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ABSTRACT

A dynamic structural rearrangement in the phylogenetically conserved helix 27 of Escherichia coli 16S rRNA has been
proposed to directly affect the accuracy of translational decoding by switching between “accurate” and “error-prone”
conformations. To examine the function of helix 27 in eukaryotes, random and site-specific mutations in helix 27 of
the yeast Saccharomyces cerevisiae 18S rRNA have been characterized. Mutations at positions of yeast 18S rRNA
corresponding to E. coli 886 (rdn8 ), 888 (rdn6 ), and 912 (rdn4 ) increased translational accuracy in vivo and in vitro,
and caused a reduction in tRNA binding to the A-site of mutant ribosomes. The double rdn4rdn6 mutation separated
the killing and stop-codon readthrough effects of the aminoglycoside antibiotic, paromomycin, implicating a direct
involvement of yeast helix 27 in accurate recognition of codons by tRNA or release factor eRF1. Although our data in
yeast does not support a conformational switch model analogous to that proposed for helix 27 of E. coli 16S rRNA,
it strongly suggests a functional conservation of this region in tRNA selection.
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INTRODUCTION

The accuracy of protein biosynthesis is determined by
the ability of the ribosome to discriminate between a
complementary (cognate) and mismatched (nearcog-
nate or noncognate) mRNA–tRNA codon–anticodon
complex+ Although the precise molecular mechanism
of the cognate tRNA selection within the aminoacyl–
tRNA site (A-site) of the ribosome is not known, a two-
step mechanism of tRNA selection has been proposed
(Hopfield, 1974)+ According to this mechanism, the ini-
tial tRNA selection is followed by a proofreading step
(Ruusala et al+, 1982; Thompson et al+, 1986)+ Recent
findings provide evidence for an induced-fit mecha-
nism of tRNA selection, suggesting a direct role for the
ribosome in the recognition of the codon–anticodon com-
plex during decoding (Pape et al+, 1999)+ Although the
molecular basis for this recognition remains unknown,
it has been proposed that interaction between rRNA

and the codon–anticodon complex is crucial for the
accuracy of tRNA selection (VanLoock et al+, 1999)+
Indeed, molecular contacts between universally con-
served adenines A1492 and A1493 in the decoding
region of Escherichia coli 16S rRNA and the backbone
of the mRNA codon in the cognate mRNA–tRNA helix
appears to be essential for A-site tRNA binding (Yoshi-
zawa et al+, 1999)+ The lack of contact between rRNA
and the near-cognate or noncognate codon–anticodon
imperfect helixes are proposed to increase the dissocia-
tion rate of incorrect tRNA, thus providing a mecha-
nism for the initial step of tRNAdiscrimination+ In contrast,
successful codon–anticodon interaction is predicted to
trigger conformational changes in the ribosome that lead
to rapid GTPase activation followed by the proofread-
ing step, thereby accomplishing accurate decoding+

A link between the accuracy of translational decoding
and a conformational rearrangement between two al-
ternative structures (“error-prone” and “accurate”) in
helix 27 of E. coli 16S rRNA has been suggested (Lod-
mell & Dahlberg, 1997)+ According to this model, a dy-
namic equilibrium between the error-prone and accurate
conformations is controlled by a molecular switch mech-
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anism+ A shift in the equilibrium between two rRNA
conformations caused by mutations in helix 27 was
proposed to stabilize one or the other conformational
state, thereby leading to an increase or decrease of
translational errors, respectively+ A three-dimensional
cryoelectron-micrographic comparison of the structure
of E. coli 70S ribosomes isolated from one error-prone
and one accurate helix 27 rRNA mutant revealed large-
scale structural differences that are predicted to reflect
functional changes caused by the shift to the error-
prone or accurate conformational state (Gabashvili et al+,
1999)+Recent X-ray analysis of the Thermus thermoph-
ilus 30S ribosomal subunit and 70S ribosome (Cate
et al+, 1999; Clemons et al+, 1999) revealed that he-
lix 27 makes extensive minor-groove contacts with
the penultimate stem, helix 44, near the decoding site
where the A-site tRNA binds to the ribosome+ This
suggests that helix 27 may influence translational ac-
curacy by affecting the conformation of the decoding
region+ In addition, nt 909 of helix 27 and nt 1413 and
1487 of helix 44 are protected from chemical attack by
antibiotics that increase the error frequency of transla-
tion (Moazed & Noller, 1987)+ The same nucleotides
are also protected by either tRNA or the 50S subunit
(Moazed & Noller, 1986; Merryman et al+, 1999), thus
implicating helix 27 together with helix 44 in tRNA bind-
ing, subunit association, and translational accuracy+
Helix 27 has been also implicated in translocation,
because mutations in this region in E. coli induce trans-
lational frameshifting and cause sensitivity to spec-
tinomycin, an inhibitor EF-G-dependent translocation
(Lodmell & Dahlberg, 1997)+

One successful genetic approach to study mecha-
nisms of translational decoding is to isolate suppressor
and antisuppressor mutations that increase or de-
crease translational misreading, respectively+Using this
approach, several ribosomal proteins and translational
factors have been implicated in the control of transla-
tional fidelity and/or termination in both prokaryotes
and eukaryotes (Vijgenboom et al+, 1985; Kawakami &
Nakamura, 1990; Hinnebusch & Liebman, 1991; Kraal
et al+, 1995; Liebman et al+, 1995;Mugnier & Tuite, 1999)+
Mutations in highly conserved domains of small and
large ribosomal RNAs have also been found to affect
translational accuracy, providing important clues for the
role rRNAplays in the decoding process (Chernoff et al+,
1994, 1996; Liu & Liebman, 1996;O’Connor et al+, 1997;
Pagel et al+, 1997; Arkov et al+, 1998)+

