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In yeast, 25S rRNA makes up the major mass and shape of the 60S ribosomal subunit. During the last step of translation initia-
tion, eukaryotic initiation factor 5B (eIF5B) promotes the 60S subunit joining with the 40S initiation complex (IC). Malfunc-
tional 60S subunits produced by misfolding or mutation may disrupt the 40S IC stalling on the start codon, thereby altering the
stringency of initiation. Using several point mutations isolated by random mutagenesis, here we studied the role of 25S rRNA in
start codon selection. Three mutations changing bases near the ribosome surface had strong effects, allowing the initiating ribo-
somes to skip both AUG and non-AUG codons: C2879U and U2408C, altering the A loop and P loop, respectively, of the peptidyl
transferase center, and G1735A, mapping near a Eukarya-specific bridge to the 40S subunit. Overexpression of eIF5B specifically
suppressed the phenotype caused by C2879U, suggesting functional interaction between eIF5B and the A loop. In vitro reconsti-
tution assays showed that C2879U decreased eIF5B-catalyzed 60S subunit joining with a 40S IC. Thus, eIF5B interaction with the
peptidyl transferase center A loop increases the accuracy of initiation by stabilizing the overall conformation of the 80S initia-
tion complex. This study provides an insight into the effect of ribosomal mutations on translation profiles in eukaryotes.

Ribosomes catalyze mRNA-dependent protein synthesis with
assistance from translation factors. While the basic mecha-

nism of mRNA translation is similar in all the three domains of life
on Earth, eukaryotic ribosomes bind more proteins in translation
initiation and signal transduction and change translation profiles
in response to distinct stimuli (1, 2). Despite extensive studies,
however, the full repertoire of cellular regulation of mRNA trans-
lation has not been elucidated. For example, a group of genetic
diseases called “ribosomopathies” occur due to defective ribo-
some biogenesis or function (3), but the mechanism by which the
original genetic mutations change mRNA translation profile is not
known. To understand the effect of ribosomal mutations on
translation initiation, we have been studying yeast rRNA by genet-
ics (4; N. Nemoto, T. Udagawa, D. Chowdhury, M. Kitabatake, H.
Hiraishi, S. Wang, C. R. Singh, S. J. Brown, M. Ohno, and K.
Asano, submitted for publication).

During translation initiation in eukaryotes, methionyl initiator
tRNA (Met-tRNAi

Met) is placed in the peptidyl-tRNA binding site
(P site) of the small (40S) ribosomal subunit. Eukaryotic transla-
tion initiation factor 2 (eIF2) binds Met-tRNAi

Met to form a ter-
nary complex that then associates with the 40S subunit along with
additional initiation factors, including eIF1 and eIF1A, to form a
43S preinitiation complex (PIC). This complex associates with an
mRNA forming a 48S PIC and then scans to select a translation
start site. Base-pairing interactions between the anticodon loop of
Met-tRNAi

Met in the 43S initiation complex (IC) and an AUG
codon on the mRNA sets the translation start site. In addition to
eIF2, eIF1, and eIF1A, the positioning of Met-tRNAi

Met in the 48S
PIC is influenced by the eukaryotic-specific initiation factors eIF3
and eIF5 (5, 6). After selection of the translation start site, eIF5B-
mediated joining of the large (60S) ribosomal subunit generates
an 80S ribosome that can then catalyze the synthesis of the en-
coded protein. Throughout these steps, the ribosome not only

plays a passive role as the recipient of Met-tRNAi
Met and mRNA

but also plays an active role as the transducer of stringent start
codon selection.

The mechanism by which start codon-anticodon pairing in the
P site signals a conformational change of the 48S PIC has been
studied extensively (7, 8). eIF1 plays a crucial role in this regula-
tion: it inhibits the transition to the “closed” state of the 48S IC,
which favors stable codon-anticodon binding to the P site. Ini-
tially during scanning, eIF1 found in a 48S PIC suppresses this
transition, maintaining the open conformation in favor of scan-
ning. Once a start codon is reached, eIF1 is released, and the 48S
PIC transitions to the closed state (9–11). An important conse-
quence of this transition is the release of translation factors eIF2
and eIF5, which otherwise block 60S subunit joining (10, 12, 13).
The resulting 40S complex is termed the 40S initiation complex
(IC). The factor eIF5B, which is an orthologue of bacterial IF2,
promotes subunit joining by binding to the 40S IC, presumably in
its closed conformation, producing the 80S IC that is ready to
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accept an aminoacyl tRNA (aa-tRNA) at the A site for peptide
elongation (14).

In the bacterial 30S IC, fMet-tRNAf
Met is proposed to position

in a P/I hybrid state, such that codon-anticodon interactions take
place in the P site and the methionyl moiety can interact with the
peptidyl transferase center (PTC) of the 50S subunit after subunit
joining (15). This P/I configuration is physically supported by
bridging interactions between the G domain and domain II of IF2
and the 30S subunit and between domain IV of IF2 and fMet-
tRNAf

Met. The P/I state has not been demonstrated in eukaryotic
complexes, but hydroxyl radical footprinting studies on human
complexes and mutational studies on yeast eIF5B support the
model that eIF5B binds to the 40S subunit via interactions homol-
ogous to those found in the bacterial 30S IC (16, 17).

