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Ribosomal proteins play important roles in ribosome biogenesis and function. Here, we study the evolutionarily conserved L26
in Saccharomyces cerevisiae, which assembles into pre-60S ribosomal particles in the nucle(ol)us. Yeast L26 is one of the many
ribosomal proteins encoded by two functional genes. We have disrupted both genes; surprisingly, the growth of the resulting
rpl26 null mutant is apparently identical to that of the isogenic wild-type strain. The absence of L26 minimally alters 60S ribo-
somal subunit biogenesis. Polysome analysis revealed the appearance of half-mers. Analysis of pre-rRNA processing indicated
that L26 is mainly required to optimize 27S pre-rRNA maturation, without which the release of pre-60S particles from the nucle-
(ol)us is partially impaired. Ribosomes lacking L26 exhibit differential reactivity to dimethylsulfate in domain I of 25S/5.8S
rRNAs but apparently are able to support translation in vivo with wild-type accuracy. The bacterial homologue of yeast L26, L24,
is a primary rRNA binding protein required for 50S ribosomal subunit assembly in vitro and in vivo. Our results underscore
potential differences between prokaryotic and eukaryotic ribosome assembly. We discuss the reasons why yeast L26 plays such
an apparently nonessential role in the cell.

Elucidation of the crystal structure of both prokaryotic and eu-
karyotic ribosomes at atomic resolution (for examples, see ref-

erences 7, 98, and 113 and references therein) has confirmed that
ribosome assembly must be an extremely complex process. Pio-
neering work of Nomura and Nierhaus in the 1970s established
that bacterial ribosomal subunits (r-subunits) could be reconsti-
tuted in vitro from mature ribosomal RNAs (rRNAs) and r-pro-
teins (40, 41, 65, 69, 70). These experiments demonstrated that
r-subunits assemble in a cooperative and hierarchical manner
through reconstitution intermediates (for reviews, see references
46 and 93). Hence, the r-proteins were classified as primary bind-
ing or assembly initiator proteins, which bind directly to rRNA,
and secondary and tertiary binding proteins, which require prior
binding of one or more r-proteins. More recent work has demon-
strated that bacterial ribosome assembly in vitro occurs via multi-
ple parallel pathways (68, 99, 101). The extent to which bacterial
ribosome assembly pathways in vivo resemble the in vitro recon-
stitution experiments remains unclear for a number of reasons. (i)
Assembly is much faster and more efficient in vivo, taking less than
3 min during bacterial exponential growth versus the 30 to 120
min for the in vitro reconstitution experiments (93). (ii) Assembly
is cotranscriptional in vivo (17, 77). (iii) Assembly occurs in vivo
with the primary pre-rRNA transcript, which contains spacer se-
quences, while in vitro reconstitution experiments are done with
mature rRNAs. (iv) Ribosome assembly in vivo requires dozens of
trans-acting factors, such as exo- and endonucleases, RNA heli-
cases, GTPases, chaperones, and rRNA- and r-protein-modifying
enzymes (reviewed in references 13 and 93). (v) The composition
of the in vivo precursor particles is not identical to in vitro recon-
stitution intermediates but exhibits some degree of similarity (69,
93). (vi) Other discrepancies were found between in vivo and in
vitro ribosome assembly. For instance, r-protein S15, which is a
primary binding protein required for binding of four other 30S
r-proteins in reconstitution assays, is dispensable in vivo (9).

Much less is known about the details of eukaryotic ribosome
assembly. To date, in vitro reconstitution of both functional 40S
and 60S r-subunits has been achieved only in the social amoeba

Dictyostelium discoideum (62). Nevertheless, assembly maps are
lacking. The process of r-subunit assembly in vivo is also poorly
understood. Assembly in vivo occurs concomitantly with process-
ing and modification of the pre-rRNAs, which are well-defined
pathways (see Fig. S1 in the supplemental material). By far, ribo-
some biogenesis has been best studied in the yeast Saccharomyces
cerevisiae. Ribosome synthesis proceeds via the formation of pre-
ribosomal intermediates that contain r-proteins and many nonri-
bosomal proteins, so-called ribosome assembly or trans-acting
factors, which likely provide this process with the necessary speed,
accuracy, and directionality (for examples, see references 37, 71,
and 91; reviewed in references 31 and 53). The preribosomal in-
termediates are termed, according to their position in the ribo-
some assembly pathway, 90S preribosomal particles, nuclear and
cytoplasmic 43S preribosomal particles, and early, intermediate,
late, and cytoplasmic pre-60S r-particles (16, 21, 31, 103). The
complexity of the different particles decreases during their matu-
ration to r-subunits, while concomitant structural rearrange-
ments allow the stable incorporation of all r-proteins. Insights
into the approximate timing of association and dissociation of
some of the protein ribosome biogenesis factors have been ob-
tained by studying the composition of distinct pre-60S complexes
purified from wild-type cells (reviewed in references 31 and 53)
and from mutant strains blocked at early, intermediate, or late
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nuclear steps of ribosome maturation (for examples, see refer-
ences 56 and 90 and references therein). However, the course of
the assembly of the r-proteins has not been reported with much
precision. Low-resolution pictures of early and late r-protein as-
sembly have been obtained by monitoring the kinetics of in vivo
incorporation of labeled r-proteins into preribosomal particles
and cytoplasmic r-subunits (54). More recent investigations have
analyzed the incorporation of yeast 40S r-proteins into 90S and
43S preribosomal particles (30), which have allowed the identifi-
cation of some principles governing the assembly of the 40S r-sub-
units and the establishment of a certain parallelism between the in
vivo assembly of 40S r-subunits and the in vitro reconstitution data
of bacterial 30S r-subunits (30). However, the relative timing of
the assembly of only a few 60S r-proteins has been investigated (4,
45, 84, 87, 90, 112).

We want to understand the contribution of 60S r-proteins to
ribosome biogenesis, specifically the role of these proteins in driv-
ing the formation and/or rearrangements of preribosomal parti-
cles. Previously, a systematic analysis of the role of 26 essential
yeast 60S r-proteins in pre-rRNA processing and nucleocytoplas-
mic transport of pre-60S r-particles was performed (78). Before
this analysis, the contribution to ribosome biogenesis of only a few
60S r-proteins was studied in some detail (for examples, see refer-
ences 4, 18, 19, 45, 63, 84, 85, 87, and 106). In this report, we have
undertaken the functional analysis of yeast L26 in the biogenesis
and function of ribosomes which remained uncharacterized. Eu-
karyotic L26 is a conserved protein that shares notable sequence
and structure identity with archaeal and eubacterial L24. L24 is
one of two initiator r-proteins for assembly of 50S r-subunits in
vitro (69). Our results clearly show that yeast L26 assembles in the
nucle(ol)us within the earliest assembly intermediates but makes
very minor contributions to the biogenesis, structure, and func-
tion of 60S r-subunits. Consequently, L26 is apparently dispens-
able for cell growth under standard laboratory conditions.