The majority of information connecting rRNA to
translational fidelity comes from prokaryotic systems+
To explore the functional role of eukaryotic rRNAs in
translational accuracy, we examined the effect of mu-
tations in helix 27 of yeast Saccharomyces cerevisiae
18S rRNA (Fig+ 1)+ A plasmid exchange system (Cher-
noff et al+, 1994) where wild-type rDNA is entirely re-
placed with the plasmid-borne mutant rDNA was
employed+

Here we show that as in E. coli, mutations in helix 27
of S. cerevisiae 18S rRNA affect translational fidelity+
However, the phenotypes of these mutations contradict
the expectations of the conformational switch model
suggested for E. coli 16S rRNA+ In addition, we de-
scribe a mutation in helix 27 that abolishes the ability of
paromomycin to promote the readthrough of stop co-
dons but that remains sensitive to the killing effect of
the drug+

RESULTS

The G886A change in the 18S rRNA gene
decreases readthrough at stop codons

A genetic screen for random antisuppressor mutations
in rRNAs was performed using strain L1524, which
contains a mutation in the SUP45 gene coding for trans-
lational termination factor 1, eRF1+ The sup45 mutation
results in translational readthrough (suppression) of pre-
mature stop codons in the ade1-14UGA and his7-1UAA

mRNAs, thereby allowing sup45-mutant cells to grow
on media lacking adenine or histidine (Fig+ 2A)+Accord-
ingly, the inhibition of sup45-mediated nonsense sup-
pression caused by antisuppressor mutations in the
rRNA genes can be monitored readily as a selective
growth inhibition on synthetic media lacking adenine or
histidine,without any growth inhibition on synthetic com-
plete media+

The rDNA plasmid (see Materials and methods;
Table 1) containing coding regions for all rRNAs as well
as the TRP1 LEU2d genes (pRDN-wt-TL) was muta-
genized with hydroxylamine in vitro, followed by trans-
formation into L1524, bearing a stable deletion of the
rDNA repeats on the chromosome and a wild-type
rDNA locus on a multicopy URA3-plasmid, pRDN-
wt-U+About 5,000 Trp1 transformants were patched on
2Leu medium to select for cells in which the mutagen-
ized pRDN-TL plasmid is amplified+ Following incuba-
tion on 2Leu medium, cells were transferred to 2Ade
2Leu and 2His2Leu media to score for the efficiency
of nonsense suppression+One mutant, rdn8, was found
to inhibit sup45-mediated readthrough of nonsense co-
dons+ The level of inhibition of the ade1-14UGA read-
through in the rdn8 mutant was also seen as a color
difference on YPD medium: the darker the color, the
stronger the inhibition of sup45-mediated readthrough
(data not shown)+ The same phenotype was observed
in this mutant after complete loss of host pRDN-wt-U
plasmid on medium containing 5-fluoroorotic acid (5-
FOA; see Materials and methods)+ Plasmid isolated
from the rdn8 mutant cells was reintroduced into L1524,
and resultant transformants were found to inhibit sup45-
mediated nonsense suppression, thereby confirming
plasmid-associated antisuppression+

Using a DNA fragment exchange technique, the rdn8
mutation was mapped to helix 27 of the 18S rRNA
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gene (Mueller & Brimacombe, 1997)+ DNA sequence
analysis of the SacI-SacII DNA fragment revealed a
unique G r A change at position 886 of the highly
conserved helix 27 of the small ribosomal RNA (Fig+ 1)+

Mutations that stabilize or destabilize the
base-pairing potential of positions 912 and
888 decrease readthrough of stop codons

The conformational switch model predicts that the rdn8
alteration should decrease translational fidelity, be-
cause the G886A change strengthens the 886–911 base
pair of the 912–910/885–887 error-prone structure in
helix 27 (Lodmell & Dahlberg, 1997; Fig+ 1B)+Unexpect-

edly, we found that rdn8 decreases translational read-
through of stop codons+ To examine whether changes
in the stability of the alternative 912–910/888–890 ac-
curate helix would affect translational fidelity as pre-
dicted by the model, mutations that either stabilize or
destabilize 912–888 base pairing were introduced into
helix 27 by site-directed mutagenesis+ The effect of
these changes on translational accuracy was charac-
terized both in vivo and in vitro+

We introduced G888A (rdn6) that replaces a wobble
U912-G888 pair with the canonical U912-A888 pair into
pRDN-TL plasmid, creating pRDN-rdn6-TL+ Following
transformation of pRDN-rdn6-TL into L1524, cells that
lost pRDN-wt-U host plasmid and kept pRDN-rdn6-TL

FIGURE 1. Yeast helix 27 mutations tested in the E. coli conformational switch model+ A: The secondary structure of
Saccharomyces cerevisiae 18S rRNA using position numbers corresponding to E. coli 16S rRNA+ The secondary structure
of helix 27 is shown as predicted by comparative rRNA analysis (Gutell et al+, 1994;R+Gutell, http://www+rna+icmb+utexas+edu/)+
Phylogenetically conserved nucleotides (.95% conservation among three phylogenetic domains including chloroplasts and
mitochondria) are circled+ The positions of mutations are indicated by arrows+ B: Mutations in helix 27 of yeast 18S rRNA
that are predicted to alter the equilibrium between two alternative structures, 912–910/885–887 and 912–910/888–890+ The
proposed stabilization of one structure was predicted in the rdn mutants relative to the wild-type using the mfold 3.0 program
(Zuker & Jacobson, 1998; Mathews et al+, 1999) and is indicated by the longer arrow+ Mutations are shown in circles+
According to the conformational switch model (Lodmell & Dahlberg, 1997), stabilization of the 912–910/885–887 structure
is predicted to result in an increased level of translational errors (error-prone)+ Stabilization of the alternative 912–910/
888–890 structure is proposed to decrease the level of translational misreading (accurate)+ The translational accuracy
phenotypes predicted by this model and those observed for the different yeast rdn mutants are listed+
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were selected+ As shown in Figure 2A, the G888A
change results in inhibition of sup45-induced non-
sense suppression, monitored as reduced growth on
2Ade medium compared to the L1524 strain carrying
wild-type rDNA+ The rdn6-mediated antisuppression ef-
fect is much weaker than that previously described for
the rdn4 (U912C) mutation (Chernoff et al+, 1994),which
stabilized the 912–888 base pair to a higher degree
(Fig+ 2A)+ The “accuracy” phenotypes of these two mu-
tants, rdn4 and rdn6, are consistent with the prediction
of the switch model+