In this communication, we examine the hypothesis that stable
subunit joining involving the 60S subunit and eIF5B is a crucial
step ensuring high stringency in start codon selection and that the
40S IC interaction with malfunctional 60S subunits, produced due
to misfolding or mutation, changes the accuracy of translation
initiation. For example, assume that an 80S IC forms between the
malfunctional 60S subunit and the 40S IC. This could induce an
open conformation in the 80S complex, followed by 60S dissoci-
ation and continued 40S scanning along mRNA attached. Alter-
natively, malfunctional 60S subunit may bind to a 40S IC more
slowly, enabling a switch from a closed to an open 40S conforma-
tion, releasing the 60S subunit (without forming an 80S IC). We
predict that if such an mRNA-40S (open) complex is formed, a
60S subunit mutation can cause the bypass of start codons. In
agreement with the idea that this is an important checkpoint for
60S subunit quality, defective 80S IC formation or (initial) peptide
elongation is coupled to various ribosome surveillance pathways
(18–23).

Previously, we randomly mutated an RDN locus encoding all
the rRNA components, isolated dozens of point mutations (rdn)
that affected yeast cell growth and polysome profiles, and reported
the characterization of 10 rdn mutations altering 18S rRNA mak-
ing up the 40S subunit (4) and 7 rdn mutations altering 25S rRNA
making up the 60S subunit (Nemoto et al., submitted). Here we
studied the effects of six well-behaved 25S rRNA mutations on the
accuracy of translation initiation. Interestingly, even though
many 25S rRNA point mutants impaired translation initiation
and allowed bypass of start codons, only one mutation, altering a

base (C2879) near the peptidyl transferase center (PTC) A site,
was suppressed by overexpression of eIF5B. Biochemical evidence
that the C2879 mutation impairs 60S subunit joining to the 40S IC
is provided. These results suggest that eIF5B functionally cooper-
ates with the PTC to ensure stable and high-fidelity formation of
an 80S IC on a start codon. Based on this study, we discuss the
effect of ribosomal mutations on translation profiles in eu-
karyotes.

MATERIALS AND METHODS
Plasmids and yeast strains. Plasmids and yeast strains carrying rdn mu-
tant 25S rRNA as the sole source are listed in Table 1. KAY171 (MATa
ade2-1 his3-11 leu2-3,112 ura3-1 trp1-1 can1-100 rdn��::HIS3 his4-306
[TTG] p[2� RDN URA3]) (Nemoto et al., submitted) was used to gener-
ate yeast rdn his4-306 strains by plasmid shuffling (Table 1). Other plas-
mids used include pC565-3 (high copy number [hc] FUN12 URA3),
pD401-4 (hc FUN12 TRP1) (24), and the GCN4-lacZ reporter plasmid
p180 and its modified version, pM226 (25, 26).

80S complex formation assay. Native gel assays monitoring 80S com-
plex formation were performed as described previously (27). The final
concentrations of the components in the 80S complex formation assay
mixture were as follows: 800 nM eIF2, 200 �M GTP · Mg2� (for ternary
complex [TC] formation), 1.0 nM [35S]Met-tRNAi

Met, 800 nM eIF1, 400
nM eIF1A, 1.0 �M mRNA, 400 nM 40S and 60S subunits, 800 nM eIF5,
500 nM (or 2.0 �M in the eIF5B excess condition) eIF5B, and 2 mM GTP ·
Mg2� (or GDPNP · Mg2�) for chase. The limiting [35S]Met-tRNAi

Met

concentrations were used to achieve pseudo-first-order conditions and to
ensure single-round turnover in the reactions. To calculate rate constants
for 80S complex formation, fractions of [35S]Met-tRNAi

Met in the 80S
complex were fit using the program KaleidaGraph (Synergy) to the fol-
lowing equation: fraction of [35S]Met-tRNAi

Met in 80S � A(1 �
exp�kobst), where A is the amplitude and kobs is rate constant.

Other biochemical and molecular biology methods. Standard mo-
lecular biology methods, including the �-galactosidase assay, were used
throughout (26). To determine yeast titers on different agar plates, an
overnight culture was diluted to an A600 of 0.15, and 5-�l portions of this
mixture and 10-fold serial dilutions were spotted, incubated under spec-
ified conditions, and photographed (26).

RESULTS
25S rRNA mutations used in this study. Taking advantage of the
plasmid shuffling system for the yeast rDNA repeat locus (RDN)
developed by M. Nomura (28), we previously isolated and char-
acterized seven temperature-sensitive (Ts�) and slow-growth

TABLE 1 S. cerevisiae strains carrying 25S rdn mutations

rdn allele
25S rRNA base
change

Escherichia coli
nucleotide

Mutated
domain Plasmid introduced

Strain(s)

