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Background: The contribution of ribosomal 
proteins to ribosome assembly and function is 
often not well understood.
Results: L40 assembles within the cytoplasm 
into pre-60S subunits and is required for Nmd3 
and Rlp24 recycling. 
Conclusion: L40 contributes to formation of 
60S subunits competent for subunit joining and 
translation elongation. 
Significance: Our analysis of L40 function 
reveals an additional step during cytoplasmic 
pre-60S maturation events. 

SUMMARY 
Most ribosomal proteins play important roles 
in ribosome biogenesis and function. Herein, 
we have examined the contribution of the 
essential ribosomal protein L40 in these 
processes in the yeast Saccharomyces 
cerevisiae. Deletion of either the RPL40A or 
RPL40B gene and in vivo depletion of L40 
impair 60S ribosomal subunit biogenesis. 
Polysome profile analyses reveal the 
accumulation of half-mers and a moderate 
reduction in free 60S ribosomal subunits. 
Pulse-chase, northern blotting and primer 
extension analyses in the L40-depleted strain 
clearly indicate that L40 is not strictly 
required for the pre-rRNA processing 
reactions but contributes to optimal 27SB 
pre-rRNA maturation. Moreover, depletion of 
L40 hinders the nucleo-cytoplasmic export of 
pre-60S ribosomal particles. Importantly, all 
these defects most likely appear as the direct 
consequence of impaired Nmd3 and Rlp24 
release from cytoplasmic pre-60S ribosomal 

subunits and their inefficient recycling back 
into the nucle(ol)us. In agreement, we show 
that hemagglutinin epitope-tagged L40A 
assembles in the cytoplasm into almost 
mature pre-60S ribosomal particles. Finally, 
we have identified that the hemagglutinin 
epitope-tagged L40A confers resistance to 
sordarin, a translation inhibitor that impairs 
the function of eukaryotic elongation factor 2, 
while the rpl40a and rpl40b null mutants are 
hypersensitive to this antibiotic. We conclude 
that L40 is assembled at a very late stage into 
pre-60S ribosomal subunits and that its 
incorporation into 60S ribosomal subunits is a 
prerequisite for subunit joining and may 
ensure proper functioning of the translocation 
process. 
_______________________________________ 
Ribosomes are the huge ribonucleoprotein 
particles that catalyse protein synthesis. In all 
organisms, ribosomes are composed of two 
ribosomal subunits (r-subunits), the large one 
about twice the size of the small one (1). Over 
the last decade, the atomic structures of the small 
and large r-subunits have been determined from 
bacteria, archaea and more recently from 
eukaryotes (2-14). These results have confirmed 
the long-thought suggestion that the eukaryotic
cytoplasmic ribosomes display considerable 
structural and functional similarities to their 
prokaryotic counterparts but are significantly 
larger and more complex (15,16). 

In eukaryotes, the synthesis of cytoplasmic 
ribosomes is a compartmentalised process that 
takes place largely in the nucleolus (reviewed in 
(17-19)) although late steps occur in the 
nucleoplasm and even in the cytoplasm 
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(reviewed in (20)). Ribosome biogenesis is 
evolutionary conserved throughout eukaryotes 
(21,22), but it has been best studied in the yeast 
Saccharomyces cerevisiae (23). In the yeast 
nucleolus, the mature 18S, 5.8S and 25S rRNAs 
are co-transcribed as a single large precursor 
rRNA (pre-rRNA) by RNA polymerase I 
whereas the pre-5S rRNA is independently 
transcribed by RNA polymerase III (24). The 
yeast pre-rRNA processing pathway is currently 
almost fully known and requires a series of 
sequential endo- and exonucleolytic reactions 
(Fig. S1). Pre-rRNA processing occurs 
concomitantly to most rRNA modification 
reactions, folding of pre-rRNAs and assembly of 
most r-proteins to form pre-ribosomal particles 
(Fig. S2). Late pre-ribosomal particles are 
exported to the cytoplasm where they undergo 
final maturation (Fig. S2). It has been shown that 
more than 250 non-ribosomal protein factors and 
75 small nucleolar RNAs are involved in 
ribosome synthesis. All these factors, whose 
precise functions remain largely unknown, likely 
allow the ribosome maturation process to 
proceed with the required speed, accuracy and 
directionality (25-27). 

Ribosomal proteins are critically required for 
translation, most likely due to their role in 
directing the folding and maintaining the 
structure of the ribosome (e.g. (28-32)). 
Moreover, r-proteins are the binding sites for 
translation factors, ribosome-associated 
chaperones, the signal recognition particle and 
the translocon (e.g., (33-37)); they can be targets 
for translation regulatory events (38,39) and 
antibiotics (40,41); some r-proteins have even 
extra-ribosomal roles (42-46). The consequences 
on ribosome biogenesis due to loss-of-function 
of most of the essential yeast r-protein genes has 
been reported (47,48). One of the current 
challenges of the ribosome biogenesis field is 
defining the course of the assembly of r-proteins 
at a satisfactorily high resolution. A rough 
picture of this pathway has been obtained by 
pioneer work in yeast and HeLa cells (49,50). 
These studies indicate that most r-proteins are 
incorporated into nuclear pre-ribosomal particles 
either early or late in the process. Few r-proteins 
were found to assemble in the cytoplasm. These 
results are consistent with the compositional 
analyses of early and late pre-ribosomal 
complexes purified by the tandem affinity 
purification (TAP) method (e.g. (51-53)) and the 
specific study of the incorporation of tagged 40S 
r-proteins into 90S and 43S pre-ribosomal 
particles (54). An equivalent study of the 
incorporation of 60S r-proteins into pre-60S r-

particles has not yet been reported. There is only 
information on the timing of assembly for few 
60S r-proteins, such as L5 and L11 (55), L10 
(56), L17 (57), L24 (58), L26 (59), L35 (60) and 
P0 (61). 

We are interested in understanding the 
contribution of specific 60S r-proteins to 
ribosome biogenesis and function (e.g. (59-62)). 
In this study, we have undertaken the functional 
analysis of L40 in yeast ribosome synthesis. 
Homologues of L40 are found in archaea 
(archaeal L40e) but not in bacteria (63,64). 
Interestingly, eukaryotic L40 is generated by 
proteolytic cleavage of a hybrid protein (Ubi1 or 
Ubi2), in which ubiquitin is fused to the N-
terminus of L40 (65,66). There is another 
eukaryotic r-protein, S27a (yeast S31), which is 
synthesized as an ubiquitin-fusion precursor 
protein (yeast Ubi3) (65,66). The role of the 
ubiquitin moiety of yeast Ubi3 has been 
addressed (66,67), however, that of Ubi1 and 
Ubi2 remains unexplored. Herein, we show that 
depletion of L40 leads to a mild 27SB and 7S 
pre-rRNA processing delay and a nuclear 
retention of pre-60S r-particles. Although 
depletion of L40 barely affects the net 
production of 60S r-subunits, polysome profile 
analyses reveal a strong accumulation of half-
mers. Noteworthy, we show that L40 assembles 
predominantly into cytoplasmic pre-60S r-
particles. The incorporation of L40 is a 
prerequisite for the release, and hence the 
subsequent recycling back into the nucle(ol)us, 
of Nmd3 and Rlp24 from cytoplasmic pre-60S 
particles. Finally, we have monitored how L40 
may influence the ribosome function during 
translation. Interestingly, rpl40a or rpl40b null 
mutants are hypersensitive to the antifungal 
sordarin derivative GM193663, while a HA-
tagged L40 construct confers resistance to this 
antibiotic. Sordarin is a fungal specific protein 
synthesis inhibitor that impairs the function of 
eukaryotic elongation factor 2 (eEF2) (68-70). 
Altogether, these data indicate that L40 is 
required for the ribosomal subunit joining 
process; moreover, L40 might be involved in the 
recruitment of the translation elongation factor 
eEF2 and thereby contributing to the proper 
functioning of the ribosomal translocation 
process. 
 
EXPERIMENTAL PROCEDURES 

Strains and microbiological methods — The 
yeast strains used in this study are listed in 
Table S1. Strain JDY919 was generated by 
PCR-based gene disruption of the RPL40A gene 
in the W303 strain. To this end, we used plasmid 
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pFA6a, which contains the kanMX4 module, as 
a template (71) and the oligonucleotide pair 
RPL40A-kanUP/RPL40A-kanDOWN (Table 
S2). After transformation with the PCR product 
and selection of G418 resistant colonies, 
disruption was confirmed by PCR analysis on 
genomic DNA of several candidates with 
oligonucleotides RPL40A UP/DOWN. Strain 
JDY920 is a rpl40a::kanMX4 meiotic segregant 
of JDY919. To obtain strain JDY922, which is a 
rpl40b::kanMX4 meiotic segregant of JDY921, 
we followed a similar approach. First, we 
obtained diploid JDY921 by PCR-based gene 
disruption of the RPL40B gene in the W303 
strain. In this case, oligonucleotides RPL40B-
kanUP/RPL40B-kanDOWN (Table S2) were 
used to amplify the kanMX4 module of plasmid 
pFA6a and oligonucleotides RPL40B-
UP/RPL40B-DOWN (Table S2) to confirm the 
disruption by PCR. Strain JDY711 is a 
rpl35b::kanMX4 mutant that was obtained by 
introducing this mutation from RBY139 (60) 
into the W303 background by three subsequent 
back-crosses with W303-1B. 