MATERIALS AND METHODS
Strains and microbiological methods. The yeast strains used in this study
are listed in Table S1 in the supplemental material. Strains RBY272 and
RBY274 are haploid segregants of Y25253 and Y24664 (Euroscarf), re-
spectively. Strain RBY276 is a haploid segregant derived from crossing
RBY272 and RBY275, which is another segregant of Y25253. Deletion
disruption, GAL constructs, and C-terminal TAP or Myc tagging at the
genomic loci of the yeast JWY6147 were performed as described previ-
ously (39, 61, 78, 81, 110).

Growth and handling of yeast strains and preparation of standard
media were performed by established procedures (47). Rich medium
(1% yeast extract, 2% peptone; YP) or synthetic (S) minimal medium
(0.15% yeast nitrogen base, 0.5% ammonium sulfate) were supple-
mented with the appropriate amino acids and bases as nutritional
requirements and with 2% galactose (YPGal and SGal, respectively),
2% glucose (YP-dextrose [YPD] and SD, respectively), or 2% raffinose
(SRaf). Unless otherwise indicated, yeast cells were grown at 30°C to an
optical density at 600 nm (OD600) of about 0.8. All solid media con-
tained 2% agar. Low-pH methylene blue plates were prepared accord-
ing to a standard procedure (47).

Plasmids. All recombinant DNA techniques were performed accord-
ing to established procedures using Escherichia coli DH5� for cloning and
plasmid propagation (88). The plasmids used in this study are described
listed in Table S2 in the supplemental material.

Sucrose gradient centrifugation. Polysome preparations and analyses
were performed as previously described (52) using an ISCO UA-6 system
equipped to continuously monitor the A254.

Pulse-chase labeling of pre-rRNA. Pulse-chase labeling of pre-rRNA
was performed as previously described (52), using 100 �Ci of [5,6-3H]
uracil (45 to 50 Ci/mmol; Perkin Elmer) per 40 OD600 units of yeast cells.
Cells were first transformed with an empty YCplac33 plasmid (CEN
URA3) (see Table S2 in the supplemental material) to make them pro-
totrophic for uracil. They were grown in liquid SD-Ura medium to expo-
nential growth phase, pulse-labeled for 2 min, and chased for 5, 15, 30, and
60 min with an excess of cold uracil. Total RNA was extracted by the
acid-phenol method (3). About 20,000 cpm per RNA sample were ana-
lyzed both in 1.2% agarose– 6% formaldehyde and 7% polyacrylamide– 8
M urea gels. RNA then was transferred to a nylon membrane and visual-
ized by fluorography (52).

Northern hybridization and primer extension analyses. Steady-state
levels of pre-rRNAs were assessed by Northern and primer extension anal-
yses as described previously (107). In all experiments, RNA was extracted
from samples corresponding to 10 OD600 units of exponentially grown
cells. Equal amounts of total RNA (5 �g) were loaded on gels or used for
primer extension reactions. Specific oligonucleotides, whose sequences
are listed in Table S3 in the supplemental material, were 5= end labeled
with [�-32P]ATP and used as probes. To analyze mRNAs, double-
stranded DNA probes were generated by random priming of a PCR frag-
ment of the RPL26A and RPL26B, RPL35A and RPL35B, and ADH1 genes
with [32P]dCTP. The sequences of the oligonucleotides used as primers
for the PCRs are also listed in Table S3.

Fluorescence microscopy. To test preribosomal particle export, the
appropriate strains were cotransformed with pRS316 plasmid constructs
(gifts from J. Bassler), which express the nucleolar marker mRFP-Nop1
and either the L25-enhanced green fluorescent protein (L25-eGFP) or the
S3-eGFP reporter (105). Several transformants then were grown to mid-
log phase in selective SD liquid medium, washed, and resuspended in
sterile distilled water. To address the assembly position of L26, the rpl26
null strain was cotransformed with YCplac111-RPL26A-eGFP and the
pRS316-GAL-NMD3�100 or the pRS316-GAL-NMD3FL plasmid (gifts
from A. Jacobson). These plasmids express a dominant-negative trunca-
tion or a wild-type allele of the NMD3 gene, respectively, under the con-
trol of an inducible GAL promoter (6). Transformants were grown in
selective SRaf medium and shifted to selective SGal medium to induce the
expression of the Nmd3 proteins. Image acquisition was done in a Leica
DMR microscope equipped with a differential contrast (DC) camera. Dig-
ital images were processed with Adobe Photoshop 7.0.

Preparation of ribosome particles. Ribosomes were obtained as
previously described (83). Briefly, 200 ml of wild-type or rpl26 null
cells was grown in YPD to an OD600 of 0.8 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. Cells were disrupted by vigorous shaking with glass beads in a
Fastprep-24 homogenizer at 4°C. An S30 fraction was obtained by
centrifuging the extract at 13,000 rpm for 20 min at 4°C in an Eppen-
dorf microcentrifuge. Ribosomal particles were prepared from the S30
fraction by centrifugation in a Beckman-Coulter Optima Max using a
TL110 rotor at 90,000 rpm for 90 min at 4°C. The particles were
washed by centrifugation in a 20 to 40% discontinuous sucrose gradi-
ent in buffer 2 (20 mM Tris-HCl, pH 7.4; 500 mM ammonium acetate;
100 mM MgCl2; 5 mM 2-mercaptoethanol) and stored at �80°C in the
same buffer. Ribosomal proteins were separated in NuPAGE-SDS with
4 to 12% gradient polyacrylamide gels (Invitrogen), and the indicated
proteins were assayed by Western blotting.

Translational in vivo assays. (i) The sensitivity to different drugs
impairing translation was tested as follows. Wild-type and rpl26 null
strains were grown in YPD medium to an OD600 of 0.8 and diluted to an
OD600 of 0.05. A series of 10-fold dilutions was done for each strain, and
5-�l drops were spotted on YPD plates containing the following antibiot-
ics at the concentrations specified: anisomycin (15 �g/ml), azetidine-2-
carboxylic acid (AZC; 0.5 mg/ml), cycloheximide (0.1 �g/ml), hygromy-
cin B (20 �g/ml), paramomycin (2.5 mg/ml), and neomycin (5 mg/ml).