GCN2�a his4-306b

WT WT pNOY373 NOY908, KAY761 KAY165
rdn40 C2879U C2510 V (PTC, A loop) pNOY373-40 KAY968c KAY427
rdn47 G1735A C1507 III pNOY373-47 KAY971c KAY434
rdn49 A1446G A1265 II pNOY373-49 KAY964c KAY436
rdn56 A1435U A1254 II pNOY373-56 KAY777 KAY437
rdn67b U2408C C2066 V (PTC, P loop) pNOY373-67b KAY1016 KAY460d

rdn69 G651A G577 II pNOY373-69 KAY963c KAY461
a Derivatives of NOY908 (MATa ade2-1 his3-11 leu2-3,112 ura3-1 trp1-1 can1-100 rdn��::HIS3 pNOY373 [2� RDN LEU2]) carrying the indicated mutations. The strains in this
column were constructed previously (Nemoto et al., submitted).
b Derivatives of KAY165 (MATa ade2-1 his3-11 leu2-3,112 ura3-1 trp1-1 can1-100 rdn��::HIS3 his4-306 [TTG] pNOY373 [2� RDN LEU2]) carrying the indicated mutations.
c pNOY373 derivatives used to generate these strains were prepared by reintroducing each mutation by site-directed mutagenesis (Nemoto et al., submitted).
d The 25S rdn allele of KAY460 contains G1377A, a silent mutation, besides U2408C, since this strain was produced from transformants of KAY171 (4) carrying pNOY373-67, a
plasmid isolated in the original conditionally lethal mutant screening (Nemoto et al., submitted).
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(Slg�) mutations altering yeast 25S rRNA (Nemoto et al., submit-
ted). We chose six well-behaved mutants for this study. Figure 1
shows the locations of these mutation sites in the X-ray structure
of the yeast 60S subunit (29). Three mutations, G651A (rdn69),
A1435U (rdn56), and A1446G (rdn49), change a base involved in
base triples that are crucial for structural integrity (slate spheres in
Fig. 1). They are located in proximity to each other, disrupting a
structural core in domain II located behind the PTC. Three other
mutations change bases near the ribosome surface: C2879U
(rdn40) and U2408C (rdn67b), which alter the A loop and P loop,
respectively, of the PTC, and G1735A (rdn47) (green spheres in
Fig. 1). The A loop and P loop contain G residues, which base pair
with the CCA ends of aminoacyl and peptidyl tRNAs, respectively,
during peptide elongation (30). G1735A (rdn47) maps near
Rpl19e, making up eB12, a Eukarya-specific bridge to the 40S
subunit, or nucleotides making up B4 (shown in red in Fig. 1).
Thus, this mutation may directly impair subunit interaction.
Polysome profile studies showed that all the mutants produced
halfmers due to reduced 60S levels. The two PTC mutations,
C2879U and U2408C, decreased polysome-to-monosome ratio,
suggesting that they are defective in translation initiation, likely at

the subunit joining step (Nemoto et al., submitted). In this study,
we sought evidence that the six mutations show defects in start
codon selection.

C2879U and U2408C, altering the PTC A loop and P loop,
respectively, and G1735A, mapping near a subunit bridge, facil-
itate skipping of start codons. If the mutant 60S subunits disrupt
the 40S IC, 80S IC, or A-site-loaded 80S elongation complex, fol-
lowing the subunit joining, we anticipated that an mRNA-40S
(open) complex is produced at a higher frequency in the mutant
cells, allowing bypass of the original start codons (see the intro-
duction). To address this point, we examined specifically whether
the rdn mutations display phenotypes related to altered start
codon selection. We focused on two phenotypes, Gcn and Ssu.
Yeast can overcome growth inhibition by 3-aminotrizole (3AT),
an inhibitor of His3p enzyme, by activating translation of the
mRNA encoding the transcription factor Gcn4p. This transla-
tional regulation is dependent on upstream open reading frames
(uORFs) present in the GCN4 mRNA leader: after translating
uORF1, ribosomes resume scanning and translate one of the sub-
sequent uORFs (uORF2 to -4), leading to the ribosome disengag-
ing from the mRNA under normal, noninducing conditions.
However, under starvation conditions (such as one induced by
3AT), Gcn2p phosphorylates eIF2 and inhibits its GTP binding,
thereby decreasing eIF2/GTP/Met-tRNAi

Met ternary complex
(TC) levels. Accordingly, ribosomes that have translated uORF1
bypass uORF2 to -4 without binding the TC and instead reinitiate
translation at the GCN4 start codon, eliciting a general control
response governed by Gcn4p (Fig. 2A [top] shows the GCN4
mRNA leader structure).