Growth and handling of yeast and media 
followed standard procedures (72). Yeast cells 
were grown at 30 ºC either in rich medium (1% 
yeast extract, 2% peptone) or in minimal 
medium (0.15% yeast nitrogen base, 0.5% 
ammonium sulphate) supplemented with the 
appropriate amino acids and bases as nutritional 
requirements and containing either 2% galactose 
(YPGal, SGal) or 2% glucose (YPD, SD). To 
prepare plates, 2% agar was added to the media 
before sterilisation. When required, antibiotics 
were also added at the indicated concentration. 
Tetrad dissections were performed using a 
Singer MS micromanipulator. Escherichia coli
DH5  strain was used for common cloning and 
propagation of plasmids (73).

Plasmids — The plasmids used in this study 
are listed in Table S3. To generate YCplac33-
RPL40A and YCplac111-RPL40A, a PCR was 
performed using yeast genomic DNA as 
template and the oligonucleotides RPL40A-UP 
and RPL40A-DOWN (Table S2), placed plus-
minus 1 kb upstream and downstream from the 
start-stop codon of the UBI1 ORF, respectively. 
The ca. 2.8 kb PCR product was cloned into 
pGEM®-T Easy (Promega), then restricted with 
EcoRI and PstI and cloned into YCplac33 and 
YCplac111 (74), which were also digested with 
the same enzymes. To generate YCplac33-
RPL40B and YCplac111-RPL40B, we followed 
a similar strategy using the oligonucleotide pair 
RPL40B-UP/RPL40B-DOWN (Table S2). In 
this case, BamHI was used to subclone a ca. 2.8 

kb fragment from pGEM®-T Easy into 
YCplac33 and YCplac111. The resulting 
plasmids, whose correctness was confirmed by 
DNA sequencing, complemented both the rpl40a
and rpl40b null alleles to the wild-type extent 
(see Fig. S3-4). 

To construct pAS24-RPL40A, a ca. 1.8 kb
PCR product containing the UBI1 coding region 
and its intron was obtained by PCR using yeast 
genomic DNA as template and the GAL-
RPL40A-UP and GAL-RPL40A-DOWN 
primers (Table S2). This product was cloned 
into pGEM®-T Easy, then restricted with SalI
and PstI and cloned into pAS24 (75), which was 
also digested with the same enzymes. The 
resulting plasmid, whose correctness was 
confirmed by DNA sequencing, complemented 
the rpl40 null strain to the wild-type extent in 
galactose containing media (see Fig. 2).  

Plasmid YCplac33-UB-HA-RPL40A was 
generated by PCR using yeast genomic DNA as 
template and the oligonucleotide pairs HA-
RPL40A-P1/HA-RPL40A-P2 and HA-RPL40A-
P3/HA-RPL40A-P4. The corresponding PCR 
products P12 and P34 were cloned into 
pGEM®-T Easy. Fragment P12 was digested 
with EcoRI and KpnI and cloned into 
EcoRI/KpnI-restricted YCplac33 to generate 
YCplac33-P12. Then, the fragment P34 was 
digested with KpnI and PstI and cloned into 
KpnI/PstI-restricted YCplac33-P12. The 
resulting plasmid, whose correctness was 
confirmed by DNA sequencing, partially
complemented the rpl40 null (see Fig. S5). 
YCplac111-UB-HA-RPL40A was constructed 
by using a similar approach.

To generate YCplac33-RLP24-GFP, a PCR 
was performed using yeast genomic DNA as 
template and the oligonucleotides RLP24GFP-
UP and RLP24GFP-DOWN (Table S2), placed 
1 kb upstream from the start codon of the RLP24
ORF and replacing the RLP24 stop codon with a 
BamHI restriction site respectively. The ca. 1.6 
kb PCR product was cloned into pGEM®-T 
(Promega), then excised with EcoRI and BamHI 
and cloned into YCplac33-yeGFP/TCYC1 (76), 
which was also digested with the same enzymes. 

Construction of a GAL::RPL40 allele and in 
vivo depletion of L40 — Strain JDY920 
harbouring the YCplac33-RPL40A plasmid was 
crossed to JDY923, which is a MAT
rpl40b::kanMX4 segregant of JDY921. The 
resulting diploid was sporulated and tetrads were 
dissected. G418-resistant spore clones from at 
least three complete non-parental ditypes were 
transformed with pAS24-RPL40A, which allows 
expression of Ubi1 under the control of a GAL
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promoter. Transformants were streaked on SGal-
Leu plates and subjected to plasmid shuffling on 
5-FOA-containing SGal plates at 30 ºC. One of 
these clones, JDY925 [pAS24-RPL40A], which 
we named the GAL::RPL40 strain, was used for 
further work. 

For in vivo depletion of L40, the GAL::RPL40
strain was grown in liquid YPGal medium at 30 
ºC until mid-exponential phase (OD600 = 0.8), 
and then harvested, washed and transferred to 
liquid YPD medium. Cell growth was monitored 
over a period of 24 h, during which the cultures 
were regularly diluted into fresh YPD medium. 
As control, the wild-type W303-1A strain was 
used. At different time points, samples were 
collected to perform protein and RNA 
extractions, and polysome analysis. 

Sucrose gradient centrifugation — Cell 
extracts for polysome and r-subunit analyses 
were prepared and analysed as previously 
described (77) using an ISCO UA-6 system 
equipped to continuously monitor A254.

Protein extractions and western blotting 
analyses — Total yeast protein extracts were 
prepared and analysed by western blotting 
according to standard procedures (73). The 
following primary antibodies were used: mouse 
monoclonal anti-HA (HA.11 16B12, Covance), 
mouse monoclonal anti-Nop1 (MCA-28F2, 
EnCor Biotechnology), mouse monoclonal anti-
GFP (Roche), mouse monoclonal BH5 anti-stalk 
r-proteins (a gift from J. P. G. Ballesta) (78), 
mouse monoclonal anti-L3 (a gift from J. R. 
Warner) (42), mouse monoclonal 3AG10 anti-
L12 (a gift from J. P. G. Ballesta) (79), rabbit 
polyclonal anti-L1 (a gift from F. Lacroute) (80), 
rabbit polyclonal anti-L5 (a gift from S.R. 
Valentini) (81), rabbit polyclonal anti-L10 (a gift 
from B. L. Trumpower) (82), rabbit polyclonal 
anti-L35 (a gift from M. Seedorf) (83), rabbit 
polyclonal anti-Mrt4 (a gift from J. P. G. 
Ballesta) (79) and rabbit polyclonal anti-Has1 (a 
gift from P. Linder) (84). Goat anti-rabbit or 
anti-mouse horseradish peroxidase-conjugated 
antibodies (Bio-Rad) were used as secondary 
antibodies. Immune complexes were visualized 
using an enhanced chemiluminescence detection 
kit (Pierce). 

RNA analyses — RNA extraction, northern 
hybridisation and primer extension analyses 
were carried out according to standard 
procedures (85,86). In all experiments, RNA was 
extracted from samples corresponding to 10 
OD600 units of exponentially grown cells. Equal 
amounts of total RNA was loaded on gels or 
used for primer extension reactions (86). The 
sequences of oligonucleotides used for northern 

hybridisation and primer extension analyses 
have been described previously (87) and are 
listed in Table S2. Phosphorimager analysis was 
performed in a FLA-5100 imaging system 
(Fujifilm). 

Pulse-chase labelling of pre-rRNA was 
performed exactly as described previously (88), 
using 100 mCi of [5,6-3H]uracil (Perkin Elmer; 
45 to 50 Ci/mmol) per 40 OD600 of yeast cells. 
Both the wild-type and GAL::RPL40 strains 
were first transformed with an empty YCplac33 
plasmid to make them prototrophic for uracil. 
Then, they were pre-grown in liquid SGal-Ura 
medium and shifted to liquid SD-Ura for 12 h. 
At this time point, the GAL::RPL40 strain was 
doubling every ca. 10-12 h compared with ca. 2 
h for the wild-type strain. The cells were pulse-
labelled for 2 min, then chased for 5, 15, 30 and 
60 min with a large excess of non-radioactive 
uracil. Total RNA was extracted as above and 
20,000 c.p.m. per RNA sample was loaded on 
gels and analysed as described in (88). 