Next we asked if a combination of the rdn4 and rdn6
mutations would reverse the accuracy phenotypes of
the single mutants, as predicted by the model+ The
rdn4rdn6 double mutant is predicted to have the re-
verse phenotype from the single mutants (Fig+ 1B) be-
cause in the double mutant the 912–888 base pair is
destabilized (C912*A888 mismatch in the rdn4rdn6 ver-
sus wobble U912•G888 base pair in wild-type rRNA),

whereas the 912–885 base pair is enhanced (canoni-
cal C912–G885 base pair in the rdn4rdn6 versus wob-
ble U912•G888 base pair in wild-type rRNA)+ Contrary
to the prediction, when the rDNA of wild-type for SUP45
strain L1521 was replaced with rDNA encoding the
rdn4rdn6 double mutation, the strain failed to grow on
2Ade and 2His media, showing no increase in trans-
lational readthrough of the ade1-14UGA and his7-1UAA

nonsense codons (data not shown)+ Rather, the
rdn4rdn6-mutant cells exhibited an inhibition of sup45-
mediated nonsense suppression that is stronger than
exhibited by either of the single mutants (Fig+ 2A)+

Mutations in helix 27 of yeast 18S rRNA
inhibit nonsense suppression caused
by paromomycin

In previous sections we described the isolation of rRNA
mutations that inhibit readthrough of stop codons caused
by a mutation in release factor 1, sup45+ Here we ask
whether the isolated rRNA mutations would inhibit stop-
codon readthrough induced by paromomycin+ Paromo-
mycin is an aminoglycoside antibiotic known to directly
bind to the A-site of E. coli 16S rRNA and interfere with
translational decoding, inducing misreading (Fourmy
et al+, 1998; Puglisi et al+, 2000)+ The drug also causes
translational misreading in yeast (Palmer et al+, 1979)+

A SUP45 wild-type rDNA deletion strain, carrying
either wild-type (pRDN-wt-TL) or rdn-mutant (pRDN-

FIGURE 2. Mutations in helix 27 of the 18S
rRNA increase translational accuracy during stop-
codon decoding+ The rDNA mutations inhibit
readthrough of the ade1-14UGA nonsense co-
don, mediated by (A) sup45 mutation in L1524
(sup45 rdn wt ) or by (B) paromomycin (0+2
mg/mL in synthetic media or 1+5 mg/mL in YPD)
in L1521 (rdn wt )+ Wild-type, pRDN-wt-TL, and
mutant pRDN-rdn4-TL, pRDN-rdn6-TL, pRDN-
rdn4rdn6-TL, and pRDN-rdn8-TL plasmids were
introduced into L1524(pRDN-wt-U) and
L1521(pRDN-wt-U) strains, followed by loss of
the host pRDN-wt-U plasmid on 1FOA medium+
The level of cell growth on Sc-Ade and
2Ade10+2 Par media is indicative of the stop-
codon readthrough efficiency, mediated by the
sup45 mutation and paromomycin, respectively+
The level of inhibition of the ade1-14UGA read-
through induced by paromomycin is seen as a
shading difference on YPD1Par (1+5 mg/mL):
the darker the shading, the stronger the inhibi-
tion of paromomycin-mediated readthrough+
Translational accuracy during stop-codon decod-
ing was tested by comparing the growth of 10-
fold serial dilutions of yeast strains carrying either
the wild-type or mutant 18S rRNA gene spotted
on the indicated media and incubated at 30 8C
for 5 days+

TABLE 1 + pRDN plasmids+

Name rRNA Plasmid markers

pRDN-wt-TL wild-type TRP1 LEU2-d
pRDN-rdn4-TL U912C TRP1 LEU2-d
pRDN-rdn6-TL G888A TRP1 LEU2-d
pRDN-rdn4rdn6-TL U912C G888A TRP1 LEU2-d
pRDN-rdn8-TL G886A TRP1 LEU2-d
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rdn4-TL, pRDN-rdn6-TL, pRDN-rdn4rdn6-TL, pRDN-
rdn8-TL) plasmids was tested for the ability to grow on
2Ade medium in the presence of low levels of paro-
momycin (0+2 mg/mL)+ As shown in Figure 2B, a strain
bearing wild-type rDNA grows on medium lacking
adenine in the presence of paromomycin and is white
on YPD/paromomycin medium, indicative of efficient
paromomycin-induced readthrough of the ade1-14UGA

nonsense allele+ No growth on 2Ade medium was
observed in the absence of paromomycin (data not
shown)+ In contrast, single rdn4, rdn8, and double
rdn4rdn6 mutants inhibit paromomycin-mediated stop-
codon readthrough+ The antisuppression effect of the
rdn6 toward paromomycin, however, is much weaker,
which is consistent with a mild inhibition of the sup45-
mediated suppression caused by rdn6 mutation
(Fig+ 2A)+ The rdn4rdn6 double mutant exhibits the stron-
gest antisuppression toward paromomycin indicated by
intense red color on YPD medium in the presence of
1+5 mg/mL paromomycin+ The rdn4rdn6-mediated an-
tisuppression cannot be explained by the inability of
paromomycin to bind to the mutant ribosomes, be-
cause the rdn4rdn6 double mutant is at least 10-fold
more sensitive to the killing effect of 1+5 mg/mL paro-
momycin than the single rdn4 mutant, in which some
paromomycin-mediated stop-codon readthrough is still
observed (Fig+ 2B, see shading differences)+