Translation initiation defects that cause leaky scanning of
uORF1 and/or the GCN4 start codon prevent translational induc-
tion of Gcn4p, resulting in a general control nonderepressible
(Gcn�) phenotype. When spotted on 3AT medium agar plates
and incubated at a restrictive temperature (36°C), the six 25S rdn
mutants grew worse than the WT RDN control (Fig. 2A). Inter-
estingly, C2879U (rdn40), G1735A (rdn47), and U2408C
(rdn67b), changing bases near the 60S subunit surface (raspberry
spheres in Fig. 1A), and A1435U (rdn56), disrupting an internal
core behind the PTC, showed the strongest 3AT sensitivity. Re-
porter assays with a GCN4-lacZ plasmid (p180) (31) confirmed
that the four mutants are defective in inducing GCN4 in response
to 3AT treatment at 36°C (Fig. 2B, panel 1). The assays at a semi-
permissive temperature (34°C) indicated a stronger defect in
GCN4 induction in the two PTC mutants, carrying C2879U and
U2408C (Fig. 2B, panel 2). Interestingly, the uninduced GCN4-
lacZ level was 2-fold higher than the wild-type level in the C2879U
mutant (Fig. 2B, panel 2, columns 1 and 3) (general control dere-
pressed [Gcd�]), as observed previously with a mutant deleted for
the large ribosomal protein (RP) Rpl16p (32). This Gcd� pheno-
type happens when the inhibitory uORF2 to -4 in the GCN4 leader
are bypassed. Thus, C2879U appears to increase the frequency of
ribosome bypass of uORF2 to -4, besides increasing the bypass of
the uORF1 (and/or GCN4) start codon causing the Gcn� pheno-
type. In agreement with the strong Gcn� phenotypes, the three
surface mutations C2879U, U2408C, and G1735A (Fig. 1A, rasp-
berry) displayed the strongest leaky scanning of the uORF1 start
codon (Fig. 2C): expression of GCN4 from a reporter in which
uORF1 was elongated such that it overlapped the GCN4 ORF in an
alternate reading frame (Fig. 2C [top] shows the modified GCN4
leader structure) was enhanced in these mutants, consistent with

FIG 1 Locations of 25S rRNA point mutations in the yeast 60S subunit struc-
ture. The yeast 60S subunit (Protein Data Bank [PDB] 3O58) is shown with
RNA and protein backbones in gray and viewed from the 40S interface side.
25S rRNA residues altered by rdn mutations (rdn allele numbers are in paren-
theses) are highlighted as green or slate spheres. Nucleotides in gray are located
near the surface, whereas those in slate are located deep inside the ribosome
structure. The blue circle indicates the location of the PTC (A2820 and C2821).
Functional rRNA bases relevant to this study are shown as colored sticks;
G2619 and G2620 are in raspberry (P loop), G2922 is in magenta (A loop), and
A846 and A847 are in red (a 40S interface termed B4). Amino acids of Rpl19e
involved in eB12, another 40S interface, are also in red. PYMOL was used to
draw this figure.
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the notion that these mutants promoted leaky scanning of the
uORF1 start codon. Since the 25S rdn mutations displayed similar
60S/40S ratios (Nemoto et al., submitted) and yet showed distinct
levels of leaky scanning (Fig. 2C), the stronger leaky scanning by
the three ribosome surface mutations results from functional de-
fects and not merely from reduced 60S levels.

Stringent AUG selection depends on translation factor-regu-
lated transition of the PIC to the closed conformation of the 40S
subunit, which then becomes the substrate for 60S subunit join-
ing. Mutational disruption of the closed state increases the accu-
racy of initiation by preventing translation from a noncanonical
start codon UUG (7). A 25S rRNA mutation can increase the
accuracy of initiation by disrupting the 80S IC or switching the
40S IC back to the open conformation during an improper sub-
unit joining at a non-AUG codon. To test whether the rdn muta-
tions increase the accuracy of translation initiation, we generated
yeast 25S rdn strains bearing his4-306, which alters the HIS4 start
codon to UUG. A wild-type RDN strain bearing his-306 is His�

due to the initiation codon mutation of the histidine synthesis
enzyme (Fig. 3, row 1). The introduction of a dominant allele,
SUI3-2 (eIF2�-S254Y), conferred a His� phenotype, consistent
with the mutation enhancing translation of His4p from the UUG
codon (a Sui� [suppressor of initiation codon mutation] pheno-
type) (Fig. 3, row 2). We found that C2879U (rdn40), G1735A
(rdn47), and U2408C (rdn67) mutations suppressed the SUI3-2-
induced His� phenotype (Fig. 3, rows 4, 6, and 12), suggesting
that these mutations increase the accuracy of initiation and
thereby inhibit the relaxed initiation from the UUG codon (sup-
pressor of Sui [Ssu�] phenotype). These data are congruent with

the results in Fig. 2 and together suggest that the three rdn
mutations allow ribosomes to strongly bypass start codons,
probably by dissociating the 40S initiation complex during
subunit joining.

FIG 2 C2879U (rdn40), G1735A (rdn47), and U2408C (rdn67b) allow bypass of AUG codons. (A) Gcn� phenotype test. Fixed amounts (5 �l of culture diluted
to an A600 of 0.15) of NOY908 (WT), KAY968 (rdn40), KAY971 (rdn47), KAY964 (rdn49), KAY777 (rdn56), KAY1016 (rdn67b), and KAY963 (rdn69) (Table 1)
and their 10-fold serial dilutions were spotted onto synthetic complete (SC) medium lacking histidine but supplemented with 40 mM leucine and with (panel 2)
or without (panel 1) 50 mM 3AT and incubated for 3 days at 36°C. The schematic at the top depicts the structure of the GCN4-lacZ leader region. (B)
Transformants of designated strains in panel A carrying p180 (GCN4-lacZ) were grown in the absence (�) or presence (�) of 30 mM 3AT for 6 h following
preculturing for 2 h and assayed for �-galactosidase (26) at 36°C (panel 1) or 34°C (panel 2). The graphs show the averages using 2 or more independent
transformants, with bars indicating standard errors (SE) (n � 4 to 10). (C) Leaky scanning of the uORF1 start codon. The graph presents �-galactosidase activities
expressed from pM226 in transformants of rdn strains listed to the left in panel A that were grown at 30°C and subjected to the assay, as described previously (26).
The schematic at the top depicts the structure of the modified GCN4-lacZ leader carried on the plasmid used. Bars indicate SE from 4 reactions using two
independent transformants. Each of the rdn mutations tested increased expression from pM226 compared to the wild type (P � 0.002).

