) agarose,

and at the acidic end of the strips, Rainbow marker

RPN 756 was applied as molecular-mass reference.

The second-dimension electrophoresis was performed

using an Ettan Daltsix electrophoresis chamber (Amer-

sham Pharmacia Biotech) at 100 W, until the bromine

phenol blue moved out of the gels. Proteins were fixed
with 20% (w/v) TCA for 20 min, stained with Coomassie

Brilliant Blue R350 and scanned with a Visioneer One-

Touch 8600 scanner.

2.5. Protein identification

The candidate protein spot from the Coomassie

stained gel was excised and destained by washing alter-
nately with 50 mM ammonium bicarbonate buffer and

acetonitrile. Then, trypsin was added (enzyme-to-

substrate ratio of approximately 1:10) and incubated

at 36 �C overnight. For peptide elution, the piece of

gel was incubated with acetonitrile at first and with
10% formic acid afterwards. This step was repeated

once. The supernatants were collected and combined.

Mass-spectrometric analysis was performed on a 4700

Proteomics Analyser from Applied Biosystems (Fra-

mingham, MA), equipped with an Nd-YAG laser that

produces pulsed power at 355 nm at pulse rates of 200

Hz. The sample was mixed on the target with an equal

volume of the matrix solution (5 mg ml�1 of a-cyano-
4-hydroxycinnamic acid dissolved in 50% acetonitrile,

0.1% TFA) and dried at room temperature. Mass anal-

ysis was performed using positive reflector mode with a

deflection cut-off range of m/z 800. The 1000 laser shots

were accumulated to produce one single spectrum. Sub-

sequently, high-energy MALDI-TOF/TOF CID spectra

were recorded on selected ions from the same sample

spot. The collision energy was 1 kV. Air was used as col-
lision gas and the pressure, which was measured by the

ionization gauge in the high-pressure region near the

collision cell, was 2 · 10�8 Torr for MS/MS without col-

lision gas and 1 · 10�6 Torr with collision gas. The pep-

tide mass fingerprint and the tandem mass spectra were

submitted to a search of the NCBI protein NR database

using MASCOT (www.matrixscience.com).

2.6. Data bank, software and accession numbers

Nucleotide and protein sequence data were analyzed

using the databases listed here: NCBI (http://www.

ncbi.nlm.nih.gov), SGD (http://www.yeastgenome.org)

and PDB (http://www.rcsb.org/pdb/).

For data mining several selected software packages

were used: UCSF Chimera (http://www.cgl.ucsf.edu/
chimera/), Rasmol (http://www.openrasmol.org/) and

Deep View Swiss-Pdb Viewer (http://au.expasy.org/

spdbv/).

The gene bank Accession numbers of the gene se-

quences studied here are listed in parenthesis following

http://www.matrixscience.com
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.yeastgenome.org
http://www.rcsb.org/pdb/
http://www.cgl.ucsf.edu/chimera/
http://www.cgl.ucsf.edu/chimera/
http://www.openrasmol.org/
http://au.expasy.org/spdbv/
http://au.expasy.org/spdbv/
http://www.uni-frankfurt.de/fb15/mikro/euroscarf/
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(NC_001134) RPL10/GRC5 (X78887), NMD3

(U31376), PYK1/CDC19 (X14400).
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3. Results and discussion

3.1. Ribosomal-subunit joining establishes a physical

proximity at the subunit interface between rpS6

and rpL10/Grc5p

Previously, we characterized a temperature-sensitive

grc5-1ts missense mutation (G161D) in the large-subunit

(LSU) ribosomal protein gene RPL10/GRC5 [4–6]. Mu-
tant grc5-1ts cells show a severe reduction in polysome

content and exhibit a half-mer phenotype [6]. Half-mers

result from a population of 40S subunits stalled on

mRNAs already associated with at least one translating

ribosome and unable to join a free 60S subunit. The

molecular and structural determinants of rpL10/Grc5p

in these ribosomal functions are not well defined. In or-

der to learn more about the molecular environment of
rpL10/Grc5p within the ribosome we explored data

from recently published fine-structure analyses of the

ribosome [7,8]. RpL10/Grc5p is located at the intersub-

unit side of the 60S subunit, at the rim of the LSU, in the

cleft between the central protuberance and the eukary-

otic P0/P1/P2 ribosomal stalk (Fig. 1). There it adjoins

helix 38 of the 25S rRNA, which is the LSU component

of the B1a intersubunit bridge. The 40S component of
the B1a intersubunit bridge is rpS15, a ribosomal rim