Effect of rdn mutations on
translational accuracy in vitro

To examine whether the mutations in helix 27 specifi-
cally affect readthrough at stop codons or increase the
accuracy of decoding at sense codons as well,we mea-
sured the misincorporation of the near-cognate amino
acid leucine relative to the cognate amino acid phenyl-
alanine using a poly(U)-dependent cell-free transla-
tional system+ As shown in Table 2, the presence of
each of the rdn mutations caused a decrease of the
translational error frequency, showing that, as pre-
dicted by the in vivo results, all the rRNA mutations
under study increase the accuracy of decoding+ The
strongest effect was exhibited by the double rdn4rdn6

mutation, which decreased translational errors almost
threefold+ Importantly, the accuracy phenotype of the
double rdn4rdn6 mutant tested in vitro was additive,
which is in good agreement with the accuracy pheno-
type found in vivo+

The effect of the rRNA mutations on accuracy corre-
lated with the reduced affinity of tRNA for the A-sites of
mutant ribosomes (Fig+ 3) exhibiting the most impaired
binding for the rdn4rdn6-mutant ribosomes+ In addition,
the double rdn4rdn6 mutant shows decreased binding
of tRNA to the ribosomal P-site, which can explain the
observed decrease in the activity of polyphenylalanine
synthesis measured in vitro (Table 2)+

Chemical probing of ribosomal RNA structure

Kethoxal, which specifically modifies guanines not in-
volved in a Watson–Crick base pair, was used to test
whether the rRNA mutations affect the conformation of
helix 27+ The relative efficiency of modifying guanines
at positions 885, 886, 887, and 890 was compared
between wild-type, rdn4, rdn6, rdn4rdn6, and rdn8 ri-
bosomes using the primer extension method (Stern
et al+, 1986), but no notable differences in the reactivity
of helix 27 nucleotides were found (Fig+ 4), suggesting
that neither stabilization nor destabilization of the 912–
888 base pair influenced the overall structure of this
helix+

TABLE 2 + Efficiency of polyphenylalanine synthesis and translational
error frequencies measured in cell-free system+

Ribosome
typea

PolyPhe activity
(pmol Phe/pmol Rib)

Error
frequency 6 S+D+

rdn wt 14 0+0166 6 0+0023
rdn4 14 0+0098 6 0+0010
rdn6 14 0+0121 6 0+0014
rdn4rdn6 9 0+0057 6 0+0009
rdn8 14 0+0118 6 0+0019

aRibosomes were isolated from isogenic derivatives of sup45-
mutant strain L1524+

FIGURE 3. Efficiency of tRNA binding to the P- and A-site of the
ribosome+ The P- and A-site binding capacities of the mutant ribo-
somes are expressed as percent of the P- and A-site binding capac-
ities of the wild-type ribosomes+ The P-site binding was measured as
the amount of {N-Ac-[3H]Phe-tRNAPhe•80S•poly(U)} complex immo-
bilized on cellulose nitrate filters under conditions described in Ma-
terials and methods+ The A-site binding was measured as the amount
of [3H]Phe-tRNAPhe•80S•poly(U) complex immobilized on cellulose
nitrate filters after the P-site was completely filled with an excess of
tRNAPhe+
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The double rdn4rdn6 mutation inhibits
cell growth and causes an imbalance
in ribosomal subunits

Neither rdn4 nor rdn6 single mutations affected the
growth of yeast cells bearing a sup45 mutation at either
20 8C or 30 8C (Fig+ 5)+ In contrast, the rdn4rdn6 double
inhibits growth of sup45 mutant cells but not of wild-
type SUP45 cells+ The deleterious effect of the double
rdn4rdn6 mutation was more apparent at 20 8C than at
30 8C+

To gain insight into the effect of the rdn4rdn6 double
mutation on the cell growth, polysome profiles of mu-
tant and wild-type strains were compared (Fig+ 6)+ The
polysome profile of a strain carrying a sup45 mutation
and wild-type for rRNA is similar to that of the isogenic
SUP45 wild-type strain+ Interestingly, although poly-
some profiles of sup45/rdn4 and sup45/rdn6 single rRNA
mutant strains are similar to the polysome contour of
the isogenic rRNA wild-type strain, a dramatic increase
in the 60S/40S subunit ratio was observed in the sup45/
rdn4rdn6 double rRNA mutant+ In contrast, only a minor
deficit in the 40S subunit is detected in an rdn4rdn6

strain that is wild-type for SUP45+ Thus, the polysome
profile data suggests that the small ribosomal subunit
assembly or stability is compromised by the rdn4rdn6
double mutation in sup45-mutant but not in SUP45
wild-type cells+The polysome profile from the sup45rdn8
strain also shows subunit imbalance, but to a much
lesser extent+