FIG 3 C2879U (rdn40), G1735A (rdn47), and U2408C (rdn67b) increase the
initiation accuracy by bypassing UUG codons (Ssu� phenotype test). Fixed
amounts of transformants of KAY165 (his4-306 RDN�) and its 25S rdn deriv-
atives (Table 1) carrying YDpU-SUI3 (SUI3) or YDpU-SUI3-2 (SUI3-2) (44)
and their 10-fold serial dilutions were spotted onto synthetic complete (SC)
medium lacking uracil (�His) or lacking uracil and histidine (�His) and
incubated for 4 or 6 days, respectively. The column to the right summarizes the
Ssu phenotypes of the rdn mutants.
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eIF5B interaction with the 60S subunit PTC A loop is impor-
tant for normal control of accurate initiation in vivo. Since the
docking studies of the bacterial 30S IC suggest that domain IV of
IF2 (eIF5B orthologue) touches the A loop structure on the 50S
subunit (15), it was conceivable that the phenotypes observed with
C2879U (rdn40) result at least in part from defective interaction
with eIF5B. If this is the case, the C2879U phenotypes might be
suppressed by eIF5B overexpression (mass action effect). We
therefore examined whether expression of eIF5B from a high-
copy-number (hc) plasmid could suppress the phenotypes in
C2879U mutants. As expected, we found that the slow-growth and
3AT-sensitive phenotypes in the C2879U mutant were partially
suppressed by eIF5B overexpression (Fig. 4A). hc eIF5B did not
suppress similar phenotypes caused by other 25S rdn mutants

(data not shown), indicating that the genetic interaction with
eIF5B is specific to C2879U, altering the 25S rRNA A loop.

Reporter assays with the GCN4-lacZ plasmid showed that hc
eIF5B significantly increased the lowered GCN4 expression in the
C2879U mutant under the starvation conditions (P � 0.02; com-
pare columns 2, 6 and 8 in Fig. 4B), in support of the idea that hc
eIF5B partially suppressed the 3AT-sensitive phenotype through
GCN4 regulation. Since hc eIF5B decreased leaky scanning of the
uORF1 start codon (Fig. 4C) (P � 0.04), the increase in GCN4
translation is partly due to the suppression of leaky scanning of the
uORF1 start codon. Second, hc eIF5B also increased GCN4 ex-
pression in the C2879U mutant, even under the nonstarvation
conditions (Fig. 4B, column 5 versus 7). Thus, higher eIF5B abun-
dance can restore defective GCN4 initiation regardless of TC levels
(regulated by eIF2 phosphorylation).

Next, we examined the effect of hc eIF5B on the potential Ssu�

phenotype in the C2879U mutant. As shown in Fig. 4D, hc eIF5B
partially suppressed the Ssu� phenotype observed in the C2879U
(rdn40) strain expressing SUI3-2 (panel 2, compare rows 6 and 8),
even though the growth of the two transformants compared here
is identical in the presence of histidine (panel 1). Thus, both the
Gcn� and Ssu� phenotypes in C2879U mutants are suppressed by
hc eIF5B, in support of functional interaction between eIF5B and
the 25S rRNA A loop.

C2879, located near the PTC A loop, is involved in eIF5B-
dependent 60S subunit joining. To delineate the mechanism
whereby the C2879U mutation impairs 60S subunit joining in
vitro, we purified 60S subunits from the mutant strain as well as
from the isogenic wild-type control. Primer extension analysis of
the purified mutant ribosomes confirmed that �90% of the ribo-
somes from the C2879U mutant contained the expected mutation
(Fig. 5). The activity of these purified ribosomes was then analyzed
in a 60S subunit joining assay. A simplified 48S complex was
formed using purified 40S subunits, mRNA, eIF1, eIF1A, and a
preformed eIF2/GTP/[35S]Met-tRNAi ternary complex. The 60S
subunit was then added together with eIF5, eIF5B, and GTP. For-
mation of 80S ICs was monitored by native gel electrophoresis
(Fig. 6A and B). In the absence of eIF5B, only 48S complexes were