Immunoprecipitation of the HA-L40A protein 
— For immunoprecipitation experiments, 150 ml 
of HA-tagged or untagged negative control cells 
were grown in YPD medium to an OD600 of 0.8, 
washed with cold water, harvested and 
concentrated in 500 l of ice-cold HA lysis 
buffer [50 mM Tris-HCl, pH7.5; 5 mM 
(CH3COO)2Mg; 150 mM KCl; 0.2% Triton X-
100] containing a protease inhibitor cocktail 
(Complete, Roche) and 1 mM PMSF. Cells were 
disrupted by vigorous shaking with glass beads 
in a Fastprep -24 (MP Biomedicals) at 4ºC and 
total cell extracts were obtained by 
centrifugation in a microfuge at the maximum 
speed (ca. 16,100 x g) for 15 min at 4 ºC. About 
10% and 2% of the resulting supernatants were 
taken to analyse total RNA and protein, 
respectively. To the rest (about 450 l), 2.5 g
of rat anti-HA High Affinity antibody (Roche) 
was added and the mixture was incubated for 1 h 
at 4ºC with end-over-end tube rotation. Then, 
100 l of Protein A Sepharose beads (GE 
Healthcare) were added and the new mixture 
was incubated with end-over-end tube rotation 
for 4 h at 4 ºC. After incubation, the beads were 
washed seven times with 1 ml of the HA lysis 
buffer at 4 ºC and finally collected. Protein was 
extracted with Laemmli buffer from both total 
cell extract samples and 1/10th of the beads. The 
extracted proteins were analysed by western 
blotting using mouse monoclonal anti-HA 
antibody (HA.11 16B12, Covance). RNA was 
extracted from the total cell extract samples and 
the rest of the beads as exactly described in (89). 
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The extracted RNA was analysed by northern 
blotting as above described. 

Affinity purification of GFP-tagged proteins — 
GFP-tagged factors representative of 90S and 
pre-60S r-particles were purified following a 
one-step GFP-Trap _A procedure (Chromotek) 
as described in (90) with slight modifications. 
Briefly, GFP-tagged or untagged negative 
control cells harbouring the YCplac33-HA-
RPL40A plasmid were grown in 200 ml of YPD 
medium to an OD600 of 0.8. Cells were washed 
with cold water, harvested and concentrated in 
500 l of ice-cold GFP lysis buffer (20 mM Tris-
HCl, pH 7.5; 5 mM MgCl2; 150 mM 
CH3COOK; 1 mM DTT; 0.2% Triton X-100) 
containing a protease inhibitor cocktail 
(Complete, Roche). Cells were disrupted by 
vigorous shaking with glass beads in a 
Fastprep -24 (MP Biomedicals) at 4 ºC and 
total extracts were clarified by centrifugation in 
a microfuge at the maximum speed (ca. 16,100 x 
g) for 10 min at 4 ºC. To each of the resulting 
supernatants, 25 l of GFP-Trap _A beads, 
equilibrated with the same buffer, were added 
and the mixture was incubated for 2 h at 4 ºC 
with end-over-end tube rotation. After 
incubation, the beads were washed six times 
with 1 ml the GFP lysis buffer at 4 ºC and 
resuspended in 100 l of Laemmli buffer. 
Proteins were extracted by boiling for 10 min, 
separated in NuPAGE  SDS 4-12% gradient 
polyacrylamide gels (Invitrogen) and visualised 
by silver staining or western blotting. To 
normalise the amount of purified complexes to 
be loaded for comparative studies, aliquots of the 
samples were first resolved in the same 
conditions and visualised by silver staining 
according to manufacturer’s instructions (Bio-
Rad).  

Fluorescence microscopy — To test pre-
ribosomal particle export, the appropriate strains 
were transformed with the pRS314-RFP-NOP1-
RPL25-eGFP or the pRS314-RFP-NOP1-RPS3-
eGFP plasmid (gifts from J. Bassler) (91), which 
harbours the reporters Nop1-mRFP and L25-
eGFP or Nop1-mRFP and S3-eGFP, respectively 
(Table S3). Transformants were grown in SGal-
Trp medium and shifted to SD-Trp for 9 h to 
deplete L40. Cells were washed, resuspended in 
PBS buffer (140 mM NaCl, 8 mM Na2HPO4, 1.5 
mM KH2PO4, 2.75 mM KCl, pH 7.3) and 
examined with a Leica DMR fluorescence 
microscope equipped with a DC350F digital 
camera and its software. Images were processed 
with Adobe  Photoshop  CS2 (Adobe Systems 
Incorporated). 

To monitor whether L40 assembles in the 
nucleus, the JDY925 strain expressing an HA-
tagged L40A from plasmid YCplac111-UBI-
HA-RPL40A was transformed with plasmids 
pRS316-GAL-NMD3 100 (a gift from A. 
Jacobson) (92) and pRS314-RFP-NOP1-RPL25-
eGFP (91). To monitor the localisation of HA-
tagged L40A, we performed 
immunofluorescence with cells grown in SD-
Leu-Ura-Trp or shifted for 24 h to SGal-Leu-
Ura-Trp in order to induce the expression of the 
dominant negative Nmd3 100 protein. 
Immunofluorescence was performed as 
described previously (93). Primary monoclonal 
mouse anti-HA antibodies (HA.11, Covance) at 
a dilution of 1:500 and secondary goat anti-
mouse Cy3-coupled antibody (Jackson 
Immunoresearch Laboratories) at 1:2000 were 
used to detect HA-L40A. DAPI (4',6-diamidino-
2-phenylindole, Fluka) was used to stain DNA in 
the nucleus. Fluorescently labelled cells were 
inspected and processed as described above. 
Cells from the same cultures were also inspected 
for the GFP and RFP signal. 

To study the subcellular location of Mex67, 
Mrt4, Nmd3, Rlp24, and Tif6 in the 
GAL::RPL40 strain, plasmids pRS316-MEX67-
GFP (a gift from J. Bassler) (94), YCplac33-
MRT4-eGFP (61), pAJ755 (a gift from A. W. 
Johnson) (95), YCplac33-RLP24-eGFP, and 
pTIF6-GFP (a gift from A.J. Warren) (96) were 
used (see Table S3). To determine the 
subcellular location of Arx1, strain JDY910, 
which harbours a genomically GFP-tagged Arx1 
(see Table S1) was transformed with pAS24-
RPL40A and the resident YCplac33-UB-HA-
RPL40A was counterselected on 5-fluoroorotic 
acid containing plates. Cells were grown in 
SGal-Leu-Ura or subjected to in vivo depletion 
in SD-Leu-Ura for different times. When 
required, DAPI (1 g/ml final concentration) 
was added to the cultures during the last 3 h of 
growth. Fluorescently labelled cells were 
inspected and processed as described above. 

Antibiotic sensitivity assays — The sensitivity 
to different drugs impairing translation was 
tested as follows; the wild-type strain, the rpl40a
or rpl40b null mutants and the strain expressing 
the HA-tagged L40A protein were grown in 
YPD medium to an OD600 of 0.8 and diluted to 
an OD600 of 0.05. A series of ten-fold dilutions 
was done for each strain and 5 l drops were 
spotted on YPD plates containing the indicated 
antibiotics at the specified range of 
concentrations: Anisomycin (from 5 to 15 

g/ml), Cycloheximide (from 0.025 to 0.1 
g/ml), Hygromycin B (from 5 to 20 g/ml),
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Paramomycin (from 0.1 to 2.5 mg/ml) and 
Neomycin (from 0.5 to 5 mg/ml). Plates were 
incubated at 30 ºC for 3-4 days.  

The sordarin sensitivity assay was carried out 
in 96-well plates; the above strains were grown 
in YPD medium to an OD600 of 0.8 and diluted 
to an OD600 of 0.05 in 200 l of YPD. Ten serial 
dilutions of the sordarin derivative GM193663 
(Glaxo-Smith-Kline Research Center, Madrid; a 
gift from J.P.G. Ballesta) was done starting with 
the concentration of 4 g/ml in the first well. 
The plates were incubated at 30 ºC with shaking 
and the OD600 was measured regularly at 
intervals of 2 h during 24-48 h. Inhibition was 
measured as the percentage of growth in wells 
containing versus controls lacking sordarin. 