DISCUSSION

As established in prokaryotic systems, here we dem-
onstrate that mutations in the homologous helix 27 of
yeast S. cerevisiae 18S rRNA alter the accuracy of
translational decoding+ Based on genetic data obtained
in E. coli, helix 27 was proposed to modulate the ac-
curacy of decoding through a conformational switch
between two alternative structures, formed by either
912–910/885–887 or 912–910/888–890 base pairing,
that affect accuracy in opposite ways by either increas-
ing or reducing the level of translational errors, respec-
tively (Lodmell & Dahlberg, 1997; Fig+ 1B)+ Our finding
that the G886A change caused a strong increase in
translational accuracy while stabilizing the predicted
912–910/885–887 error-prone structure, seemingly con-
tradicted the conformational switch model (Table 2,
Fig+ 1B)+We therefore asked if mutations that enhance
or destabilize the proposed 912–910/888–890 struc-
ture would exert opposite effects on translational ac-
curacy as expected from the model+We found, however,
that mutations that stabilize or destabilize the 912–888
base pair all cause an increase in accuracy+ According
to the switch model, the individual U912C and G888A

FIGURE 4. Chemical probing of helix 27 of 18S rRNA using keth-
oxal (K)+ Ribosomal particles isolated from sup45 cells containing
ether wild-type or mutant (rdn4, rdn6, rdn4rdn6, rdn8) 18S rRNA
were probed with kethoxal (1)+ Unmodified ribosomes (2) were used
as a control+ Following rRNA extraction, modified bases were mon-
itored by primer extension+ Positions of nucleotides whose relative
accessibility to kethoxal was compared are shown by arrows+ The
G926 arrowhead points to the nucleotide known to be protected from
modification by tRNA bound to the P-site of the E. coli ribosome+
Nucleotide positions correspond to E. coli 16S rRNA numbering+
Lane G is the product of dideoxy sequencing of the 18S rRNA+

FIGURE 5. Double rdn4rdn6 mutation causes cold sensitivity in sup45
mutant cells+ Cold sensitivity was scored by spotting 10-fold serial
dilutions of sup45 mutant or SUP45 wild-type yeast cells bearing
either wild-type or rdn4, rdn6, rdn4rdn6, rdn8 mutant RDN on YPD
medium followed by incubation at 20 8C or 30 8C+
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mutations should make the ribosomes more accurate,
whereas their combination should make the ribosome
less accurate+ In fact we found that either the individual
or double mutants make the ribosome more accurate
(Table 2; Fig+ 1B)+ Thus in general, the genetic data
reported here in yeast do not support the conforma-
tional switch model in the control of translational
accuracy+

It is worth noting that the conformational switch in
helix 27 of E. coli ribosome can be modulated by ribo-
somal proteins S5 and S12, which are shown to protect
bases of helix 27 during ribosome assembly (Stern
et al+, 1989)+ The observation that mutations in S5 and
S12 affect translational fidelity supports this notion+Thus,
a failure of yeast helix 27 mutations to follow predic-
tions of the E. coli switch model could reflect structural
and functional differences in the decoding center of the
eukaryotic ribosome+ Indeed, although mutations in
yeast homologs to E. coli S12, S4, and S5 ribosomal
proteins have been shown to affect the efficiency of
nonsense suppression as in E. coli, significant differ-
ences do exist between the primary structures of the
prokaryotic and eukaryotic proteins+ In addition, iden-
tical changes in prokaryotic and eukaryotic rRNA can
exhibit opposite effects on translational accuracy
(O’Connor et al+, 1992), suggesting that direct extrap-
olations from prokaryotes to eukaryotes are difficult+
Finally, recent evidence suggests that the structures of
bacterial and eukaryotic release factors are signifi-
cantly different (Song et al+, 2000)+

Although the requirement for the 912–910/885–887
pairing was demonstrated by compensatory mutations
as well as by comparative and structural analysis (Lod-
mell et al+, 1995; Cate et al+, 1999), no such analysis

suggests that the 912–910/888–890 structure is con-
served and essential for viability+Our finding that U912C
and G886A mutations increase translational accuracy
provides a correlation between the stabilization of the
912–910/885–887 structure and an increase in trans-
lational fidelity+ The exclusive formation of the 912–910/
885–887 structure is consistent with our failure to identify
any conformational differences in rRNA structure of the
888–890 region of helix 27 between wild-type and
rRNA-mutants+

However, the growth rate and paromomycin-induced
readthrough phenotypes we find are consistent with
the hypothesis that the U912C and G888A mutations
do interact (see below)+ Likewise, mutations at the 912
and 888 positions of E. coli 16S rRNA result in syn-
thetic cell lethality, suggesting an interaction between
bases at these positions (Lodmell & Dahlberg, 1997)+
Our finding that the U912C G888A double mutation
causes a deleterious effect on cell growth and a 60S/
40S subunit imbalance in the presence of a mutation in
termination factor eRF1 (sup45 ), but not in the iso-
genic strain carrying a wild-type termination factor
(Figs+ 5 and 6), suggests an interaction between eRF1
and helix 27 of the 18S rRNA+ One possible explana-
tion is that eRF1 may be directly involved in rRNA mat-
uration, and the ability of eRF1 to associate with rRNA
may be an essential prerequisite for efficient ribosome
biogenesis+Alternatively, severely impaired stop-codon
recognition caused by both altered eRF1 and the U912C
G888A antisuppressor mutations may cause a deficit
of a protein that is essential for ribosome biogenesis+

The double U912C G888A rRNA mutation abrogates
the ability of paromomycin to induce stop-codon read-
through+ Because the U912C G888A double mutant