L26 Is Dispensable in Saccharomyces cerevisiae

August 2012 Volume 32 Number 16 mcb.asm.org 3229

 on July 27, 2016 by U
S

E
/B

C
T

A
.G

E
N

 U
N

IV
E

R
S

IT
A

R
IA

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org
http://mcb.asm.org/


Babiano et al.

3230 mcb.asm.org Molecular and Cellular Biology

 on July 27, 2016 by U
S

E
/B

C
T

A
.G

E
N

 U
N

IV
E

R
S

IT
A

R
IA

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org
http://mcb.asm.org/


Plates were incubated at 30°C for 3 to 4 days. (ii) The killer virus assay was
carried out exactly as described in reference 47. Briefly, yeast colonies were
replica plated to low-pH methylene blue plates freshly inoculated with 0.2
ml of an overnight culture of the sensitive 5X47 strain and incubated for 4
days at 16 or 20°C. The killer activity was scored as a zone of growth
inhibition around the killer colonies. (iii) To monitor programmed �1
and �1 frameshifting (PRF), plasmids p0-LacZ, p-1-LacZ, and p�1-LacZ
(gifts from J. D. Dinman) were used exactly as described previously (22,
23). Plasmid p0-LacZ carries a lacZ gene expressed from a PGK1 pro-
moter. Plasmid p-1-LacZ carries an L-A-derived �1 r-frameshift se-
quence inserted in the lacZ gene. Plasmid p�1-LacZ carries a Ty1-derived
�1 r-frameshift sequence inserted in the lacZ gene. Wild-type and rpl26
null cells were transformed with these plasmids and analyzed for �-galac-
tosidase activity (59). The efficiency of PRF correlates with the �-galacto-
sidase activity produced by cells harboring p-1-LacZ or p�1-LacZ relative
to that produced by cells harboring p0-LacZ. All assays were performed
for at least three independent transformants of each plasmid in triplicate.
(iv) To monitor readthrough activity, wild-type and rpl26 null cells were
transformed with pUKC815, pUKC817, pUKC818, and pUKC819 plas-
mids (gifts from M. Tuite) (104). pUKC815 carries a lacZ gene expressed
from a PGK1 promoter and is used as a �-galactosidase activity standard.
Expression of �-galactosidase activity from pUKC817, pUKC818, and
pUKC819 requires readthrough of the UAA, UAG, and UGA codons,
respectively. As described above, �-galactosidase activity was assayed for
three independent transformants of each plasmid in triplicate. (v) To
assay the stringency in start codon selection, wild-type and rpl26 null cells
were transformed with p367 and p391 plasmids (gifts from A. Hinne-
busch) (12). Plasmid p367 carries a HIS4AUG-lacZ fusion; p391 is a deriv-
ative of p367, with UGG as the first codon of the HIS4-lacZ open reading
frame (ORF) (HIS4UUG-lacZ). As described above, �-galactosidase activ-
ity was assayed for three independent transformants of each plasmid in
triplicate.

Affinity purification of preribosomal particles. Preribosomal com-
plexes were affinity purified from whole-cell extracts with magnetic Dyna-
beads (Invitrogen), using tandem affinity purification (TAP)-tagged
Nop7 assembly factor as bait, exactly as described in previous reports (72,
87). Purified proteins were precipitated in 10% trichloroacetic acid, sub-
sequently resuspended in SDS Laemmli sample buffer, and separated by
SDS-PAGE in 4 to 20% polyacrylamide Novex gels (Invitrogen). Proteins
then were visualized by silver staining or Western blotting. Western blot-
ting was done using a standard procedure (3). To probe multiple proteins
from the same blot, after electroblotting the nitrocellulose membrane was
cut into smaller sections based on the known mobility of the proteins to be
assayed.

Affinity purification of L26-eGFP protein. GFP-tagged L26A and
L26B proteins were precipitated by following the one-step GFP-Trap_A
procedure slightly modified from that suggested in the manufacturer’s
instructions (Chromotek). Briefly, 50 ml of GFP-tagged or untagged neg-
ative-control cells were grown in SD-Leu medium to an OD600 of 0.8,
harvested, washed with cold water, and concentrated in 500 �l of ice-cold
lysis buffer (20 mM Tris-HCl, pH 7.5; 150 mM CH3COOK; 1.5 mM
MgCl2; 1 mM dithiothreitol; 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°C, and

total cell extracts were obtained by centrifugation in a microcentrifuge at
the maximum speed (ca. 16,100 � g) for 15 min at 4°C. Each supernatant
obtained was mixed with 40 �l of GFP-Trap_A beads, previously equili-
brated with the same buffer, and incubated for 2 h at 4°C with end-over-
end tube rotation. After incubation, the beads were extensively washed 3
times with 5 ml of the same buffer at 4°C and finally collected. RNA was
extracted from the beads and total cell extracts as previously described (4,
20) and then analyzed by Northern blotting as described above.

Antibodies. The following primary antibodies were used: mouse
monoclonal antihemagglutinin (anti-HA) 12CA5, mouse monoclonal
anti-Myc (Developmental Studies Hybridoma Bank), rabbit polyclonal
anti-Has1 (a gift from P. Linder) (28), rabbit polyclonal anti-Nip7 (a gift
from D. Goldfarb) (117), rabbit polyclonal anti-Nog1 (a gift from J. Mad-
dock) (32), rabbit polyclonal anti-Nog2 (a gift from M. Fromont-Racine)
(90), rabbit polyclonal anti-Nop7 (1), rabbit polyclonal anti-Nsa2 (a gift
from M. Fromont-Racine) (57), rabbit polyclonal anti-Rlp24 (a gift from
M. Fromont-Racine) (90), rabbit polyclonal anti-Tif6 (a gift from M.
Fromont-Racine) (92), mouse monoclonal anti-L3 (a gift from J. R. War-
ner) (109), rabbit polyclonal anti-L4 (a gift from L. Lindahl), rabbit poly-
clonal anti-L5 (19), rabbit polyclonal anti-L11 (67), rabbit polyclonal anti-
L17 (a gift from S. Rospert) (79), and rabbit polyclonal anti-L25 (a gift
from K. Siegers) (36). As secondary antibodies, goat anti-rabbit or anti-
mouse horseradish peroxidase-conjugated (Bio-Rad) or alkaline-phos-
phatase-conjugated (Promega) antibodies were used. TAP-tagged
proteins were detected using alkaline phosphatase-conjugated immuno-
globulins (Pierce). Immune complexes were revealed with an enhanced
chemiluminescence detection kit (Pierce) or using nitroblue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) as the sub-
strates (Promega).