Preparation of ribosomes — Ribosomes were 
enriched as previously described (79). Briefly, 
200 ml of cells expressing the HA-tagged or the 
untagged L40A r-protein were grown in YPD to 
an OD600 of 0.8, washed and concentrated in 500 

l of ice-cold buffer 1 [10 mM Tris-HCl, pH 7.4; 
20 mM KCl; 12.5 mM MgCl2; 5 mM 2-
mercaptoethanol] containing a protease inhibitor 
cocktail (Complete EDTA-free, Roche). Cells 
were disrupted by vigorous shaking with glass 
beads in a Fastprep -24 homogenizer (MP 
Biomedicals) at 4 ºC. A S30 fraction was 
obtained by centrifuging the extract at 16,100 x 
g for 20 min at 4 ºC in an Eppendorf microfuge. 
A crude ribosome pellet was prepared from the 
S30 fraction by centrifugation in a Beckman-
Coulter Optima™ Max using a TL110 rotor at 
90,000 r.p.m. for 60 min at 4 ºC. The pellet was 
resuspended in buffer 2 [20 mM Tris-HCl, pH 
7.4; 100 mM MgCl2; 5 mM 2-mercaptoethanol] 
and washed by centrifugation in a 20-40% 
discontinuous sucrose gradient in buffer 2 
containing 500 mM ammonium acetate at 90,000
r.p.m. for 120 min at 4 ºC again in a TLA110 
rotor. The pellet of washed ribosomes was 
dissolved in buffer 1 and stored at -80 ºC. 
Ribosomal proteins were separated in NuPAGE-
SDS 4-12% gradient polyacrylamide gels 
(Invitrogen) and visualized by coomassie or 
western blotting with selected antibodies of the 
above described. 

 
RESULTS  
Generation of strains for the phenotypic analysis 
of the L40 protein — Yeast L40 is an essential r-
protein of 52 amino acids with a predicted mass 
of 6.0 kDa and a basic pI of 11.05. As most yeast 
r-protein genes (97), L40 is encoded by two 
independent paralogous genes, UBI1 (RPL40A, 
YIL148W) and UBI2 (RPL40B, YKR094C). Their 
coding regions result in identical hybrid proteins 

that are specifically cleaved to yield ubiquitin 
and the r-protein L40 (98). 

Early studies indicated that both UBI1 and 
UBI2 genes (hereafter RPL40A and RPL40B
genes) are required for growth and normal 
accumulation of 60S r-subunits (66). The impact 
of a 4 h depletion of L40 on 60S r-subunit 
formation has been previously described in a 
systematic analysis of conditional mutants for 
expression of 26 distinct yeast essential 60S r-
proteins (47). To characterise in detail the 
contribution of L40 to ribosome biogenesis, we 
first studied the phenotypic consequences of the 
deletion of either the RPL40A or the RPL40B
gene. As shown in Fig. 1A, the deletion of either 
RPL40A or RPL40B results in a mild growth 
defect, the one of RPL40A being slightly 
stronger. This result is in agreement with other 
reports (66,99) and is consistent with genome-
wide expression data that suggest that RPL40A
might contribute to 58% while RPL40B to 42% 
of total mRNA levels (100). To address the 
contribution of each L40 protein to 60S r-subunit 
production, we performed polysome profile 
analysis. As shown in Fig. 1B, both the rpl40a
and rpl40b null strains showed a mild deficit in 
60S r-subunits with the rpl40a  strain being 
more affected than the rpl40b  strain. 
Quantification of total r-subunits by sucrose 
gradients indicated about a 5% reduction in the 
overall quantity of 60S r-subunits relative to the 
wild-type strain in both rpl40a  and rpl40b
strains (data not shown). Recent studies have 
suggested that duplicated paralogous r-proteins 
could play specific non-redundant roles in 
ribosome biogenesis and assembly (101). 
However, few extra copies of RPL40A or 
RPL40B, which were provided from centromeric 
plasmids, fully restored a wild-type growth rate 
and polysome profiles to the rpl40b  and 
rpl40a  strains, respectively (Figs. S3 and S4). 
This suggests that there is no functional 
distinction between the L40A and L40B proteins 
at least under the laboratory conditions tested.

Depletion of L40 leads to a minor 60S 
ribosomal subunit shortage and a subunit 
joining defect — To further examine the function 
of L40, we constructed a GAL::RPL40A rpl40b
strain (hereafter named the GAL::RPL40 strain; 
see "Experimental Procedures" and Table S1). 
Growth of this strain was not different from that 
of the isogenic wild type strain on permissive 
YPGal medium but was progressively slowed 
after shifting to repressive YPD medium and 
ceased after approximately 12 h (Fig. 2A). To 
address the contribution of L40 to 60S r-subunit 
production, we first performed polysome profile 
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analysis. As shown in Fig. 2B, and 
complementing previous data (47), the 
GAL::RPL40 strain displayed practically normal 
polysome profiles when grown in YPGal. When 
shifted for 12 h to YPD, it showed a clear 
decrease in polysomes and the appearance of 
half-mer polysomes. These features were even 
more pronounced upon a 24 h shift to YPD (Fig. 
2B). Wild-type cells showed no alterations in the 
polysome profile when transferred to YPD (data 
not shown). Intriguingly, there was almost no 
decrease in the free 60S/40S ratio for the L40-
depleted strain after the shift to YPD (Fig. 2B). 
This could be due to the accumulation of 
arrested pre-60S r-particles, to a simultaneous 
deficit of both r-subunits and/or, most likely, to a 
60S r-subunit joining defect in translation 
initiation upon depletion of L40 (see 
"Discussion"). Consistently, quantification of 
total r-subunits by run-off and low-Mg2+ sucrose 
gradients showed that depletion of L40 leads to 
only 10% reduction of the 60S to 40S r-subunit 
ratio compared to the wild-type control upon 12 
h of depletion (data not shown). We therefore 
conclude that depletion of L40 leads to a minor 
deficit in 60S relative to 40S r-subunits and a 
60S r-subunit joining defect. 

Depletion of L40 slightly delays rRNA 
processing at ITS2 — To determine whether 
depletion of L40 impairs ribosome biogenesis, 
we assessed the kinetics of rRNA accumulation 
by pulse-chase labelling experiments in wild-
type and GAL::RPL40 cells shifted for 12 h to 
SD-Ura medium (see "Experimental 
procedures"). Cells were pulse-labelled for 2 min 
with [5,6-3H]-uracil, then chase for 5, 15, 30 and 
60 min with a large excess of non-radioactive 
uracil. Compared to the wild-type cells, the 
GAL::RPL40 cells showed delayed processing of 
35S pre-rRNA as shown by the abundance and 
persistence of this precursor in early chase time 
points. This was combined with some loss of 
27SA2 and 20S pre-rRNA and the appearance of 
the aberrant 23S pre-rRNA species (Fig. 3A). 
More importantly, some 27SB pre-rRNAs 
persisted until the last time-point of the chase. 
However, a gradual decrease in 27SB pre-
rRNAs is observed over the chase, thus 
suggesting efficient turnover of these precursors. 
A minor accumulation of 7S pre-rRNAs is also 
perceived (Fig. 3B). Interestingly, the production 
of mature rRNAs is minimally affected (Fig. 3). 
Thus, the minor 60S r-subunit shortage detected 
in the L40-depleted cells is likely the 
consequence of the slight delay in 27SB and 7S 
pre-rRNA processing detected in these cells. We 
conclude that 60S r-subunit biogenesis could 

continue at almost the wild-type rate in the 
absence of the L40 r-protein. 

To assess whether L40 has a role in pre-rRNA 
processing, we analysed the steady-state levels 
of pre- and mature rRNAs by northern 
hybridisation during a time-course of L40 
depletion. Consistent with the pulse-chase data, a 
certain decrease in the levels of mature rRNAs 
was observed after depletion of L40 especially at 
later time points (Fig. 4). The 35S and the 
aberrant 23S pre-rRNAs accumulated with 
ongoing depletion (Fig. 4A). These 
accumulations are consistent with delayed pre-
rRNA processing at early cleavage sites. 
Probably, in part as a consequence of this delay, 
the levels of the 20S pre-rRNA but more 
significantly those of the 27SA2 pre-rRNA 
decreased (Fig. 4A). Finally, we detected almost 
no changes in levels of 27SB pre-rRNAs (Fig. 
4A) and a modest accumulation of 7S pre-
rRNAs (Fig. 4B). 

To increase the resolution of the pre-rRNA 
analysis, we also performed primer extension 
analyses upon depletion of L40 (Fig. 4C). The 
levels of 27SA2 and 27SA3 pre-rRNAs were 
clearly lower, as shown by the primer extension 
stop at site A2 and A3, respectively. In contrast, 
the levels of 27SBL and 27SBS modestly 
increased, as shown by the primer extension 
stops at B1L and B1S, respectively. Finally, 
primer extension analysis through site C2
displayed a clear increase in the level of the 
25.5S pre-rRNA upon depletion of L40.

Altogether, our results indicate that L40 is not 
essential for the maturation of rRNAs. Instead, 
L40 seems to be needed to optimise the pre-
rRNA processing reactions occurring within the 
ITS2 region. Hence, the cleavage at site C2 and 
especially the further exonucleolytic trimming of 
7S and 25.5S pre-rRNAs to mature 5.8S and 25S 
rRNAs, respectively, are slightly delayed upon 
L40 depletion. 