FIGURE 6. A combination of the rdn4rdn6
and sup45 mutations results in 60S/40S
ribosomal subunit imbalance+ Polysomes
were extracted from isogenic SUP45 wild-
type or sup45-mutant strains (L1521 and
L1524, respectively) bearing either wild-
type (pRDN-wt-TL) or rdn-mutant (pRDN-
rdn4-TL, pRDN-rdn6-TL, pRDN-rdn4rdn6-
TL, or pRDN-rdn8-TL) plasmids+Polysome-
containing lysates were prepared from cell
cultures grown at 30 8C and were applied
to a 10–50% (w/v) sucrose density gradi-
ent+ Peaks representing free 40S, 60S ri-
bosomal subunits, and 80S monoribosomal
and polysomal fractions are labeled+
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shows a stronger antisuppression effect toward paro-
momycin than the single U912C mutant, it was un-
expected to find that the U912C G888A double mutant
was more sensitive to the drug than the U912C mutant
(Fig+ 2B)+ This finding suggests that the U912C G888A
double mutation separates the killing and stop-codon
readthrough effects of paromomycin+ In contrast, al-
though growth of the single U912C mutant is not inhib-
ited by a high concentration of paromomycin, the drug
is still able to cause readthrough as indicated by the
appearance of a light pink color on complete medium+
Because paromomycin is predicted to interfere directly
with translational decoding by binding to helix 44 of the
small rRNA, near the decoding site (Puglisi et al+, 2000),
we propose that ribosomes bearing the U912C G888A
double mutation are deficient in codon–anticodon rec-
ognition+ Consistent with this prediction, the U912C
G888A mutant ribosomes display a strong decrease in
tRNA binding to the A-site of the ribosome (Fig+ 3)+

Another mechanism by which stop-codon readthrough
can be enhanced is to directly increase efficiency of the
release factors in termination+ Mutations in rRNA that
directly enhance the efficiency of termination would be
expected to “antisuppress” tRNA suppressor mutations
with anticodons complementary to stop codons+ How-
ever, although the U912C G888A and other helix 27
mutations inhibit stop-codon readthrough caused by
mutant eRF1, they failed to enhance termination effi-
ciency of wild-type eRF1 in the presence of stop-codon-
specific tRNA (data not shown)+ This observation,
together with the finding that helix 27 mutant ribo-
somes inhibit misreading of poly-U message in vitro
(Table 2; Fig+ 3),makes us favor the hypothesis that the
rRNA mutations are deficient in codon–anticodon rec-
ognition over the possibility of a direct effect of helix 27
mutations on termination+

Alternatively, the involvement of the helix 27 in trans-
location, rather than in the decoding could explain the
inability of paromomycin to cause readthrough in the
double mutant+ Possibly, in translocation defective ri-
bosomes, the ability of paromomycin to promote tRNA
misincorporation is masked by a delay in the ribosome’s
return to the pretranslocation (paromomycin-competent)
state after translocation+ Indeed, an rRNA-based mech-
anism of translocation where a three-base conforma-
tional switch in helix 27 defines different tRNA binding
states during translocation has been proposed (Wilson
& Noller, 1998)+

The mechanism of how aminoglycoside antibiotics
kill cells remains obscure+ Certainly, a general de-
crease in translational accuracy mediated by amino-
glycosides may affect the overall fitness of an organism,
as demonstrated for mutants with decreased transla-
tional fidelity (Kurland, 1992)+ On the other hand, it is
unclear whether aminoglycosides affect cell viability by
interfering with other steps of protein biosynthesis+ Our
finding that the U912C G888A mutation abolishes the

ability of paromomycin to induce readthrough while re-
taining the ability to cause killing provides an essential
genetic tool to explore the exact molecular mechanism
of the lethal effect of this clinically important drug+

MATERIALS AND METHODS

Plasmids

The 2-mm high-copy pRDN plasmids used in this study
(Table 1) carry the entire 9-kb (wild-type or mutant) rDNA
repeat, containing coding regions for both 18S, 25S, 5+8S,
and 5S rRNAs under the control of PolI and PolIII promoters,
respectively+ The LEU2-d, promoter-deficient version of the
LEU2 gene is used to select on 2Leu medium for yeast cells
with high plasmid copy number (Parent et al+, 1985)+ The
pRDN-rdn4-TL and pRDN-rdn6-TL plasmids contain U912C
and G888A mutations in the 18S rRNA gene, respectively
(Chernoff et al+, 1994; Liebman et al+, 1995)+

pRDN-rdn4rdn6-TL bears the double U912C G888A mu-
tation in the 18S rRNA gene, introduced by side-directed
mutagenesis using a modification of the overlap extension
PCR (Ito et al+, 1991)+ Primer pairs 153/155 (59-AGCGGA
TAACAATTTCACACAGGA-39 and 59-CCTGCCGGTCGAC
TCTAGCGCGCAA-39, respectively) and 154/rdn4rdn6(59-
CGCCAGGGTTTTCCCAGTCACGAC-39 and 59-TTTGAGT
TTCAGCCTTGCGACCATACTTCCCC-39, respectively) were
designed to introduce the rdn4rdn6 double mutation (bold
underlined nucleotides) into the gene coding for 18S rRNA+
In the second PCR step, overlapping DNA fragments ob-
tained in the first PCR reaction were combined and extended
in the presence of primers 153 and 154 to yield a mixture of
the mutant rdn4rdn6 and wild-type rRDN sequences with and
without the Pst I site (bold italic nucleotides), respectively+
The use of the Pst I site for subsequent cloning eliminates
wild-type rDNA sequence from the final construct+ Following
PCR, the rDNA product was digested with Pst I/EcoRI and
cloned in the corresponding unique sites in pUC19+ The SacI/
SacII fragment containing the rdn4rdn6 double mutation was
isolated from the recombinant plasmid and cloned into pRDN-
wt-TL, producing pRDN-rdn4rdn6-TL+ The sequence of the
SacI/SacII DNA fragment of the pRDN-rdn4rdn6-TL was ver-
ified by DNA sequence analysis+

pRDN-rdn8-TL carries the rdn8 mutation in the 18S rRNA,
which was isolated in a genetic screen as a mutation that
inhibits sup45-mediated suppression of ade1-14UGA and his7-
1UAA nonsense alleles+ Hydroxylamine mutagenesis of the
pRDN-wt-TL plasmid was carried out as described (Rose,
1990)+