Chemical probing in vivo. The secondary structure of mature 25S and
5.8S rRNA was assayed by in vivo dimethylsulfate (DMS) probing using a
protocol adapted from Dutca et al. (26). Briefly, 10 ml of cells was grown
in YPD to an OD610 of 0.5 and treated with 200 �l of a fresh dilution of
DMS (Sigma-Aldrich) in 95% ethanol (1:4, vol/vol) to a final concentra-
tion of 50 mM. Treated cells were incubated with shaking at 30°C for 2
min. Reactions were quenched by placing the tubes on ice and adding 5 ml
of 0.6 M 2-mercaptoethanol and 5 ml of water-saturated isoamyl alcohol.
As a control for the effectiveness of the stop reaction, a control sample was
included in which DMS treatment was done after the addition of 2-mer-
captoethanol and isoamyl alcohol. Cells were pelleted by centrifugation at
5,000 � g for 5 min, and then the liquid phase was carefully removed. Cell
pellets were resuspended in 5 ml 0.6 M 2-mercaptoethanol and centri-
fuged again. Total RNA was immediately extracted from the cells. Nucle-
otide modifications in the rRNA neighborhood of L26 were assayed by
primer extension using oligonucleotides complementary to sequences of
the 25S and 5.8S rRNAs in domain I (see Table S3 in the supplemental
material). Reverse transcriptase terminated at the base preceding the
modified nucleotide. Thus, the modified nucleotides migrated one posi-
tion higher in the sequencing ladder than in the corresponding DMS
lanes.

Computational analysis of ribosome structure. Atomic coordinates
of the large r-subunit were retrieved from the Protein Data Bank (PDB;
www.rcsb.org) with the accession number 3OFC (25) for E. coli and 3U5D
and 3U5E (7) for S. cerevisiae. The models were visualized with the UCSF

FIG 1 Yeast L26 is the structural homologue of bacterial L24. (A) Localization of L23 (green), L24 (red), and L29 (blue) in the three-dimensional structure of
the E. coli 50S subunit and of their respective homologues, L25 (green), L26 (red), and L35 (blue), in the three-dimensional structure of the S. cerevisiae 60S
subunit. The cartoons were generated with the UCSF Chimera program, using the atomic model for the crystal structure of the E. coli 70S ribosome (PDB file
3OFC [25]) and the yeast 80S ribosome (PDB files 3U5D and 3U5E [7]). (B) Close-up view of the position of E. coli L24 (left) and yeast L26 (right) in the context
of their binding sites in the respective large subunits. Only rRNA residues situated at or closer than 12 Å from L24 or L26 are shown (bases and phosphate
backbone). Base numbering follows the 23S rRNA sequence deposited for the E. coli 50S r-subunit (PDB file 3OFC [25]) and the 25S and 5.8S rRNA sequences
deposited for the yeast 60S r-subunit (PDB file 3U5D [7]), respectively. Selected residues are labeled in black (23S and 25S rRNAs) or in blue (5.8S rRNA). (C)
Secondary structure of domains I from E. coli 23S rRNA and S. cerevisiae 25S/5.8S rRNAs. The structures were taken from The Comparative RNA Web Site
(http://www.rna.icmb.utexas.edu/) (11). Yeast 5.8S rRNA sequence is highlighted in yellow. Red circles indicate rRNA residues situated closer than 5 Å from E.
coli L24 or yeast L26 proteins.
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Chimera program (www.cgl.ucsf.edu/chimera) (76). Secondary struc-
tures of rRNAs from E. coli and S. cerevisiae were taken from The Com-
parative RNA Web Site (http://www.rna.icmb.utexas.edu/) (11).

RESULTS
L26 is an evolutionarily conserved r-protein. Yeast r-protein L26
is encoded by two paralogous genes (RPL26A and RPL26B), a
feature that is characteristic of most yeast r-protein genes (111).
These genes produce two small basic r-proteins of 127 amino ac-
ids, L26A and L26B. The r-proteins are nearly identical, differing
only at position 26, glutamine in L26A and glutamic acid in L26B
(Saccharomyces Genome Database [www.yeastgenome.org]). L26
is highly conserved between species, sharing notable sequence
identity with archaeal and eubacterial L24 (Ribosomal Protein
Gene Database [http://ribosome.med.miyazaki-u.ac.jp/]; also see
Fig. S2 in the supplemental material). Moreover, prokaryotic L24
and eukaryotic L26 are RNA binding proteins that occupy similar
locations in the large r-subunit. Yeast L26 is located near L35 and
L25 in close proximity to the polypeptide exit tunnel; the three
proteins are clearly arranged in a manner identical to their bacte-
rial counterparts (Fig. 1A). Most importantly, prokaryotic L24
and eukaryotic L26 r-proteins specifically recognize the same
structurally conserved region in domain I of bacterial 23S rRNA
and eukaryotic 25S/5.8S rRNAs, respectively (Fig. 1B and C).
Thus, it can be concluded that bacterial L24 and eukaryotic L26
are unequivocal functional orthologues.

Yeast L26 assembles in the nucle(ol)us within early preribo-
somal particles. Assembly of r-subunits occurs mainly in the nu-
cle(ol)us, although a few 60S r-proteins appear to stably load only
with cytoplasmic pre-60S r-particles, such as L24 (54, 90), or pref-
erentially with them, such as L10 or P0 (48, 60, 84, 112). Pulse-
chase studies have suggested that yeast L26 can assemble at an
early nuclear stage of the 60S r-subunit maturation process (54);
however, the L26 primary sequence seems to lack a potential nu-
clear localization signal (NLS) (according to the cNLS mapper
program [50]). To explore in which cellular compartment L26
assembles, we monitored the localization of a functional L26A-
eGFP construct upon induction of the dominant-negative
NMD3�100 allele (6). Nmd3 is the Crm1-dependent adapter for
the export of preribosomal particles through nuclear pores (43).
The dominant-negative Nmd3�100 protein traps pre-60S r-par-
ticles in the nucle(ol)us (43). As shown in Fig. 2, the L26A-eGFP
construct accumulates in the nucleus for most of the cells exam-
ined upon overexpression of the Nmd3�100 protein but is found
in the cytoplasm under noninducible conditions. No change in
the cytoplasmic distribution of L26A-eGFP was observed upon
overexpression of the wild-type Nmd3 protein (data not shown).
Similar results were obtained when the L25-eGFP reporter was
used, which has been clearly described to assemble in the nucle-
(ol)us (for examples, see references 4, 43, and 44).