Depletion of L40 impairs export of pre-60S r-
particles from the nucleus to the cytoplasm — To 
determine whether L40 depletion impairs 
nuclear export of pre-60S r-particles, we 
analysed the location of the L25-eGFP 60S 
reporter (91) in the GAL::RPL40 strain. Under 
permissive culture conditions (SGal-Ura) or after 
short shifts to non-permissive conditions (3-6 h 
in SD-Ura), L25-eGFP was found predominantly 
in the cytoplasm in the GAL::RPL40 strain (Fig. 
5 and data not shown). However, following a 
longer shift to glucose-containing medium (9-12 
h in SD-Ura), GAL:RPL40 cells exhibited an 
accumulation of the L25-eGFP fluorescence 
signal all over the nucleus without evident 
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restriction to the nucleolus (Fig. 5). Similar 
results were obtained when the L11B-eGFP 60S 
reporter was used (102) (data not shown). 
These observations are specific for the large r-
subunit since the location of the S2-eGFP and 
S3-eGFP 40S r-subunit reporters was 
cytoplasmic in either SGal-Ura medium or upon 
a long shift to SD-Ura medium (Fig. 5 and data 
not shown). The wild-type strain was also 
examined; no nuclear fluorescence accumulation 
for any of the above r-reporters was observed 
either in SGal-Ura or in SD-Ura medium (data 
not shown). We conclude that pre-60S r-
particles are retained in the nucle(ol)us at later 
time points of L40 depletion. 

L40 assembles in the cytoplasm — Assembly 
of r-subunits occurs mainly in the nucle(ol)us, 
although few 60S r-proteins appear to be loaded 
exclusively, such as L24 (49,58) or 
preferentially, such as L10 or P0 (56,61,103,104) 
onto cytoplasmic pre-60S r-particles. Pulse-
chase studies performed in the 70’s suggest that 
yeast L40 associates at a late stage of the 60S r-
subunit assembly process (49). The presence of a 
nuclear localisation sequence (NLS) within L40 
(cNLS mapper programme, (105)) suggests that 
L40 assembly may occur in the nucleus. To 
study precisely in which cellular compartment 
L40 assembles, we made use of an rpl40 null 
strain expressing HA-tagged L40A from a 
centromeric plasmid (see "Experimental 
procedures" and Table S1). The resulting strain 
displayed almost wild-type growth and 
polysome profiles (Figs. S5A-B). Moreover, the 
HA-L40A protein assembles efficiently into 
ribosomes (Fig. S5C).

Since export of pre-60S r-particles is largely 
dependent on the exportin Crm1/Xpo1, which is 
one of several pre-60S export factors identified 
in yeast (106-111), and its pre-60S adaptor 
protein Nmd3 (106,112), we monitored the 
cytoplasmic or nuclear localisation of the HA-
L40A protein upon overexpression of a wild-
type Nmd3 protein or the dominant-negative, 
truncated Nmd3 100 protein. The mutant 
Nmd3 100 protein essentially lacks the C-
terminally located nuclear export sequence 
(NES) signals that mediate nuclear export but 
retains the ability to bind to pre-60S r-particles, 
thus, it specifically traps these particles in the 
nucleus (92). Under non-inducible conditions or 
when the wild-type Nmd3 protein was 
overexpressed, HA-L40A was detected in the 
cytoplasm of all cells examined (Fig. 6 and data 
not shown). Strikingly, no change in the 
cytoplasmic distribution of HA-L40A was found 
upon overexpression of the Nmd3 100 protein 

(Fig. 6). As a control, we used the L25-eGFP 
reporter, which was simultaneously co-expressed 
with HA-L40A in the rpl40 null strain. L25-
eGFP has been described to assemble in the 
nucle(ol)us (e.g., (60,106,113)). As expected, 
this reporter remained cytoplasmic in non-
induced cells but was clearly found in the 
nucleus of cells expressing the Nmd3 100
protein (Fig. 6).

Altogether, these data suggest that, 
independently of the predicted presence of NLS 
sequences, L40 assembles predominantly at the 
level of cytoplasmic pre-60S r-particles.

L40 associates with very late/cytoplasmic pre-
60S ribosomal particles — To investigate in 
more detail the timing of the assembly of L40 
with pre-60S r-particles, we first 
immunoprecipitated HA-L40 containing 
complexes from whole cell extracts and assayed 
co-purified pre-rRNA species and r-proteins by 
northern hybridisation and western blotting, 
respectively. As shown in Fig. 7, there was a 
significant co-precipitation of L1 and L35 r-
proteins (Fig. 7A) and mature 5.8S and 5S 
rRNAs (Fig. 7B) with the tagged HA-L40A 
protein, indicating that r-particles rather than 
soluble HA-L40 were immunoprecipitated. The 
precipitation was specific since neither r-proteins 
nor RNA were enriched from extracts of an 
untagged strain (Fig. 7A-B). Interestingly, no 7S 
pre-rRNAs were detected, suggesting that either 
the HA tag is not accessible for 
immunoprecipitation when HA-L40 is present in 
nuclear pre-60S r-particles or the HA-L40 
protein assembles into late pre-60S 
intermediates, which have completed the pre-
rRNA processing reactions. To distinguish 
between these two possibilities, we screened for 
the presence of HA-L40 following purification 
of GFP-tagged proteins specific for 90S 
(Nop58/Nop5) (53,114), early, intermediate, late 
and cytoplasmic pre-60S r-particles (Ssf1, Nsa1, 
Nop7/Yph1, Arx1 and Kre35/Lsg1) (52,115-
119) and mature 60S r-subunits (P0) (120) (see 
Fig. S2). Purified particles were analysed by 
SDS-PAGE, and HA-L40 was detected by 
western blotting using anti-HA antibodies. 
Antibodies against selected pre-ribosomal 
factors (Nop1, Has1 and Mrt4) and other 60S r-
proteins (L1 and L3) were also used to define the 
pre-60S r-particles at the different stages of their 
maturation. This analysis revealed that HA-L40 
was only significantly enriched in P0-eGFP 
containing particles, which mainly represent 
mature 60S r-subunits (Fig. 8). HA-L40 was 
practically absent from early (Ssf1-eGFP and 
Nop7-eGFP) and intermediate pre-60S particles 
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(Nsa1-eGFP) and very modestly represented in 
90S (Nop58-eGFP) and late (Arx1-eGFP) and 
cytoplasmic (Arx1-eGFP and Kre35-eGFP) pre-
60S particles (Fig. 8). In clear contrast, L1 and 
L3 were present, as previously reported 
(61,90,116), in all tested pre-ribosomal particles. 
Finally, and as expected, Nop1 is mainly 
associated with 90S pre-ribosomal particles 
(114), Has1 with 90S and early and intermediate 
pre-60S r-particles (90) and Mrt4 with 
intermediate and late/cytoplasmic pre-60S r-
particles (61).  

Altogether, these results reveal that L40 
associates with late/cytoplasmic pre-60S r-
particles but is only stably assembled into 
mature cytoplasmic 60S r-subunits. 

L40 is required for the release of Nmd3 and 
Rlp24 from cytoplasmic pre-60S ribosomal 
particles — Recent reports on the complete 
structure of the eukaryotic large r-subunit have 
allowed the visualisation of the L40 protein 
within mature ribosomes (7,10). These structures 
reveal that L40 is positioned close to the binding 
site for the eukaryotic elongation factors (eEFs) 
in the intersubunit joining face of the mature 60S 
r-subunit (7,10) (see also Fig. 9A). Hence, L40 
binds to RNA residues in proximity to the 
GTPase-associated center (GAC) in domain II of 
25S rRNA, the peptidyl-transferase center (PTC) 
in domain V and the sarcin-ricin loop (SRL) in 
domain VI of 25S rRNA (Figs. 9B-C). Several 
other r-proteins are clear neighbours of L40 
amongst them L9, L10, L12, L20 and the 
ribosomal P-protein stalk (Fig. 9A). 
Interestingly, Sengupta et al. have mapped the 
binding site of Nmd3 in a region that might 
overlap with the binding sites of L40 and its 
closest neighbours (121,122). This site has been 
described to be close to the position of Tif6, 
which binds on the edge of the 60S r-subunit 
joining face (7,123). Thus, we found it 
particularly pertinent to examine whether 
assembly of L40 was a prerequisite for recycling 
of Nmd3 and/or Tif6. To assess this point, GFP-
tagged versions of Nmd3, Tif6 and other nucleo-
cytoplasmic shuttling factors, such as Arx1, 
Mex67, Mrt4, and Rlp24 were expressed in the 
GAL::RPL40 strain and their localisation studied 
before or after L40 depletion. As previously 
reported (52,58,61,94,112,124), all these 
proteins, albeit to different extents, display both 
nuclear and cytoplasmic localisation under 
permissive conditions (Figs. 10 and S6). 
Importantly, although no mislocalisation of 
Arx1-, Mex67-, Mrt4- and Tif6-GFP could be 
observed, Nmd3- and Rlp24-GFP were retained 
in the cytoplasm upon 18 h depletion of L40 