Strains and cultivation conditions

Yeast strains used in this study are isogenic to strain L1521
(MATa {psi2} ade1-14UGA his7-1UAA lys2-L864UAG trp1D
ura3-52 leu2-3,112 rdnD,[pRDN-wt-U])+ L1521 bears a stable
deletion of all chromosomal rDNA repeats and a resident
high-copy wild-type rDNA-URA3 plasmid, pRDN-wt-U, that
supports cell viability+ Strain L1524 carries an additional mu-
tation in release factor (eRF1), sup45, that results in efficient
suppression of ade1-14UGA and his7-1UAA (Chernoff et al+,
1996)+
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Initially, either wild-type (pRDN-wt-TL) or mutant (pRDN-
rdn4-TL, pRDN-rdn6-TL, pRDN-rdn4rdn6-TL, and pRDN-
rdn8-TL) plasmids were introduced into L1521 or L1524 yeast
strains, and transformants were obtained on 2Trp medium,
followed by transfer to 2Leu medium to select for cells with
amplified pRDN-TL plasmid+ Following incubation on 2Leu,
transformants were replica plated on medium containing FOA
(1FOA), selective for Ura2 cells that lost the resident pRDN-
wt-U plasmid (plasmid exchange)+ The resulting colonies are
dependent upon the TRP1 LEU2d, pRDN-TL plasmid for
viability+

RT-PCR products synthesized from ribosomal RNA iso-
lated from wild-type L1521(SUP45 ) or mutant L1524(sup45 )
cells bearing either wild-type (pRDN-wt-TL) or mutant (pRDN-
rdn4-TL, pRDN-rdn6-TL, pRDN-rdn4rdn6-TL, pRDN-rdn8-
TL) plasmids were sequenced to verify the presence of the
mutations in the rRNA (data not shown)+

Standard yeast (Rose, 1990) and bacterial (Sambrook et al+,
1989) media as well as cultivation procedures were used+
Yeast transformation was accomplished using the lithium–
acetate method (Ito et al+, 1983)+ Synthetic complete (Sc)
medium lacking nutrient(s) (e+g+, 2Trp, 2Leu, 2Ade, 2His)
was used to select for transformants or to score for nonsense
suppression+ Incubation on 1FOA medium containing
1 mg/mL 5-FOA and 12 mg/mL of uracil was used to select
for Ura2 colonies (Boeke et al+, 1984)+ Organic complete
medium (YPD) was used to grow yeast cells at different tem-
peratures+ Paromomycin, unless specifically mentioned, was
added to YPD medium+

Ribosome isolation and
chemical probing

Yeast ribosomes were prepared as described (Grant et al+,
1974) with some modifications+ Cell cultures were grown at
30 8C to early log phase+ Sodium azide (1 mM NaN3) was
added to the culture 15 min before the harvest+ Cell pellets
were washed with water and resuspended in 1 mL of buffer A
(10 mM MgCl2, 100 mM KCl, 50 mM Tris/HCl, pH 7+5, 0+4 mM
PMSF) at 4 8C+ An equal volume of glass beads (400 mm in
diameter; Sigma Chemical Co+) was added and cells were
broken by 10–15 pulses of vortexing (15 s each), punctuated
with cooling on ice+ Cell debris was precipitated at 27,000 3
g for 15 min (4 8C) and lysate was clarified by centrifugation
at 30,000 3 g for 20 min (4 8C)+ The ribosomes were pelleted
from the supernatant at 160,000 3 g in a Beckman SW41
rotor for 90 min, resuspended in buffer B (2 mM magnesium
acetate, 100 mM potassium acetate, 20 mM HEPES, pH 7+4,
0+1 mM PMSF, 1 mM dithiothreitol (DTT), 20% glycerol) and
frozen at 270 8C+

For chemical probing, ribosomes (10 pmol) were preincu-
bated for 5 min at 42 8C in 500 mL of reaction buffer (80 mM
potassium cacodylate, pH 7+2, 20 mM MgCl2, 100 mM NH4Cl)+
Kethoxal (20 mL, 1:10 (v/v) dilution in ethanol) was added
and incubation was continued for 10 min at 37 8C+ The reac-
tion was stopped by the addition of 55 mL stop buffer (3 M
sodium acetate, 750 mM potassium borate, pH 6+5) followed
by the addition of 1 mL cold ethanol+ Ribosomes were pre-
cipitated; ribosomal RNA was extracted and analyzed by
primer extension with the primer s965+rev: 59-GGTGAGT
TTCCCCGTGTTGAG-39 as described (Stern et al+, 1986)+

Polyribosome preparation and analysis

Cultures were grown to OD600 5 0+5 in 100 mL of YPD me-
dium at 30 8C+ Cycloheximide was added to a final concen-
tration of 100 mg/mL just before harvesting+Cells were washed
with ice-cold buffer A (100 mM KCl, 20 mM HEPES, pH 7+4,
2 mM magnesium acetate, 50 mg/mL cycloheximide) and
resuspended in 500 mL of the same buffer+ An equal volume
of acid-washed cold glass beads (400 mm in diameter; Sigma
Chemical Co+) was added, and the suspension was vortexed
eight times for 30 s punctuated with 1 min of cooling on ice+
Cell extracts were clarified by centrifugation, and 10 A260

units of cell lysate was loaded onto 10-mL linear 10–50%
sucrose gradient in buffer (70 mM NH4Cl, 10 mM Tris, pH 7+4,
4 mM magnesium acetate) and centrifuged at 40,000 rpm in
a Beckman SW41 rotor for 2+5 h+ Sucrose gradients were
analyzed by continuous monitoring at A254 with a UV detector
(ISCO UA-6)+