FIG 4 C2879U (rdn40) is suppressed by overexpression of eIF5B. (A) Effect
on Gcn� phenotype. Cultures of transformants of NOY908 (RDN�; WT) and
KAY968 (C2879U) bearing pC565-3 (hc eIF5B) (24) or a vector control (Vec)
and their 10-fold serial dilutions were spotted onto SC medium plates lacking
histidine and uracil with (panel 2) or without (panel 1) 50 mM 3AT. The plates
were incubated for 3 (panel 1) or 7 (panel 2) days at 34°C. (B and C) Effect on
GCN4 expression and leaky scanning of the uORF1 start codon. Transfor-
mants of NOY908 (WT) or KAY968 (C2879U) carrying p180 (B) or pM226
(C) and pD401-4 (hc eIF5B TRP1) (5B) or a vector control (Vec) were assayed
for �-galactosidase as for Fig. 2B and C. (B) Transformants were grown at 34°C
in SC medium lacking His, Trp, and uracil (SC-His-ura) supplemented (�) or
not supplemented (�) with 30 mM 3AT. The �-galactosidase units presented
are the averages from 10 reactions using 5 independent transformants. *, P �
0.02; **, P � 0.0003; ***, P � 0.03. (C) Transformants were grown at 30°C in
SC-Trp-ura. Shown are the averages from 16 reactions using 4 independent
transformants. *, P � 0.04. (D) Effect on Ssu� phenotype. Transformants of
KAY165 (WT) and KAY427 (C2879U) carrying pD401-4 (hc eIF5B) or a vec-
tor control (Vec) and YDpU-SUI3 (SUI3) or YDpU-SUI3-2 (SUI3-2) were
assayed except as follows, and the results are presented as for panel A. We used
SC medium lacking uracil and tryptophan (�His) or lacking uracil, trypto-
phan, and histidine supplemented with 0.3 �M histidine (�His), and the
plates were incubated for 4 and 7 days, respectively.

FIG 5 Primer extension analysis of purified 40S subunits. The homogeneity of
the C2879U mutant 40S subunit was confirmed by primer extension using 25S
rRNA isolated from the purified sample (right lane of the gel). Wild-type (WT)
40S subunit was used as a control (left lane). The mutation site for C2879U, the
primer, and expected cDNAs obtained from primer extensions are shown
below the gel.
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observed due to impairment of the subunit joining step (Fig. 6B,
panel a), confirming activity of the eIF5B. The 80S IC formation
was also confirmed to depend on GTP hydrolysis, because the
addition of GDPNP prevented release of eIF2, resulting in stable
48S PICs and inhibition of 80S ICs (Fig. 6C).

As expected, the C2879U mutation impaired 80S IC formation
with 0.5 �M eIF5B (Fig. 6B panel b). As quantified in Fig. 6D,
C2879U decreased the rate of 80S complex formation to 40%
compared to that of the wild type (0.29 	 0.06 min�1 for the
C2879U mutant and 0.73 	 0.28 min�1 for the WT). More im-
portantly, this defect was not observed when eIF5B was added in
excess at 2 �M (Fig. 6B, panel c), analogous to its in vivo defects
suppressed by hc eIF5B (Fig. 4) (note that eIF5B is substoichio-
metric to eIF1, eIF1A, and eIF2 in vivo [33]). These results support

the idea that the C2879U mutation in 25S rRNA impairs 60S sub-
unit joining due to defective interaction with eIF5B in vivo and in
vitro.

One interesting observation was the smearing of the 80S com-
plex bands in the reaction mixtures containing the C2879U 60S
subunits (box with asterisk in Fig. 6B), which was not evident for
reactions performed with wild-type 60S subunits. This smearing
might reflect unstable binding of initiator Met-tRNAi

Met to the 80S
complex, consistent with the location of C2879 near the PTC.
Alternatively, the smearing might be due to unstable subunit join-
ing due to impaired interaction of eIF5B and the mutant 60S sub-
unit. In any case, the results support the idea that C2879 contrib-
utes to anchoring Met-tRNAi

Met in the 80S IC, depending on
eIF5B either directly or indirectly. Together, the results presented

FIG 6 The C2879U (rdn40) mutation in 25S rRNA impairs 80S complex formation. (A) Scheme of 80S complex formation assay. A final concentration
of 1 nM [35S]Met-tRNAi

Met was used as a limiting component for the assay. (B) 80S complex formation assay. 48S complexes were formed using a limited
amount of 35S-labeled Met-tRNAi

Met, and, with GTP chase, subunit joining was performed according to the scheme described in panel A. The reactions
were quenched at the indicated time by loading onto a 4% acrylamide native gel, and subunit joining was monitored by electrophoresis. The results of
experiments done in the absence of eIF5B or in the presence of 0.5 or 2 �M eIF5B are presented. *, smearing bands below the 80S complex. (C) 80S
complex formation assay in the presence of two different concentrations of eIF5B with GDPNP chase, as shown in the scheme in panel A. (D) Kinetics of
subunit joining with 0.5 �M eIF5B. Amounts of [35S]Met-tRNAi

Met that were free or bound to 80S complexes at the indicated times were quantified, and
the fraction of [35S]Met-tRNAi

Met in the 80S complexes was calculated. The fitting curve shown here is from one of two independent experiments.

rRNA Base Near PTC Interacts with eIF5B

September 2013 Volume 33 Number 18 mcb.asm.org 3545

http://mcb.asm.org


in Fig. 6 suggest that eIF5B functionally cooperates with the PTC
during subunit joining to ensure tight 80S IC formation and strin-
gency in start codon selection.