(Figs. 10 and S6). Since Nmd3 is equally 
distributed between cytoplasm and nucleoplasm 
at steady state, it is difficult to observe a clear-
cut cytoplasmic redistribution of this protein 
(95,103,125,126); however and in agreement 
with its cytoplasmic retention, we observed 
nuclear exclusion of Nmd3-GFP upon L40 
depletion (Fig. 10 and S6). To distinguish 
between an impairment of the release of Nmd3 
and Rlp24 from cytoplasmic pre-60S r-particles 
or a defect in recycling free Nmd3 and Rlp24 to 
the nucle(ol)us, we subjected extracts from the 
GAL::RPL40 strain expressing GFP-tagged 
versions of each of these factors, before or after 
a 18 h shift to glucose containing medium, to 
sucrose gradient fractionation. Then, fractions 
were analysed by western blot using anti-GFP 
antibodies to detect GFP-tagged Nmd3 or Rlp24, 
respectively. As shown in Fig. S7, we could not 
detect significant changes in the pattern of 
sedimentation of Nmd3-GFP or Rlp24-GFP 
upon L40 depletion, which were still found in 
the 60S region of the gradients. This result 
indicates that these proteins remain bound to 
high-molecular-mass complexes, most likely 
aberrant cytoplasmic pre-60S r-particles, upon 
L40 depletion.

Taken together, our data indicate that Nmd3 
and Rlp24 require L40 to be efficiently displaced 
from cytoplasmic pre-60S r-particles in order to 
recycle back to the nucle(ol)us. 

Expression of HA-L40A leads to sordarin 
resistance while rpl40a  and rpl40b  cells show 
hyper-sensitivity to this compound — Both, the 
GAC and the SRL has been proposed to interact 
directly with the G domain of eEFs (see (36,127) 
and references therein). Moreover, the r-stalk (P-
proteins and L12), which is in close proximity of 
L40 (Fig. 9A), has also been previously 
identified to interact with eEF2 (36). Both eEF2 
and r-stalk proteins have been described to be 
targets of members of the sordarin family of 
antifungal compounds (69,70,128,129). To 
evaluate whether L40 could mediate inhibition 
by or resistance to sordarin, we tested the 
capability of the single rpl40a  and rpl40b
strains or the rpl40 null mutant expressing as the 
sole source of L40 a HA-tagged version of L40A 
to grow in liquid YPD medium containing 
increasing concentrations of the sordarin 
derivative GM193663. As a control, we used 
both an isogenic wild-type and rpl35b  strain. 
As shown in Fig. 11, we found that the strain 
expressing the HA-tagged L40A r-protein is 
highly resistant to sordarin resulting in a more 
than 30-fold increase in the 50% inhibitory 
concentration (IC50) value compared to its 
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isogenic wild-type counterpart. In contrast, the 
single rpl40a  and specially the rpl40b  mutant 
were clearly much more sensitive to this drug 
than the wild-type strain; the IC50 value obtained 
for the rpl40a  and rpl40b  mutants were at 
least 10-fold lower than that of the wild-type 
strain. Interestingly, this sensitivity is not simply 
related to lower dosage of an r-protein since the 
IC50 value of an rpl35b  mutant is practically 
identical to that of the wild-type strain. 
Moreover, the effect of sordarin seems to be 
very specific since we could not observed 
enhanced sensitivity or resistance to other 
translation antibiotics (anisomycin, 
cycloheximide, hygromycin B, paromomycin 
and neomycin) for the above strains when 
compared to their isogenic wild-type 
counterpart. Finally, to test if the sordarin 
resistance of the strain expressing the HA-L40A 
protein is the indirect result of the destabilisation 
of r-proteins such as L12, L1 or P0, whose loss-
of-function mutations have been reported to 
induce sordarin resistance (68,128), we prepared 
samples enriched in pre-ribosomal particles and 
mature ribosomes containing either wild-type 
L40 or HA-tagged L40A (see "Experimental 
Procedures") and washed them with a high salt 
solution (0.5 M NH4Cl). As shown in Fig. S8, no 
differences were detected in the purification rate 
of a subset of r-proteins, including L12, L1 and 
P0. Thus, these r-proteins are stably associated 
with ribosomes both in wild-type and HA-L40A 
expressing strain.

Taken together, these results suggest that L40 
specifically and functionally interacts with eEF2 
during translation elongation. 

DISCUSSION 
In this work, we have addressed the role of yeast 
L40 r-protein in 60S r-subunit biogenesis and 
function. L40 was not modelled in the crystal 
structure of the 50S r-subunit from Haloarcula 
marismortui (11) and it has only been recently 
localised in the structure of eukaryotic 60S r-
subunits from S. cerevisiae or Tetrahymena 
thermophila (7,10) (see Fig. 9). 

Two strain systems were used for the 
phenotypical analysis of L40 r-protein. First, we 
analysed single rpl40a and rpl40b null mutants. 
Our results indicate that both genes contribute to 
growth and normal accumulation of 60S r-
subunits, with the role of RPL40A being 
apparently more important than that of RPL40B
(Fig. 1). While a functional specificity between 
many paralogous r-proteins has been described 
(101,130,131), we could not find any distinction 
between L40A and L40B at least for growth and 

polysome profile analyses under standard 
laboratory conditions (Fig. S3-4). Second, we 
established a conditional rpl40 null strain by 
disrupting the RPL40B gene and placing the 
ORF of RPL40A under the control of a GAL
promoter, which allows genetic depletion of the 
L40 r-protein by transcriptional repression in 
cells growing with glucose as carbon source. 
Polysome profile analyses strongly indicate that 
60S r-subunits lacking L40 are defective in 
subunit joining (see below) and suggest that both 
r-subunits may have an increased susceptibility 
to degradation at longer time points of L40 
depletion (Fig. 2); similar observations were 
made for the null rpl24 mutant and upon L1 
depletion (47,132,133). 

Consistent with the polysome profile results, 
pulse-chase labelling, northern hybridisation and 
primer extension analyses in the L40-depleted 
strain indicate that L40 is practically dispensable 
for pre-rRNA processing. Thus, we could only 
observe a modest delay in 27SB and 7S pre-
rRNA processing upon depletion of L40 (Fig. 3). 
Consequently, the relative amounts of these 
precursors slightly increase although the steady-
state levels of mature 25S and 5.8S rRNA only 
decrease at late time points of depletion (Fig. 4). 
In addition, the depletion of L40 leads to a mild 
delay in early cleavage events of pre-rRNA 
processing at the A0, A1 and A2 sites that have 
subsequent consequences for the levels of 20S 
pre-rRNA and mature 18S (Figs. 3 and 4); this 
delay has been extensively reported for many 
mutants in genes encoding 60S r-subunit 
assembly factors and 60S r-proteins and is likely 
due to inefficient recycling of trans-acting 
factors that cannot efficiently dissociate from 
aberrant pre-60S r-particles (for further 
discussion, see (23,134)). These data strongly 
suggest that L40 is not strictly required for the 
pre-rRNA processing reactions and that
ribosomes lacking L40 are efficiently degraded. 
This is very unusual since all essential 60S r-
proteins studied so far, except perhaps L1 
(47,133) and L10 (82), play critical roles during 
ribosome maturation. Strikingly, pre-60S 
particles are retained in the nucle(ol)us upon 
depletion of L40 (Fig. 5). Therefore, we must 
assume that, although pre-rRNA processing 
reactions are apparently taking place in a correct 
way, pre-60S particles from L40-depleted cells 
are not fully competent for nucleo-cytoplasmic 
export. We have shown that a HA-tagged L40 is 
predominantly assembled in the cytoplasm (see 
below), thus, we are tempted to speculate that 
wild-type nuclear pre-60S r-particles are devoid 
of L40 and most likely retention of these 
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particles upon L40 depletion, as well as the 
abovementioned 23S pre-rRNA accumulation, is 
occurring as a secondary effect due to inefficient 
recycling of a critical nucleo-cytoplasmic 
shuttling factor to the nucleus. A scenario similar 
to this one has already been demonstrated for the 
nuclear shuttling factors Nmd3, Mrt4 and Rlp24, 
which are recycled to the nucleus upon 
cytoplasmic assembly of L10 (56), P0 
(61,104,135) and L24 (136), respectively (for 
further discussion see (20,103,126)). 
Interestingly, our data demonstrate that L40 is an 
additional r-protein involved in the release of 
Nmd3 and Rlp24 from cytoplasmic pre-60S r-
particles (Figs. 10, S6 and S7). How does the 
depletion of L40 block the release of these 
factors? One possibility is that L40 acts as an 
effector of the energy-consuming factors 
involved in the release of Nmd3 and Rlp24 from 
cytoplasmic pre-60S r-particles. So far, the 
GTPase Kre35 (95) and the AAA-ATPase Drg1 
(137) are the factors described to be required for 
the release of Nmd3 and Rlp24, respectively. 
Drg1, which is apparently one of the earliest 
acting factors acting during the cytoplasmic 
maturation of 60S r-subunits, is required for the 
release of other factors in addition to Rlp24, 
among them Arx1, Mrt4, Nog1, and Tif6 
(103,126,137); however, our results show that 
the recycling of Arx1 and Tif6 seems not to be 
affected by the depletion of L40 (Fig. 10). Kre35 
is apparently one of the latest acting factors in 
this process (95,103) and the release of Nmd3 by 
Kre35 also requires the r-protein L10. Thus, 
another possibility that could explain the lack of 
proper release of these factors upon L40 
depletion is that assembly of L40 is coordinated 
to that of L10; indeed, although the structural 
analyses suggest that Nmd3 and L10 can bind 
simultaneously to pre-60S r-particles (7,10,122), 
co-immunoprecipitation data are fully consistent 
with a model in which L10 could be 
preferentially loaded after Nmd3 release onto 
cytoplasmic pre-60S particles in wild-type 
conditions (56). Interestingly, analyses of the 
60S r-subunit structure suggest that Nmd3 and 
L40 must sequentially associate with pre-60S 
particles since their binding sites on 60S r-
subunits seem mutually exclusive (7,10,122). 
More puzzling is the role of L40 in the release of 
Rlp24 from cytoplasmic pre-60S r-particles. It 
has been hypothesized that Rlp24 and L24 
successively occupy the same rRNA binding site 
during ribosome synthesis (58). If this 
hypothesis is correct, the binding site of Rlp24 
would be placed about 10 nm away from that of 
L40 and therefore, a wave of conformational 