protein of the 40S head region. RpS18 adjoins rpS15

and together with the 60S ribosomal rim protein

rpL11 at the base of the central protuberance forms

intersubunit bridge B1b/c. On the assembled ribosome
Fig. 1. Contours of the eukaryotic small 40S and large 60S subunits (a) and

selected ribosomal proteins were drawn by outlining a cryo-EM reconstruct

ribosomal proteins and the three t-RNA binding sites, A (acceptor site), P (pe

provided by PDB entries 1K5X and 1K5I [8]. The presumed position of rp

contact sites of the intersubunit bridges B1a and B1b/c are drawn in black

representation of the assembled 80S ribosome (b).
these two intersubunit bridges form the roof of the inter-

subunit channel. RpL10/Grc5p forms part of the LSU

side lining of the intersubunit channel [8], where it ad-

joins both, the ribosomal A-site and P-site. [8,12, Fig.

1] and with a protrusion reaches down into the peptidyl-

transferase center [12, Fig. 1]. There is only one ribo-
somal protein of the 40S small subunit (SSU), which

has been reported to occupy a corresponding position

within the SSU, and this is ribosomal protein rpS6. Bio-

chemical crosslinking studies indicate that rpS6 is

located at the beak, a substructure of the head of the

40S subunit [13]. RpS6 has a physical association with

rpS29, which also adjoins the beak [14] and contacts

both, the A-site and the P-site [15]. Furthermore, rpS6
can be cross-linked to mRNA [16] and to LSU rRNA

[14]. We therefore propose that rpS6 is a candidate ribo-

somal protein partner of rpL10/Grc5p in the assembly

and function of ribosomes.

3.2. Ectopic expression of RPS6 restores subunit joining

in grc5-1ts cells and ectopic expression of NMD3

increases the amount of polysomes in grc5-1ts cells

A wild-type ribosomal profile shows translating poly-

somes, an 80S monosome peak, which harbours trans-

lating single 80S ribosomes and inactive couples (i.e.,

inactive ribosomes that are not associated with an

mRNA), and free 60S and 40S subunits, respectively

(Fig. 2(a)). The effect of grc5-1ts on ribosomal integrity

is several-fold ([5], Fig. 2(b)). First, in comparison to
the wild-type, there is a reduction in all ribosomal spe-

cies except for the free subunits. Second, the reduction

of the 80S peak is accompanied by the appearance of

half-mers. Third, while there is a substantial increase

in both the free 60S and 40S subunits in the profiles of
the assembled 80S ribosome (b). Contours, distinct ribosomal sites and

ion of the 80S Saccharomyces cerevisiae ribosome [8]. Contours of the

ptidyltransferase site) and E (exit site) are drawn according to the data

S6 is drawn based on data from biochemical linkage studies [14]. The

and were used to align the small 40S and large 60S subunit in the
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Fig. 2. Ribosomal profiles document the functional interaction of ribosomal proteins rpL10/Grc5p and rpS6. Cytoplasmic extracts were fractionated

on 7–47% sucrose gradients and separation of polysomes (at the bottom of the gradient), 80S monosomes and ribosomal subunits (at the top of the

gradient) is documented by the optical density tracing (OD254) of the gradient. Individual profile analyses have been performed at least three times

and representative recordings are shown. These ribosomal profile parameters are designated in recording A. Formation of a shoulder due to 40S

subunits associated with at least one translating ribosome but unable to join a free 60S subunit is indicated by a black arrow. (a) LK41-22C is the

wild-type (WT) RPL10/GRC5 parent strain. (b) LK41-2B harbours the G161D temperature sensitive grc5-1ts mutation. (c) YLG153 is LK41-2B

transformed with wild-type RPL10/GRC5. (d) YLG130 is LK41-2B transformed with RPS6A. (e) YLG154 is LK41-2B transformed with mutant

grc5-1ts. (f) YLG152 is LK41-2B transformed with NMD3.
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the grc5-1ts mutant strain, integration of the peak areas

indicates that the ratio of free 60S to 40S subunits in the

grc5-1ts mutant strain is not significantly decreased com-

pared to that of the wild-type (1.8 for the mutant strain
versus 2.1 for the wild-type strain). A reduction in the