To investigate in more detail the timing of assembly of L26, we
affinity purified L26B-eGFP-containing complexes using GFP-
Trap beads (see Materials and Methods) and determined which
pre-rRNA intermediates copurified by Northern blotting. As
shown in Fig. 3, and as expected for a 60S r-protein, there was
significant copurification of mature 25S, 5.8S, and 5S rRNAs with
L26B-eGFP. Moreover, mature 18S rRNA was also efficiently co-
purified with L26B-GFP. As previously described (4), we believe
that this must reflect the common nonspecific association of 40S
with 60S r-subunits in 80S couples in Mg2�-containing buffers or

ribosomes engaged in translation. Interestingly, 27S and 7S pre-
rRNAs were also detected (Fig. 3). In clear contrast, practically
background levels were detected for 35S and 20S pre-rRNAs. All of
these results are specific, since no RNAs were detected upon affin-
ity purification from extracts of the untagged strain. Similar re-
sults were obtained when L26A-eGFP was used as the bait (data
not shown). Taken together, these data strongly suggest that L26
stably assembles into early nucle(ol)ar pre-60S r-particles, al-
though it might interact weakly with 90S preribosomal particles.

Yeast L26 is completely dispensable for growth. To study the
role of yeast L26 in ribosome biogenesis and function, we first
analyzed the phenotypic consequences of deleting either the
RPL26A or RPL26B gene. As shown in Fig. 4A, rpl26a� and
rpl26b� single mutants grow identically to the wild-type strain at
different temperatures (16, 30, and 37°C) on YPD plates. More-
over, no significant differences were found when doubling times
were calculated for cultures grown in liquid YPD or SD medium at
any of the temperatures mentioned above (data not shown). To
test whether L26 is required for growth, rpl26a� and rpl26b� hap-
loid strains were mated and the resulting diploids sporulated.
Most of the tetrads yielded four viable spores. Recombinant di-
types were obtained, suggesting that cells could grow without any
L26. The absence of both RPL26A and RPL26B was verified by
PCR (data not shown). A double disruptant for RPL26A and
RPL26B (here named the rpl26 null strain) grew apparently as well
as the wild-type strain on solid or in liquid media (Fig. 4A and data
not shown). Moreover, a GAL::HA-RPL26A rpl26b� strain (here
named the GAL::RPL26 strain) grew identically in YPGal and YPD
(see Fig. S3 in the supplemental material). To further ascertain the

FIG 2 L26 assembles within the nucle(ol)us. Localization of L25-eGFP and
L26A-eGFP upon induction of an NMD3 dominant-negative allele; rpl26 null
cells expressing L25-eGFP or L26A-eGFP were transformed with the pRS316-
GAL-NMD3�100 plasmid, and transformants were grown in the presence of
raffinose (SRaf-Leu-Ura). Galactose was then added to fully induce the
Nmd3�100 protein. The GFP signal was inspected by fluorescence microscopy
after 24 h. Arrows point to nuclear fluorescence.
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loss of RPL26 expression in the rpl26 null strain, production of
RPL26 transcripts was examined by Northern blotting using a
probe common to the RPL26A and RPL26B genes. As shown in
Fig. 4B, no specific RPL26 transcript could be detected in rpl26
null cells. Interestingly, the analysis of single rpl26a� and rpl26b�
strains suggests that the RPL26B gene contributes more to RPL26
mRNA levels than RPL26A. Altogether, our results clearly demon-
strate that L26 is completely dispensable for cell growth under
standard laboratory conditions. This finding is independent of the
yeast genetic background and clearly not the consequence of the
appearance of spontaneous extragenic suppressors (data not
shown).

The absence of L26 leads to very mild defects in ribosome
biogenesis. Thus far, most studied r-proteins contribute to differ-
ent steps of ribosome biogenesis (for examples, see references 4,
29, and 78 and references therein). To study the role of yeast L26 in
ribosome biogenesis, we first analyzed polysome profiles from cell
extracts of the different rpl26 deletion strains and compared them
to that from an isogenic wild-type counterpart. As shown in Fig. 5,
the rpl26a� and rpl26b� single mutants and the rpl26 null strain
showed a very minor deficit in 60S r-subunits, as judged from the
slight reduction of the levels of free 60S relative to 40S r-subunits
and the appearance of modest half-mer polysomes. Identical re-
sults were obtained upon depletion of L26 in the GAL::RPL26
strain (see Fig. S4 in the supplemental material).

To clarify whether L26 is required for pre-rRNA processing, we
studied the kinetics of rRNA production by [5,6-3H]uracil pulse-
chase analysis with the rpl26 null strain and its isogenic wild-type

counterpart. Both strains displayed very similar kinetics of rRNA
synthesis (Fig. 6). However, we could clearly observe a moderate
delay in both 35S and 27SB pre-rRNA processing for the rpl26 null
mutant with practically no evident consequences in the final pro-
duction of both the mature 25S and 5.8S rRNA. Thus, the minor
deficit in 60S r-subunits in the strain lacking L26 might be the
consequence of a slight delay in 27SB pre-rRNA processing.

Steady-state levels of pre- and mature rRNAs were analyzed by
Northern hybridization and primer extension. Consistent with
the previous data, only mild effects were observed in pre-rRNA
processing, especially for the rpl26a� and rpl26 null strains (Fig.
7). In these mutants, there was a slight accumulation of both 35S
and 23S pre-rRNAs. The 23S species results from 35S pre-rRNA
cleavage at site A3 without prior cleavage at sites A0, A1, and A2

(108). A modest accumulation of 27SA2 and 27SB pre-rRNAs was
also detected. As a consequence, a very slight decrease in the levels
of mature 25S was found (Fig. 7A; also see Table S4 in the supple-
mental material). Analysis of low-molecular-mass RNA species
showed that levels of 7S pre-rRNAs and mature 5S and 5.8S rRNAs
remained unaffected (Fig. 7B). Primer extension analyses demon-
strated that the levels of 27SA2, 27SA3, 27SBL, and 27SBS pre-
rRNAs modestly increased in the rpl26 null strain (Fig. 7C). Sim-
ilar primer extension results were obtained upon the depletion of
L26 (see Fig. S5 in the supplemental material). We conclude that
L26 is not essential for the maturation of rRNAs. Instead, L26
seems to be needed to optimize all of the 27S pre-rRNA processing
reactions. The absence of L26 also slightly delays processing at the
early cleavage sites A0 to A2, as similarly occurs for many mutants

FIG 3 L26-GFP associates with pre-60S ribosomal particles. GFP-tagged L26 was affinity purified with GFP-Trap_A beads from total cellular extracts of rpl26
null cells expressing L26B-eGFP. Wild-type cells were used as an untagged L26 control. RNA was extracted from the pellets obtained after purification (lanes IP)
or from an amount of total extracts corresponding to 1/100 of that used for purification (lanes T) and was subjected to Northern analysis of pre- and mature
rRNAs. Probes (in parentheses) are described in Fig. S1A and Table S3 in the supplemental material. Signal intensity was measured by phosphorimager scanning;
values (below each IP lane) refer to the percentage of each RNA recovered after purification.
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in genes encoding 60S r-subunit synthesis factors and 60S r-pro-
teins. This is likely due to inefficient recycling of trans-acting fac-
tors that cannot efficiently dissociate from aberrant pre-60S r-par-
ticles (for further discussion, see references 33, 85, and 108).