changes is required to explain our observation. 
Surprisingly, whether L10 is required to release 
Rlp24 from pre-60S r-particles has so far not 
been addressed. Clearly, understanding the 
precise mechanism by which L40 participates in 
the recycling of Nmd3 and Rlp4 will require 
further work.  

We have also addressed the course of assembly 
of L40. Previous data suggested that yeast L40 
might associate with pre-60S particles at a 
relatively late stage during the course of 60S r-
subunit assembly (49). Here, we present several 
lines of evidence that yeast L40 may assemble in 
the cytoplasm, in complete agreement with the 
above described role in the release of shuttling 
factors (Figs. 6, 7, 8 and S2). However, we 
cannot fully exclude the possibility, as also 
suggested by the presence of predicted NLS 
sequences within L40, that some assembly could 
take place in the nucleus in wild-type conditions 
and that the HA tag could partially interfere with 
the import of the HA-L40 protein. Besides L40, 
few other r-proteins have been described to 
assemble exclusively (L24 and L10) or 
predominantly (P0) in the cytoplasm 
(56,58,61,103,104,135,136). Further 
experiments are required to discard the 
possibility that L40 may also assemble into pre-
60S particles within the nucleus.

Finally, we have addressed the function of L40 
in translation. As stated by Wilson and Nierhaus 
(138), the assignment of a specific role, in terms 
of translational activity, to an individual given r-
protein is extremely difficult. This is based on 
the highly cooperative nature of the interactions 
between rRNA and r-proteins and between the r-
proteins themselves. Indeed, there are many 
reports describing that even small changes in the 
primary sequence of an r-protein have 
significant, long distance effects on the rRNA 
structure (e.g. (30,59,139-141)). Our data 
suggest that L40 is required for the joining of 
60S and 40S r-subunits and for the translocation 
process during translation. Both functions are 
fully consistent with the position of L40 on the 
mature 60S r-subunit (7,10). The r-subunit 
joining role of L40 is inferred from the analysis 
of the polysome profiles of rpl40a  and rpl40b
mutants but especially of those of L40-depleted 
cells. These polysome profiles showed a 
pronounced decrease in 80S and polysomes and, 
more importantly, the accumulation half-mer 
polysomes without a net reduction in the levels 
of free 60S r-subunits, as indicated by a ratio of 
free 60S to 40S r-subunits that is relatively 
similar to that of wild-type cells (Fig. 2). 
Interestingly, the L10 and L11 r-proteins, which 
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are close neighbours of L40 (7,10) (Fig. 9A), 
have been previously involved in r-subunit 
joining (82,142). Moreover, a mutational change 
in the L33 r-protein, identified due to its Gcd-

phenotype (derepression of Gcn4 translation), 
has been suggested to impede the r-subunit 
joining reaction (143). Consistent with this 
finding, our preliminary data suggest that both 
the rpl40a  strain and, to the lesser extent, the 
rpl40b  mutant confer a Gcd- phenotype that 
could be suppressed by overexpression of the 
translation initiation ternary complex 
components eIF2 and tRNAi

Met (A. Fernández-
Pevida and J. de la Cruz, unpublished results). 
Due to the fact that Nmd3 is locked on 
cytoplasmic pre-60S particles upon L40 
depletion (see above), further experiments are 
needed to determine whether L40 has a direct 
role in the r-subunit joining reaction since the 
location of Nmd3 within pre-60S r-particles is 
apparently incompatible with the joining of 60S 
and 40S r-subunits (122). In agreement with this, 
it has been shown that Nmd3 does not bind to 
80S ribosomes or polysomes (144). In addition, 
we hypothesise that L40 participates in the 
translocation process during translation. This is 
deduced from the selective sordarin 
hypersensitivity of the rpl40a  and rpl40b
mutants and the increased resistance to this drug 
of cells expressing HA-tagged L40 as the sole 

source of L40 (Fig. 11). Sordarin derivatives 
inhibit fungal protein synthesis by stabilising the 
eEF2-ribosome complex (69,70), and many 
sordarin-resistant mutations, which allow eEF2 
to function in translocation even when bound to 
a sordarin molecule, are linked to the genes that 
encode eEF2 and the r-stalk P0 and L12 proteins 
(68-70,128,129,145). Thus, these observations 
support a role for the r-stalk proteins during 
translation elongation. Our observations that L40 
is another target of sordarin strongly suggest that 
eEF2 and L40 may also interact functionally 
during the conformational switch that occurs 
during translation elongation. Whether L40 
makes physical contact with eEF2 or whether the 
HA-L40 protein exerts sordarin resistance by 
affecting the functionality of r-stalk proteins or 
cytoplasmic assembly factors, e.g. the eEF2-
related GTPase Efl1/Ria1 (124,126,146), 
remains to be elucidated.

In conclusion, we have shown that L40 
assembles late into pre-60S subunits and may 
participate in r-subunit joining and eEF2 
function during the translation process. Future 
in-depth analyses will be required to understand 
the mechanistic details of the role of L40 during 
cytoplasmic 60S r-subunit assembly as well as 
during the initiation and elongation steps of 
translation. 
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FOOTNOTES 
The abbreviations used are: 50% inhibitory concentration, IC50; eEF, eukaryotic elongation factor; 
GAC, GTPase-associated center; HA, hemaglutinin, NLS, nuclear localisation signal; ORF, open 
reading frame; pre-rRNA, precursor rRNA; PTC, peptidyl-transferase center; r-protein, ribosomal 
protein; rRNA, ribosomal RNA; SD, synthetic dextrose (minimal medium containing glucose); SRL, 
sarcin-ricin loop; YPD, yeast extract-peptone-dextrose (rich medium containing glucose).

FIGURE LEGENDS 

FIGURE 1. Growth and polysome profile analysis of the rpl40a and rpl40b null mutants. (A) Growth 
phenotypes of rpl40 mutants. Strains W303-1A (Wild-type), JDY920 (rpl40a ) and JDY922 
(rpl40b ), which carry a YCplac111 plasmid, were grown in minimal SD-Leu medium and diluted to 
an OD600 of 0.05. Cells were spotted in 10-fold serial dilutions onto SD-Leu plates and incubated at 
30 ºC for 3 days. The doubling times in liquid SD-Leu at 30 ºC are indicated in minutes. Values 
correspond to the mean and the standard deviation of five independent experiments. (B) Polysome 
profiles of the above strains. These strains were grown in YPD medium at 30 ºC to an OD600 of 
around 0.8. Whole cell extracts were prepared and 10 A260 of each extract were resolved in 7-50% 
sucrose gradients. The A254 was continuously measured. Sedimentation is from left to right. The peaks 
of free 40S and 60S r-subunits, 80S free couples/monosomes and polysomes are indicated. Half-mers 
are labelled by arrows. 