80S peak has been observed in other RPL10/GRC5 mu-

tant strains and was attributed to the dissociation of

couples, where a defect RPL10/GRC5 does no longer

support the association of couples [17]. Half-mers may

reflect a stoichiometric imbalance caused by a reduced

supply of 60S subunits due to defects in 60S subunit bio-

genesis, and have been reported to be accompanied by a
several-fold excess of 40S subunits over 60S subunits

[18]. Alternatively, half-mers may result from impaired

translation initiation, where inhibitors of translation ini-

tiation [19] or defect ribosomal components [20] prevent

subunit joining. The fact that subunit stoichiometry

does not change significantly in grc5-1ts cells indicates

a half-mer defect of the latter type, i.e., that defect
rpL10/Grc5p proteins impair subunit joining. However,

the fact that grc5-1ts cells harbour a greatly reduced

translating ribosome complement, together with the

observation that rpL10/Grc5p also has nuclear func-
tions in 60S biogenesis and the export of 60S subunits

[21], suggests an additional role for wild-type rpL10/

Grc5p in regulating the amount of the cellular comple-

ment of 60S subunits. This is in agreement with reports

that rpL11, another ribosomal rim protein of the LSU,

contributes to the regulation of the amount of 60S sub-

units of the growing cell [22].

Based on our hypothesis that the SSU ribosomal pro-
tein rpS6 interacts with the LSU rpL10/Grc5p, we fur-

ther investigated whether rpS6 interacts functionally

with rpL10/Grc5p in subunit joining and/or establish-

ment of a full ribosome complement. RPS6 is encoded

by RPS6A and RPS6B, representatives of duplicated

ribosomal protein genes [23]. The genes with their

respective cognate promotors were cloned (Table 1)
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and shown to be functional (see below). Ectopic expres-

sion of either RPS6A or RPS6B in the grc5-1ts mutant

strain did not restore growth at the restrictive tempera-

ture (37 �C). Moreover, ribosomal profiles obtained

from these strains grown at the permissive temperature

(24 �C) did not differ from the untransformed strain
(data not shown). However, the function of several ribo-

somal proteins, among them rpL10/Grc5p, has been

shown to be dosage dependent [17]. Thus we employed

a construct which harbours RPS6A under the control

of the GAL1 promotor (Table 1). When this construct

is expressed in grc5-1ts cells, growth at the restrictive

temperature of 37 �C was not observed. However, ribo-

somal profile analysis of grc5-1ts cells harbouring the
GAL1 construct and cultivated at the grc5-1ts permissive

temperature showed a significant reduction in half-mers

with the other ribosomal species similar to the mutant

strain, i.e., reduced polysome peaks, reduced monosome

peak and stoichiometry of the subunits comparable to

wild-type (Fig. 2(c)). This is in contrast to the ribosomal

profiles obtained from grc5-1ts cells ectopically express-

ing wild-type GRC5 (Fig. 2(c)), mutant grc5-1ts (Fig.
2(e)) or NMD3 (Fig. 2(f)), since all these profiles show

wild-type level polysome and monosome peaks. Interest-

ingly, expression of wild-type RPL10/GRC5 eliminates

the half-mer phenotype completely (Fig. 2(c)), while

expression of the latter two constructs only moderately

reduces the half-mer shoulder on the 80S peak (Figs.

2(e) and (f)). We and others have previously shown that

NMD3 interacts genetically with RPL10/GRC5 [5] and
that Nmd3p interacts with rpL10p/Grc5p in the export

of 60S subunits [21]. Collectively, these data suggest nu-

clear functions for both RPL10/GRC5 and NMD3 in

ribosome biogenesis which lead to an increase in the

amount of translationally-competent ribosomes. In con-

trast, restoration mainly of the half-mer phenotype of

grc5-1ts cells by ectopic expression of RPS6 suggests

that a functional interaction of these two ribosomal pro-
teins is enhanced by additional rpS6 protein, thus

improving subunit joining.