Preparation of a yeast cell-free
system for translation in vitro

Cells from wild-type or mutant strains of S. cerevisiae were
grown to OD600 5 0+9 in YPD+ S30 extracts were prepared as
described (Hussain & Leibowitz, 1986; Synetos & Coutsogeor-
gopoulos, 1987; Leibowitz et al+, 1991) with some modifica-
tions+ These include the exposure of the S30 extracts to
0+1 mM of the antibiotic puromycin in the presence of 0+1 mM
GTP at 30 8C for 20 min to release the nascent polypeptide
chains+ The puromycin-treated crude S30 extract was then
applied to a Sephadex G-10 column+ Excluded fractions with
the highest A260 were pooled and processed+ They contained
about 50 A260 ribosomes/mL and 6–10 mg protein/mL+

To obtain ribosomes and soluble protein factors, the S30
extract was centrifuged for 3 h at 125,000 3 g+ The ribo-
some pellet was resuspended in buffer (30 mM HEPES-
KOH, pH 7+4, 100 mM potassium acetate, 2 mM magnesium
acetate, 2 mM DTT) and clarified by centrifugation at 10,000 3
g for 10 min to remove any insoluble material+ Soluble protein
factors were obtained by 0–70% ammonium sulphate pre-
cipitation of the S125 supernatant followed by dialysis in the
same buffer+

Translation of poly(U) templates in vitro

Translation of poly(U) templates was carried out as de-
scribed recently (Synetos et al+, 1996) using, per 0+1 mL,
25 mg deacylated yeast tRNA, 0+3 nmol [3H]-phenylalanine,
and 0+23 nmol L-leucine (for the incorporation of phenylala-
nine experiments), or 0+3 nmol [3H]-leucine and 0+22 nmol
L-phenylalanine (for the misincorporation of leucine experi-
ments)+ Translation mixtures also contained 1+5 A260 units of
ribosomes, 25 mg poly(U) and 100 mg of soluble protein fac-
tors+ The accuracy of translation is expressed as the error
frequency, that is, the ratio of the incorporated [3H]-leucine
to the combined incorporation of [3H]-leucine plus [3H]-
phenylalanine+ It represents the number of errors per trans-
lated codon+

For time course measurements of polyphenylalanine
synthesis, [3H]-Phe-tRNA was prepared by aminoacylation of
a mixture of yeast tRNAs with 10 pmol [3H]Phe (250,000
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cpm/A260 unit), essentially as described previously for the
preparation of [3H]Phe-tRNA from E. coli (Synetos & Coutso-
georgopoulos, 1987)+ Reaction mixtures were incubated at
30 8C for the appropriate time intervals and the reaction was
stopped by adding an equal volume of 1 N KOH+

Binding of tRNA to the P- and A-sites
of the ribosome

The P-site binding was carried out in 0+1 mL of a binding
buffer (80 mM Tris-HCl, pH 7+4, 160 mM NH4Cl, 11 mM
Mg(CH3COO)2, 6 mM b-mercaptoethanol, 0+4 mM GTP, 2 mM
spermidine) containing 2+5 A260 units of ribosomes, 40 mg
poly(U), and 1+3 A260 units of yeast Ac-[3H]Phe-tRNAPhe+ Re-
action mixtures were incubated at 30 8C for 16 min and re-
action was stopped by dilution with cold binding buffer+ The
formed {N-Ac-[3H]Phe-tRNAPhe•80S•poly(U)} complex was
immobilized on cellulose nitrate filters and washed three times
with the same buffer+ The amount of radioactivity retained on
the filter was determined by scintillation counting+

Binding of tRNA to the A-site of the ribosome was mea-
sured as previously described (Lill et al+, 1984)+ Briefly, the
P-site was occupied first with an excess of yeast total tRNA,
containing tRNAPhe at a molar ratio of 4:1 over the ribosome
concentration+ In these conditions, the P-sites of the wild-type
and rdn-mutant ribosomes were completely filled with tRNAPhe,
scored as inability of Ac-Phe-tRNAPhe to bind to the P-site of
the ribosome and form Ac-Phe-puromycin product in a titra-
tion assay (data not shown)+ Thus, the occupation of the
P-sites with tRNAPhe was performed in 0+1 mL of binding
buffer containing 15 mM Mg(CH3COO)2 by adding 40 mg
poly(U), 2+5 A260 units of ribosomes, 0+1 mg of soluble protein
factors, and tRNAPhe at a molar ratio of 4:1 to ribosomes+ The
reaction mixtures were incubated at 30 8C for 30 min to fill all
P-sites, after which 1+3 A260 units of yeast [3H]Phe-tRNAPhe

were added+ Following reincubation at 30 8C for 10 min to
form [3H]Phe-tRNAPhe•80S•poly(U) complex, the reaction was
stopped by dilution with cold binding buffer and the complex
was immobilized to cellulose nitrate filter disks+ The radio-
activity measured represents Phe-tRNAPhe binding to the A-site
of the ribosome+

Ac-[3H]Phe-tRNAPhe was prepared from a mixture of yeast
tRNAs according to a method described previously (Synetos
& Coutsogeorgopoulos, 1987)+ By using this method, Ac-
[3H]Phe- tRNAPhe was charged with 14+9 pmol of [3H]Phe
(170,000 cpm total)/A260 unit+ The puromycin reaction in so-
lution was carried out essentially as described previously for
E. coli ribosomes (Coutsogeorgopoulos et al+, 1975)+
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