FIGURE 2. Analysis of the GAL::RPL40 strain upon depletion of L40. (A) Growth comparison of 
the strains W303-1A (Wild-type) and JDY925 [pAS24-RPL40A] (GAL::RPL40). The cells were 
streaked on YPGal (Galactose) and YPD (Glucose) plates and incubated at 30 ºC for 3 days. (B) 
Growth curves of the wild-type (open circles) and GAL::RPL40 (closed circles) cells at 30 ºC after 
shifting exponential cultures from liquid YPGal to liquid YPD medium for up to 12 h. Data are 
represented as the doubling time at the different times in YPD. (C) Polysome profile analysis of 
GAL::RPL40  cells grown in YPGal or shifted for 12 h or 24 h to YPD. For details, see legend to Fig. 
1B. The peaks of free 40S and 60S r-subunits, 80S free couples/monosomes and polysomes are 
indicated. Half-mers are labelled by arrows. 

FIGURE 3. Depletion of L40 slightly delays 27SB pre-rRNA processing. (A) Strains W303-1A 
(Wild-type) and JDY925 [pAS24-RPL40A] (GAL::RPL40) were transformed with YCplac33 and then 
grown at 30 ºC in SGal-Ura and shifted for 12 h to SD-Ura. Cells were pulse-labelled with [5,6-
3H]uracil for 2 min and then chased with an excess of unlabelled uracil for the times indicated. Total 
RNA was extracted and 20,000 c.p.m. were loaded and separated on (A) a 1.2% agarose-6% 
formaldehyde gel or (B) a 7% polyacrylamide-8M urea, transferred to nylon membranes and 
visualized by fluorography. The positions of the different pre-rRNAs and mature rRNA are indicated. 

FIGURE 4. Depletion of L40 does not significantly impair pre-rRNA processing. Strains W303-1A 
(Wild-type) and JDY925 [pAS24-RPL40A] (GAL::RPL40) were grown in YPGal at 30 ºC, shifted to 
YPD and harvested at the indicated times. Total RNA was extracted of each sample. Equal amount of 
total RNA (5 g) was subjected to northern blot or primer extension analysis. (A) Northern blot 
analysis of high-molecular-mass pre- and mature rRNAs separated on a 1.2% agarose- 6% 
formaldehide gel. (B) Northern blot analysis of low-molecular-mass pre- and mature rRNAs separated 
on a 7% polyacrylamide- 8M urea gel. (C) Primer extension analysis of 27S and 25.5S pre-rRNAs. 
Probes used are indicated on the left of each panel between parentheses and described in Fig. S1A and 
Table S2. Signal intensities were measured by phosphorimager scanning; values (indicated below 
each lane) were normalised to those obtained for the wild-type control grown in YPGal and arbitrarily 
set at 1.0. 
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FIGURE 5. Depletion of L40 leads to nuclear retention of the 60S r-subunit reporter L25-eGFP. 
GAL::RPL40 cells co-expressing Nop1-mRFP and either L25-eGFP or S3-eGFP from their cognate 
promoters, were grown at 30 ºC in SGal-Trp or shifted to SD-Trp for up to 9 h. The subcellular 
localisation of the GFP-tagged ribosomal proteins and the Nop1-mRFP nucleolar marker were 
analysed by fluorescence microscopy. Arrows point to nucleolar fluorescence. Approximately 200 
cells were examined for each reporter and practically all cells gave the results shown in the pictures.

FIGURE 6. HA-tagged L40A protein assembles in the cytoplasm. Localisation of L25-eGFP, Nop1-
mRFP and HA-L40A upon induction of the dominant negative NMD3 100 allele; rpl40 null cells 
expressing L25-eGFP and Nop1-mRFP from plasmid pRS314-RFP-NOP1-RPL25-eGFP and HA-
L40A from plasmid YCplac111-UB-HA-RPL40A were transformed with the pRS316-GAL-
NM 3 100 plasmid. Transformants were grown in SD-Leu-Ura-Trp or shifted for 24 h to SGal-Leu-
Ura-Trp to fully induce the Nmd3 100 protein. The GFP and RFP signals were simultaneously 
inspected by fluorescence microscopy. Cells from the same cultures were also inspected by indirect 
immunofluorescence. HA-L40A was detected with monoclonal mouse anti-HA antibodies, followed 
by decoration with goat anti-mouse Cy3-coupled antibody. Chromatin DNA was stained with DAPI. 
Arrows point to either nucleolus or the nucleoplasm depending if Nop1-mRFP or DAPI was used as a 
marker, respectively. Approximately 200 cells were examined for each reporter and practically all 
cells gave the results shown in the pictures. 

FIGURE 7. HA-L40A associates with almost mature pre-60S ribosomal particles. HA-tagged L40A 
was affinity purified with anti-HA antibodies as outlined in "Experimental Procedures" from total cell 
extracts of rpl40 null cells expressing HA-L40A (HA-L40). Wild-type cells (L40) were used as an 
untagged L40 control. (A) Proteins were extracted from the pellets obtained after 
immunoprecipitation (lanes IP) or from an amount of total extracts corresponding to 0.5% of that used 
for purification (lanes T) and subjected to SDS-PAGE and western blotting using specific antibodies 
against the HA-tag, L1 and L35 r-proteins. (B) RNA was also extracted from the above IP and T 
samples and subjected to northern analysis of 7S pre-rRNA and mature 5.8S and 5S rRNAs. Probes, 
between parentheses, are described in Fig. S1A and Table S2.

FIGURE 8. HA-L40A protein assembles onto late cytoplasmic pre-60S ribosomal particles. The 
indicated GFP-tagged bait proteins were affinity purified by using the GFP-Trap _A procedure (see 
"Experimental Procedures") from cells expressing HA-L40A from its cognate promotor. Cells not 
expressing a GFP-tagged bait protein were used as a negative control (None). Equivalent amounts of 
the corresponding purified complexes were separated on 4-12% gradient SDS-polyacrylamide gels 
and subjected to silver staining or western blot analysis using specific antibodies against the HA-
epitope, the Nop1, Has1 and Mrt4 ribosome biogenesis factors and the L1 and L3 ribosomal proteins. 
Dots indicate the positions of bait proteins.

FIGURE 9. Localisation of L40 in the three-dimensional structure of the yeast 60S ribosomal 
subunit. (A) The position of the ribosomal proteins L3, L5, L9, L10, L11, L12, L20, L24, L40, P0, 
P1  and P2  are highlighted. The remaining ribosomal proteins are coloured in black and the 
rRNA in pale grey. The representation was generated with the UCSF Chimera program (147), using 
the atomic model for the crystal structure of the yeast 80S ribosome described by Ben-Shem et al.
(PDB files 3U5I and 3U5H; (10)). (B) Close-up view of the position of L40 in the context of its 
binding site in the 60S ribosomal subunit. Only rRNA residues situated at or closer than 12 Å are 
shown (bases and phosphate backbone). Base numbering follows the 25S rRNA sequence deposited 
for the yeast 60S r-subunit (PDB file 3U5D; (10)), respectively. Selected residues are labelled in 
black. The N- and C-terminal ends of the L40 protein (I77 and K128, respectively) are also indicated. 
(C) Secondary structure of the GTPase-associated center (GAC), the peptidyltransferase center (PTC) 
and the sarcin-ricin loop region (SRL) from S. cerevisiae 25S rRNA domain II, V and VI, 
respectively. The structures, residue and helix (H) numbers were taken from The Comparative RNA 
Web Site (http: www.rrna.ccbb.utexas.edu) (148). Red circles indicate rRNA residues situated in 
close proximity of L40 (closer than 5 Å). 

FIGURE 10. Nmd3 and Rlp24 are not properly recycled back to the nucleus upon depletion of L40. 
The GAL::RPL40 strain, JDY925 [pAS24-RPL40A], was transformed with CEN URA3 plasmids that 
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allow expression of GFP-tagged versions of either Arx1, Mex67, Mrt4, Nmd3, Rlp24 or Tif6.  Cells 
were grown at 30 ºC in SGal-Leu-Ura (Gal) and shifted for 18 h to SD-Leu-Ura (18 h Glc). Then, the 
subcellular localization of these GFP-tagged proteins was examined by fluorescence microscopy. 
Arrows point to the nucle(ol)us. Approximately 200 cells were examined for each reporter. About 
85% cells expressing GFP-tagged Nmd3 or Rlp24 showed full cytoplasmic fluorescence upon L40 
depletion. Practically all cells gave the results shown in the pictures for remaining reporters. 

FIGURE 11. Cells expressing the HA-tagged L40A are resistant to sordarin. Growth inhibition 
assays were performed in liquid YPD medium with or without different amounts of the sordarin 
derivative GM193663 in a microtiter format. The relative growth after incubation for 18 h at 30 ºC in 
the presence versus the absence of the antibiotic is the mean of four independent experiments. The 
strains evaluated were: W303-1A (Wild-type; open circles), JDY925 [YCplac33-UB-HA-RPL40A] 
(HA-RPL40A; closed circles), JDY919 (rpl40a ; open square), JDY922 (rpl40b , open triangle),
JDY711 (rpl35b ; open rhombus). 
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