It has been suggested that rpL10/Grc5p may be a 40S

docking protein [17] and our results support the view

that the SSU rpS6 protein indeed may serve as a 60S

docking protein, with the LSU rpL10/Grc5p protein as

a functional partner molecule. Compared to most other

ribosomal proteins, the association of rpS6 and rpL10/
Grc5p with their respective subunits is more labile [8]

and rpL10/Grc5p has been shown to be one of the few

exchangeable ribosomal proteins [17]. These molecular

characteristics might interfere with the experimental

procedures currently applied in structure determination.

In the cryo-EM reconstruction of the 80S yeast ribo-

some, the density corresponding to rpL10/Grc5p ap-

peared distorted and was supplemented by modeling
rpL10/Grc5p into the structure. A density correspond-

ing to rpS6 was not detectable [8]. Thus, our report on
the in vivo functional interaction of rpS6 and rpL10/

Grc5p in subunit joining and establishment of ribosomal

integrity may add to the understanding of the role of

these two ribosomal proteins in the structural organiza-

tion of the assembled ribosome.

3.3. RPS6 deletions interfere with subunit stoichiometry

To learn more about the role of rpS6 in ribosome

function we performed comparative ribosomal profile

analysis. First, we made use of the EUROSCARF strain

collection (see Table 1) and compared the wild-type pro-

file with the profile of the RPS6A deletion strain (Fig.

3(a) and (b)). Similar results were obtained for the
RPS6B deletion strain and are not discussed in detail

here. The polysome peaks are not reduced in the RPS6A

deletion strain. The monosome peak is reduced and half-

mers are not observed. The free 60S subunit peak is very

large, exceeds the 80S monosome peak, appears stable

and not subjected to degradation, while the 40S subunit

peak is not detectable. A large amount of free 60S sub-

units in an RPS6A deletion strain has been reported pre-
viously by Zhao et al. [24]. Yet no ribosomal profiles or

further information regarding the fate of the other

ribosomal species were presented by these authors. At

present, the exact quantitative contribution of ectopi-

cally-expressed RPS6A is not known and Western-blot

analyses of cellular and ribosomal fractions indicate

the presence of rpS6A, both when expressed from the

native and from the GAL promotor (data not shown).
Our data suggest a dosage-dependent mode of action

of the rpS6 protein on subunit stoichiometry, as the

expression of wild-type RPS6A under the control of its

native promoter completely restores the mutant pheno-

type of the RPS6A deletion strain (Fig. 3(c)).

The view that rpS6 may modulate the composition of

the cytoplasmic ribosome complement is supported by

the observation that ectopic expression of RPS6A in
wild-type cells reduces the polysome complement and

the 80S monosome peak (Fig. 3(e)). Also, the subunit

stoichiometry of the free 60S to 40S subunits is altered.

The ratio of the free 60S to 40S subunits in the trans-

formed strain is decreased compared to that in the

wild-type strain (0.8 vs. 1.7). The fact, that a reduction

in the level of rpS6A is associated with a decrease in free

40S subunits and an increase in the level of rpS6A is
associated with a relative increase in free 40S subunits

points towards a contribution of rpS6 to the modulation

of the level of the cytoplasmic complement of free 40S

subunits.

Ectopic expression of RPL10/GRC5 and NMD3 re-

stores the polysome complement to wild-type level in

a grc5-1ts background (Figs. 2(c) and (f)). Therefore,

ectopic expression of RPL10/GRC5 in the RPS6A

deletion strain was tested. As shown in Figs. 3(d)

and (f), ectopic expression of both RPL10/GRC5



Fig. 3. Ribosomal profiles document the RPS6A deletion phenotype. Fractionation of cytoplasmic extracts and documentation by OD254 tracing

was performed as noted in Fig. 2. The pronounced shift from the 80S peak to the free 60S subunit peak is indicated by black arrows. (a) YLG499 is

the haploid EUROSCARF wild-type (WT) parent strain BY4742. (b) YLG128 is the RPS6A deletion strain of the EUROSCARF strain assembly.

(c) YLG147 is YLG128 transformed with RPS6A. (d) YLG149 is YLG128 transformed with RPL10/GRC5. (e) YLG155 is YLG499 transformed

with RPS6A. (f) YLG151 is YLG128 transformed with NMD3.
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and NMD3 leads to an increase in the 80S monosome
peak and a concomitant reduction in the large free

60S peak. Notably, this effect is more pronounced in

case of ectopic expression of NMD3. The polysome

complements in both ribosomal profiles (Figs. 3(d)

and (f)) are comparable to those of the wild-type.