The composition of pre-60S ribosomal particles lacking L26
is not significantly affected. To explore the pre-60S ribosomal
particles from an L26-deficient strain, we affinity purified Nop7-
TAP complexes from GAL::RPL26 cells before or after depletion of
L26. We then analyzed the protein constituents of the purified
complexes by SDS-PAGE and Western blotting. Nop7-TAP com-
plexes are a mixture of early, intermediate, and late nuclear pre-
60S assembly intermediates (39, 71). The SDS-PAGE profiles of
purified pre-60S r-particles from cells depleted of L26 were re-
markably similar to those from cells expressing L26. No changes
were observed in the levels of the set of r-proteins and most r-sub-
unit assembly factors evaluated by Western blotting (Fig. 8). How-
ever, consistent with the slight delay in processing of late 27S
intermediates observed in an rpl26 null mutant, levels of late-
assembling factors Nsa2 and Nog2/Nug2, which are required for
ITS2 processing (57, 89), were modestly diminished upon L26
depletion. Thus, the composition of pre-60S r-particles lacking
L26 is not significantly altered.

Nuclear export of pre-60S r-particles is minimally impaired
in the absence of L26 ribosomal protein. To further characterize
the consequences of the absence of L26 on ribosome biogenesis,
we determined whether the rpl26 null mutant was impaired in
nuclear export of pre-60S r-particles. To do this, we analyzed the

location of the 60S r-subunit reporter L25-eGFP (34) in this mu-
tant and the isogenic wild-type strain. As shown in Fig. 9, L25-
eGFP was, as expected for an r-protein, excluded from the vacuole
and found predominantly in the cytoplasm in the wild-type strain.
However, we observed a faint nuclear retention of the fluores-
cence signal of the L25-eGFP reporter in about half of the rpl26
null cells examined. In most cells, the fluorescence signal was re-
stricted to the nucleolus, which was detected with the nucleolar
marker mRFP-Nop1 (34). No accumulation of nuclear fluores-
cence was observed when we studied the localization of the 40S
r-subunit reporter S3-eGFP (64) in either the wild type or the
rpl26 null mutant (Fig. 9). We conclude that mild defects of both
intranuclear and nucleocytoplasmic transport become evident
when L26 r-protein does not assemble into pre-60S r-particles.
These defects are apparently specific, as transport of pre-40S r-
particles is unaffected in the absence of L26. Impaired export of
preribosomal particles has been reported in strains mutant for
genes encoding r-proteins and r-subunit biogenesis proteins that
are not bona fide export factors or adaptors. In such cases, this
defect supposedly arises from activation of a nuclear surveillance
system that prevents export of these particles when they are aber-
rant or misassembled (discussed in reference 102). Thus, pre-60S
r-particles lacking L26 might be substrates of these nuclear reten-
tion systems even though we could not detect significant altera-
tions in their composition.

L26 has a minor role in ribosome structure and function. To
evaluate changes in the global composition of mature ribosomes

FIG 4 L26 is not essential for growth. (A) The strains BY4741 (wild type),
RBY272, a deletant of RPL26A (rpl26a�), RBY274, a deletant of RPL26B
(rpl26b�), and RBY276, an rpl26 null strain (rpl26a� rpl26b�), were grown in
liquid YPD and diluted to an OD600 of 0.05. Serial dilutions were spotted onto
YPD plates. Plates were incubated at 30 and 37°C for 3 days or at 16°C for 6
days. (B) Total RNA was extracted from cell extract of the strains, separated by
gel electrophoresis, transferred to a nylon membrane, and subjected to North-
ern analysis. The same filter was consecutively hybridized with �-32P-DNA
probes specific for RPL26, RPL35, and ADH1 mRNAs. Mature 25S and 18S
rRNAs, which were used as markers to check equal loading, were probed with
�-32P-labeled oligonucleotides (see Fig. S1A and Table S3 in the supplemental
material).

FIG 5 Absence of L26 results in a very slight deficit of 60S r-subunits. Poly-
some profiles are shown for the wild-type and the L26-deficient strains de-
scribed in Fig. 4. Cells were grown in YPD at 30°C and harvested at an OD600 of
around 0.8. Total extracts were prepared, and 10 A260 units of each one were
resolved on 7 to 50% sucrose gradients. The A254 was continuously monitored.
Sedimentation is from left to right. The peaks of free 40S and 60S r-subunits,
80S free couples/monosomes, and polysomes are indicated. Half-mer poly-
somes are labeled by arrows.
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from the L26-deficient strain, we first enriched ribosomes from
wild-type and rpl26 null cells by a standard fractionation protocol.
r-proteins then were separated by SDS-PAGE and analyzed by
Western blotting. As shown in Fig. S6 in the supplemental mate-
rial, ribosomes from wild-type and rpl26 null cells were clearly
similar. We next addressed the effect of the loss of L26 on its
binding site and the adjacent rRNA neighborhood in 60S r-sub-
units. To do so, wild-type and rpl26 null cells were treated with the
RNA methylating agent DMS, which preferentially methylates ad-
enines and cytosines unless they are protected by the formation of
base pairs, ternary structure, or protein binding (114). Guanos-
ines and uracils are also methylated by DMS in vivo, albeit rarely
(66). Methylation was detected as strong stops in primer extension
reactions (see Materials and Methods). L26 interacts with numer-
ous sites in domain I of 25S/5.8S rRNA (Fig. 1B and C) (7). DMS
probing reveals that several nucleotides corresponding or in close
proximity to the binding region of L26 become differentially mod-
ified in its absence (Fig. 10; also see Fig. S7 in the supplemental
material). As expected, a majority of these sites become more ac-
cessible when L26 is missing. Interestingly, a few unpaired nucle-
otides show decreased accessibility in 60S r-subunits lacking L26
(Fig. 10; also see Fig. S7). These results suggest that the absence of
L26 leads to clear rRNA conformational changes, but these are not
sufficient to induce the destabilization and loss of other r-proteins
in 60S r-subunits.