DISCUSSION
25S rRNA mutagenesis: implication for 60S subunit structure
and function in initiation. In this study, we found that all six rdn
mutants tested significantly increased leaky scanning of the
uORF1 start codon on the GCN4 mRNA (Fig. 2C) (P � 0.002)
and obtained genetic evidence that C2879U (rdn40), U2408C
(rdn67b), and G1735A (rdn47), altering a base near the PTC or 40S
subunit-binding surfaces, bypass a non-AUG start codon, UUG
(Fig. 3). The 60S subunit joins the initiation complex at the last
step of the initiation pathway. Thus, a simple explanation for the
mechanism of the observed initiation defects caused by the 25S
rRNA mutations is that each mutation impairs an interface with
the 40S IC and thereby decreases the efficiency of 60S subunit
joining, as demonstrated for the C2879U (rdn40) mutation alter-
ing a base near the PTC A loop (Fig. 6).

All six rdn mutations tested increased leaky scanning of the
uORF1 start codon (Fig. 2C), but the Gcn� phenotype of only
C2879U (rdn40) was suppressed by hc eIF5B (Fig. 4A). This spe-
cific effect suggests that eIF5B might form an interface to a limited
part of the 60S subunit, including the PTC near the A loop. This is
in agreement with the current model of the 80S IC structure, in
which the PTC P site interacts with Met-tRNAi

Met (34) and nu-
merous intersubunit bridges form directly between the 60S and
40S subunits (29). U2408C (rdn67b) and G1735A (rdn47), alter-
ing a base near the P loop and eB12, respectively, showed a strong
bypass of start codons (Fig. 2 and 3), similar to the case for
C2879U. These former mutations probably weaken the interac-
tion with Met-tRNAi

Met (at the P site) and the 40S subunit, respec-
tively. We propose that the failure of proper alignment between
the 40S IC (with eIF5B) and the 60S subunit destabilizes the for-
mer and produces at a certain frequency mRNA attached to the
40S subunit in an open conformation, thereby allowing reinitia-
tion at downstream start codons (see below) (Fig. 7).

How does the C2879U mutation affect the interaction with
eIF5B? C2879 is located in helix 90, which lies directly behind the
helix 92 A loop that interacts with the CCA end of the A-site tRNA
(29, 35). When a 50S subunit is docked onto the bacterial 30S IC,
domain IV of IF2 clashes with helix 92 on the 50S subunit (15).
Thus, C2879, or an A loop structure disrupted by C2879U, may
physically interact with eIF5B domain IV. In this model, part of
eIF5B would occupy the A loop, blocking it from binding the
methionyl moiety of Met-tRNAi

Met. If this is the case, eIF5B may
play a role in guiding Met-tRNAi

Met binding to the PTC, besides
supporting the P/I configuration of the tRNA.

Subunit joining is the checkpoint for initiation accuracy and
ribosome quality control. Based on the finding that hc eIF5B
suppressed the yeast phenotypes suggestive of ribosome bypass of
start codons (Fig. 4), we propose that eIF5B-dependent 60S sub-
unit joining is a crucial checkpoint for the decision to initiate,
bypass, or dissociate (Fig. 7). In wild-type cells, most of the 60S
subunits are normal. Therefore, subunit joining actively produces
80S ICs ready for elongation (Fig. 7, step 1). In the 25S rdn mutant
cells, a significant proportion (up to 
10%) of the 60S subunits
are defective. This results in misalignment between the mutant
60S subunit and the 40S IC, thereby disrupting the entire 80S
preinitiation complex. After the release from 80S ICs, the 40S IC is

either completely dissociated to recycle Met-tRNAi
Met, mRNA,

and the 40S subunit (Fig. 7, step 3) or partially dissociated, such
that the 40S subunit remains bound to the mRNA in an open
conformation (step 2). The latter pathway allows bypass of the
original start codon and reinitiation at a downstream start codon,
as observed in this study.

Biogenesis of ribosomal 60S subunits is coupled to the cellular
surveillance pathways that trigger nuclear or cytoplasmic degra-
dation of the mutant rRNA (18–23). At least a part of the non-
functional 60S subunits released as the result of the misalignment
may be targeted for proteasome-dependent degradation by the
Mms1p-dependent NRD, as its substrate is suggested to be cyto-
plasmic 80S complexes (20) (Fig. 7, steps 2 and 3). It is entirely
possible, however, that the misalignment at the initiation stage
dissociates 80S complexes without targeting the mutant 60S sub-
units for degradation. The mutant 80S complexes can be moni-
tored at the next step of elongation after aa-tRNA is delivered to
the A site (Fig. 7, step 1). The defect in peptidyl transferase activity

FIG 7 Effect of the 25S rRNA mutations on translation initiation and quality
control coupled to ribosome bypass and recycling. The left column describes
translation initiation steps until the subunit joining. The gray oval represents
the 40S subunit with the AUG codon (box AUG) of the mRNA (line), loaded
on its P site (P) and base-paired to the anticodon of Met (M)-tRNAi

Met (a
plug). eIF1A (circle 1A) is bound to the 40S A site (indicated by A), while eIF5B
(rectangle 5B) forms a bridge between the 40S subunit and Met-tRNAi