No free 40S-subunit peaks are detected under these

conditions. Thus, we speculate that the increase in

the 80S monosome peak reflects a cytoplasmic func-
tion of ectopically expressed RPL10/GRC5 and

NMD3 in the recruitment of free 60S subunits to

the pool of translation-competent 60S subunits. Inter-

estingly, Nmd3p has been shown to associate with

cytoplasmic free 60S subunits and with the 80S mono-

some peak [25, our unpublished observations].

Our results suggest a twofold function of rpS6 in

establishment of a functional cytoplasmic ribosome
complement. First, the level of available rpS6 modulates

the level of free 40S subunits, thus regulating the capac-

ity of translation initiation. Second, rpS6 interacts with

rpL10/Grc5p and possibly with Nmd3p in subunit join-

ing, a key step of translation initiation.
3.4. Ectopic expression of RPS6A restores the protein

expression pattern of grc5-1ts cells

Both rpL10/Grc5p and rpS6 have been implicated in

differential mRNA translation [26,27]. Therefore, we

compared the protein expression pattern of wild-type

cells, grc5-1ts mutant cells and grc5-1ts mutant cells

ectopically expressing RPS6A under the control of the

GAL1 promotor (Table 1). Comparison of wild-type

and grc5-1ts 2DE protein patterns derived from protein
extracts of cells harvested at OD600 = 0.7 (the same con-

ditions were used for ribosomal profile analysis) showed

distinct differences in protein expression patterns.

Among these, a spot corresponding to a small and basic

protein is absent in the grc5-1ts protein pattern (compare

Figs. 4(b) and (c)). Interestingly, this protein species

reappears upon ectopic expression of RPS6A (Fig.

4(d)). Mass-spectrometric analysis identified the candi-
date protein as pyruvate kinase PYK1/CDC19 (NCBI/

GI:4180). The apparent molecular mass (54,5 kD) and

pI (8) of Pyk1p correspond well to the position of the

candidate protein in the 2D-analysis. Pyruvate kinase



Fig. 4. Two-dimensional gel electrophoresis (2DE) documents a functional interaction of large subunit protein rpL10/Grc5p with small subunit

protein rpS6 in differential protein expression. Cytoplasmic protein extracts were separated by 2DE, using 24-cm IPG strips pH 3–10 NL

(Amersham) for 1st-dimension isoelectric focussing. For 2nd-dimension separation, 12% SDS–polyacrylamide gels were used and the gels were

stained with coomassie brilliant blue R350. In (a) an illustration of the 2DE gels obtained is depicted, the molecular mass reference (RainbowTM) is

indicated on the left margin, the pH gradient is indicated at the top and the area where differential protein expression was observed is outlined in

black. This marked area is shown for the wild-type strain, YLG499, in (b), for the grc5-1tsmutant strain, LK41-2B, in (c) and for the grc5-1ts mutant

strain transformed with RPS6A, YLG130, in (d).
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catalyzes the conversion of phosphoenolpyruvate to

pyruvate and ADP to ATP, the final and net energy-

producing reactions of glycolysis [28]. At present we
cannot explain the significance of the differential expres-

sion of Pky1p. However, we have reported that RPL10/

GRC5 physically interacts with ACS2, encoding acetyl-

coA synthetase. Like Pyk1p, Acs2p is a key enzyme of

basic metabolism, and the activity of both is essential

to the supply of energy and molecular building blocks

for the cell. These observations and the fact that

PYK1 was initially described as CDC19, a cell division
cycle gene [29], may point to a possible function of

Pyk1p in linking major cellular activities involved in cell

growth and proliferation: the cell cycle machinery, the

metabolic pathways supplying energy and molecular

building blocks and a translationally active ribosome

complement.

In summary, we have shown here that: (i) the transla-

tional regulator RpL10p/Grc5p and the 60S nuclear ex-
port factor Nmd3p cooperate in the establishment of a

full cytoplasmic polysome complement, (ii) the SSU

ribosomal protein rpS6 and the LSU ribosomal protein

rpL10/Grc5p interact functionally in subunit joining,

(iii) there is a dosage-dependent effect of rpS6 on the size

of the free 40S subunit pool and (iv) rpS6 and rpL10/

Grc5p contribute to the differential expression of a dis-

tinct protein species, Pyk1p/Cdc19p.
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