To determine whether these structural differences affect the
function of L26-deficient ribosomes, we monitored various as-
pects of translation in vivo. First, we measured the hypersensitivity
or resistance to different protein translation inhibitors, which
have been described as convenient probes for changes in ribosome
function (115). Second, we tested the maintenance of the killer
virus system, which is highly sensitive to changes in the concen-
tration of free 60S r-subunits (74). Third, we evaluated transla-
tional accuracy by quantitatively monitoring changes in �1 and
�1 PRF, the readthrough of nonsense codons, and the stringency
of start codon selection (23, 59, 104). Surprisingly, the absence of

FIG 6 Absence of L26 slightly delays processing of 27SB pre-rRNAs. Wild-type and rpl26 null strains were transformed with the CEN URA3 YCplac33 plasmid
and then grown at 30°C in SD-Ura to an OD600 of around 0.8. Cells were pulse-labeled for 2 min with [5,6-3H]uracil and then chased for 5, 15, 30, and 60 min
with an excess of unlabeled uracil. Total RNA was extracted, and samples (20,000 cpm per sample) were loaded and separated on a 1.2% agarose– 6%
formaldehyde gel (A) or a 7% polyacrylamide– 8 M urea gel (B), transferred to nylon membranes, and visualized by fluorography. The positions of the different
pre-rRNAs and mature rRNAs are indicated.

FIG 7 Absence of L26 slightly alters pre-rRNA processing. The wild-type and
L26-deficient strains described in the legend to Fig. 4 were grown in YPD at
30°C and harvested at an OD600 of around 0.8. Total RNA was extracted and
subjected to Northern hybridization or primer extension. Probes (in paren-
theses) are described in Fig. S1A and Table S3 in the supplemental material.
(A) Northern analysis of high-molecular-mass pre- and mature rRNAs. (B)
Northern analysis of low-molecular-mass pre- and mature rRNAs. (C) Primer
extension analysis of 27S pre-rRNAs. Probe f within ITS2 was used.
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L26 does not result in changes in 60S r-subunits that significantly
impact these translation properties (summarized in Table S5 in
the supplemental material).

DISCUSSION

In this work, we have addressed the role of the evolutionarily
conserved r-protein L26 in yeast 60S r-subunit biogenesis, struc-

ture, and function. L26 and its bacterial paralogue L24 map onto
equivalent positions surrounding the nascent polypeptide exit
tunnel in both eukaryotic and prokaryotic large r-subunits, re-
spectively.

Analysis of an rpl26 null mutant shows that L26 is entirely
dispensable for cell growth at different temperatures under stan-
dard laboratory conditions. Similar results have been recently re-
ported by Steffen and coworkers (97). Ten other 60S r-subunit
proteins have been described as not being essential in yeast (5, 8,
15, 24, 35, 75, 78, 80, 86, 96, 97, 116). The absence of some of these
nonessential r-proteins reduces cell growth rates to different ex-
tents; for example, either L38 (96) or L41 (116) is almost dispens-
able for growth, while L12 is practically essential (8).

Here, we have addressed the role of L26 r-protein in ribosome
biogenesis. The dispensability of L26 denotes that almost wild-
type ribosomes are being assembled in an L26-deficient strain un-
der standard laboratory conditions. Hence, polysome profile,
pulse-chase, Northern blot, primer extension, and preribosomal
compositional analysis clearly indicate that the contribution of
L26 to ribosome biogenesis is very minor. In the absence of L26,
we could observe only a modest deficit of 60S r-subunits. This is
most likely due to delayed 27SB pre-rRNA processing, which
might be brought about by moderately reduced levels of assembly
factors required for efficient processing of 27SB pre-rRNAs (i.e.,
Nsa2 and Nog2) in pre-60S r-particles lacking L26. Consequently,
the relative amounts of 27S pre-rRNAs slightly increase, although
both the kinetics and the steady-state levels of 7S pre-rRNAs re-
main unaffected. The deficiency of L26 also leads to a mild delay in
pre-rRNA processing at the early cleavage sites A0, A1, and A2

without consequences in the levels of 20S pre-rRNA and mature
18S rRNA.

We have analyzed the structure of L26-deficient and wild-type
ribosomes by DMS probing experiments. Our results indicate that
the absence of L26 induces significant changes in the conforma-
tion of 25S/5.8S rRNA domain I. As expected, L26-deficient ribo-
somes showed increased nucleotide modification relative to wild-

FIG 8 Depletion of L26 does not significantly affect composition of pre-60S
ribosomal particles. (A) TAP-tagged Nop7 was used to purify nuclear pre-60S
particles from a conditional GAL::RPL26 strain (JWY9634; GAL::HA-RPL26A
rpl26b� NOP7-TAP) grown in YPGal (Gal) or shifted to YPD (Glc). Copuri-
fying proteins were separated by SDS-PAGE and stained with silver. (B) West-
ern blotting was used to specifically assay the presence of selected ribosome
assembly factors and ribosomal proteins in Nop7-TAP-containing preribo-
somal particles before and after depletion of L26.

FIG 9 Absence of L26 leads to some nuclear retention of the 60S r-subunit reporter L25-eGFP. Strains BY4741 (wild type) and RBY276 (rpl26a� rpl26b�) were
transformed with plasmids that expressed Nop1-mRFP and either L25-eGFP or S3-eGFP from their cognate promoters. Cells were grown at 30°C in SD-Ura. The
subcellular localization of the GFP-tagged ribosomal proteins and the Nop1-mRFP nucleolar marker were analyzed by fluorescence microscopy. Arrows point
to nucleolar fluorescence.
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type ones in regions at or near the binding site of L26. Some rRNA
residues bound by adjacent r-proteins in mature ribosomes also
became more accessible to DMS. This is most likely not due to the
mere absence of these r-proteins, since L26-deficient ribosomes
remain otherwise intact relative to the wild type. Furthermore, we

also observed that a few nucleotides that do not participate in base
pairing showed decreased DMS modification in the absence of
L26, suggesting that these nucleotides are now involved in base
pairing or are protected by an r-protein in close proximity. We
conclude that the absence of assembly of L26 slightly affects the

FIG 10 Absence of L26 induces changes in the structure of 25S/5.8S rRNA domain I. (A) In vivo DMS chemical probing experiment of the rRNA structure
around the binding site of L26. Wild-type and rpl26 null cells were treated with DMS. Total RNA was extracted from unmodified (�DMS) and modified (�DMS)
yeast cells and analyzed by primer extension using the 5.8S_3=END primer (see Table S3 in the supplemental material). U, A, G, and C represent dideoxy
sequencing lanes done with the same primer. Stop controls indicate the efficiency of quenching reactions after DMS treatment. Black and green dots denote
nucleotides with stronger and weaker reactivity to DMS in the rpl26 null strain, respectively. (B) Secondary structure of yeast 25S/5.8S rRNA domain I (the legend
to Fig. 1 provides further details). Red circles indicate nucleotides situated closer than 5 Å from the yeast L26 protein. Nucleotides with stronger and weaker
reactivity to DMS in the rpl26 null strain are labeled with black or green arrowheads, respectively (see Fig. S7 in the supplemental material for full DMS probing
gels). (C) Close-up view of the three-dimensional arrangement of the yeast 25S/5.8S rRNA domain I, including the ribosomal proteins L17, L35, and L37 (red);
L26 (red; the surface is also shown); and L39 (yellow). Only the base side chains of the nucleotides undergoing changes in the DMS reactivity are highlighted and
labeled in black or green, as described above. Note that the structure is clipped to simplify the figure.
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conformation of yeast rRNA domain I without significant effects
on the binding of its neighboring r-proteins. However, we cannot
exclude the possibility that the arrangement of these r-proteins
relative to rRNA (e.g., L39) (Fig. 10C) is modestly altered.