Met.
When a wild-type 60S subunit (a large gray circle with A and P denoting the A
site and P site, respectively) joins, eIF5B and eIF1A are released to produce the
80S IC, which binds aa-tRNA and undergoes elongation (right column, step
1). However, when a mutant 60S subunit (a gray circle labeled 60S*) joins, the
40S IC components (eIF5B, Met-tRNAi

Met, or 40S subunit) sense the misalign-
ment (dashed arrows for each rdn mutation indicated) and reject the mutant
60S subunit (right column, steps 2 and 3). The 40S subunit may remain bound
to the mRNA for ribosome bypass and reinitiation (step 2) or become disso-
ciated from it for recycling (step 3). In this way, the 25S rdn mutations increase
the frequency of reinitiation or recycling, bypassing AUG or UUG codons as
observed in this study. Mutant 60S subunits released from misaligned com-
plexes may be targeted for degradation (? in steps 2 and 3). Alternatively, they
are degraded after stalling the elongation complex (dashed arrows).
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due to 25S rRNA mutations may stall the ribosome on the start
codon or a subsequent codon, allowing a surveillance system to
pull the mutant 60S subunit off for degradation (dashed arrows in
Fig. 7) (21).

Effect of ribosomal mutations on mRNA translation profile
in eukaryotes. 25S rRNA mutations C2879U, U2408C, and
G1735A allowed the stalled PIC to skip both AUG and UUG
codons (Fig. 2 and 3). What is the effect of these mutations on the
overall accuracy of translation initiation? The AUG codon of
uORF1 that was skipped by these mutations is in the good context
AAAAUG (the good context in yeast is AA[A/G]AUG [36]). How-
ever, the frequency of 40S IC skipping versus initiating at this
codon is only �10%, since the fully induced level of GCN4-lacZ
expression is 
500 to 1,000 units (the value from pM199 with
only an intact uORF1 preceding GCN4 ORF). In contrast, a near
elimination of the SUI3-2-induced His� phenotype by these mu-
tations (Fig. 3) suggests that the majority of the UUG codons are
skipped. Thus, we believe that the 25S rRNA mutations generally
increase the accuracy of initiation at the expense of missing some
initiation at strong start codons. Likewise, 18S rRNA mutations
A1193U, altering the P site, and G875A, altering a core of the eIF1-
and eIF2-binding platform, allowed the IC to similarly skip both
AUG and UUG codons (4). Thus, it could be proposed that the
general consequence of rRNA mutations is to increase the accu-
racy of initiation by destabilizing the closed state of the PIC stall-
ing on the start codon. (Theoretically, the effect of 18S rRNA
mutations depends on the balance between the effects on the open
versus the closed conformation. See reference 37 for an example of
18S rRNA mutations that appear to be selected [by Gcd� screen-
ing] for destabilizing the open PIC more strongly.)

Ribosome profiling of mouse embryonic stem cells showed
that translation of the 5= untranslated region (UTR) involving
non-AUG codons is upregulated in these cells and suppressed
when differentiation is induced (38). Thus, ribosomal mutations
are expected to suppress 5= UTR translation by increasing initia-
tion accuracy, leading to a trend in favor of cell differentiation.
Can this model explain the disease expression of “ribosomopa-
thies”?

Diamond-Blackfan anemia and 5q� syndrome, founding
members of ribosomopathies, arise by various large or small ribo-
somal protein (RP) mutations and display complex symptoms,
including macrocytic anemia and congenital disorders, while
other ribosomopathies with related symptoms arise due indirectly
to defective ribosome biogenesis (3). Ribosomopathies are also
associated with an increased risk of cancer (3), and in zebrafish,
various large and small RP genes were isolated as sites of inser-
tional mutations causing cancer (39). Similar to the case for yeast
rRNA mutations, the RP mutations lead to a decrease in the cor-
responding ribosomal subunits both in HeLa cells (40) and in
zebrafish (39). The loss of RP is expected to destabilize ribosome
conformations, thereby compromising its function at least par-
tially. Thus, the molecular basis for altered ribosome function
would be similar, although the effect of heterozygous disease-
causing mutations might be smaller than that of the ribosome
mutations characterized in haploid yeast.

Interestingly, the ribosomopathies are often associated with
the MDM2-regulated activation of the tumor suppressor p53,
causing cell cycle arrest and apoptosis and thereby leading to the
disease states (3). Furthermore, all the zebrafish tumors that arose
from RP insertions lost p53 protein without losing p53 mRNA

(41), indicating that the elimination of the antiproliferation effect
by p53 with translational control is required for tumor formation.
If the ribosomal defects increase the initiation accuracy and sup-
press 5= UTR translation that may be required for cell prolifera-
tion, this effect would enhance the antiproliferation effects caused
by p53 activation, in favor of disease development. In addition, the
p53 mRNA contains an 
200-base-long 5= UTR that binds Rpl26
for its translational activation in response to DNA damage (42,
43). Thus, it would be intriguing to learn whether the RP muta-
tions silence 5= UTR translation for p53 mRNA and thereby con-
tribute to translational control of p53, and if so, reveal the mech-
anism by which tumor-initiating stimuli inhibit this translational
activation.
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