To monitor the function of L26 in translation, we performed
different in vivo assays in the L26-deficient strain. None of the
assays provided positive results, indicating that L26-deficient ri-
bosomes have no appreciable alterations in either the kinetics or
fidelity of protein synthesis. Given the location of L26 near the
polypeptide exit tunnel, it is noteworthy that the absence of L26
does not promote hypersensitivity to AZC, a common feature of
ribosome-associated chaperone mutants (2). Ribosome-associ-
ated chaperones assist in the folding of the nascent polypeptide
chains by docking on selected r-proteins at the tunnel exit site
(reviewed in reference 51). Thus, our results strongly suggest that
ribosome-associated chaperones still interact optimally with L26-
deficient ribosomes.

We have also addressed the course of assembly of L26. Seminal
work done in yeast and HeLa cells suggested that L26 assembles in
the nucleus (54, 55). Here, we show that functional GFP-tagged
L26 proteins accumulate in the nucleus upon inhibition of nucle-
ocytoplasmic export of pre-60S r-particles by overexpression of
the dominant-negative Nmd3�100 protein. In agreement with
this, analysis of pre-rRNA species associated with L26-eGFP indi-
cates that L26 is stably assembled into the earliest pre-60S ribo-
somal particles. It has been reported that L26, together with L17,
L35, and L37, fails to assemble upon depletion of factors (Erb1,
Nop7, Nop15, Nsa3/Cic1, Rlp7, Rrp1, and Ytm1) (87) and r-pro-
teins (L7 and L8) (45) affecting 27SA3 pre-rRNA processing. In-
terestingly, the L17, L26, L35, and L37 r-proteins are adjacent to
each other in mature 60S r-subunits and associated mostly with
domain I of 25S/5.8S rRNAs (7). Strikingly, the loss of function of
the A3 factors and L17, L35, and L37 r-proteins causes a complete
block in 27S pre-rRNA processing, which is not comparable to the
slight 27S pre-rRNA processing delay observed in the absence of
L26 (4, 45, 78, 87; M. Gamalinda, unpublished results). We and
others believe that stable assembly of L17, L26, L35, and L37 r-
proteins requires a proper rRNA conformation established by the
A3 factors and r-proteins L7 and L8 (38, 45, 87). Analysis of Nop7-
TAP complexes upon depletion of L26 clearly indicates that L26 is
not required for the association of distinct early or late assembly
factors or the proper assembly of r-proteins bound to 5.8S/25S
rRNA domain I, including L17, L35, and L37. This scenario is
different from that of bacterial assembly, where L24 seems to be
critical to structure 23S rRNA domain I. E. coli L24, together with
L3, are the only r-proteins able to initiate the assembly of 50S
r-subunit in vitro (69, 93). Consistent with this, experimental ev-
idence strongly suggests that L24 is also one of the earliest r-pro-
teins to assemble in vivo (17, 27, 77; discussed in references 49 and
93). Moreover, recruitment in vitro of both L22 and L29, the re-
spective bacterial homologues of yeast L17 and L35, depends on
prior binding of L24 (discussed in reference 49).

Why is yeast L26 dispensable for growth? The obvious answer
is that yeast L26 does not play an important role in ribosome
assembly, structure, and/or function. Interestingly, L26 is also not
essential in Schizosaccharomyces pombe (according to Pombase
[http://www.pombase.org/] and J. de la Cruz, unpublished re-
sults). However, reports in flybase (http://flybase.org) and worm-
base (http://wormbase.org) indicate that the lack of function of
L26 is lethal in Drosophila and Caenorhabditis, respectively, al-

though effects on ribosome production or function remain un-
tested. For mammalian cells, the literature is unclear. While Rob-
ledo et al. showed that depletion of L26 might be deleterious since
it impairs r-subunit maturation (82), Takagi et al. described that
depletion of L26 neither altered overall translation nor perturbed
ribosome synthesis (100). An extraribosomal role for the human
L26 r-protein has also been reported; human L26 can bind to the
5= untranslated region of p53 mRNA to stimulate its translation
(100). Human L26 can also posttranslationally modulate the levels
of p53 by blocking the E3 ubiquitin ligase activity of the HDM2
protein, which is responsible for maintaining low levels of p53 in
unstressed cells (73, 118). Clearly, the contribution to cell growth
of the ribosomal versus the extraribosomal function of L26 in
metazoans must be addressed. E. coli L24 is essential for growth
only at high temperatures, although the mutant lacking L24 ex-
hibits a low growth rate even at permissive temperatures (10, 14,
42, 94). The growth defect of the bacterial mutant lacking L24
seems to be due solely to underproduction of large r-subunits as a
consequence of impaired assembly (42). Indeed, it has been dem-
onstrated that L24 is not important for ribosome function in vitro
(42, 95), as is apparently the case for yeast L26 in vivo.

In conclusion, this work underscores interesting differences in
the assembly of bacterial L24 and yeast L26 r-proteins. While not
essential for assembly under normal growth conditions in either
organism, the absence of L24 has a greater effect on E. coli than the
absence of L26 in yeast. We have initiated experiments to uncover
the dispensability of yeast L26. We are exploring diverse func-
tional assays, including different stresses and limitation of nutri-
ents, to find conditions where the rpl26 null mutant shows re-
duced fitness compared to the wild type. Moreover, we are
performing synthetic-lethal analyses to find assembly factors or
r-proteins needed to ensure optimal 60S r-subunit assembly in
L26-deficient cells. Our preliminary results suggest that yeast L37,
which is not conserved in bacterial ribosomes (58), is important to
maintain the stability of L26-deficient ribosomes; thus, the growth
of an rpl37a� rpl26a� rpl26b� triple mutant strain is substantially
poorer than the growth of the rpl37a� strain, especially at low
temperatures (22 and 16°C). Further studies are clearly required
to understand the cellular role of L26 r-protein.
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