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The suppression of stop codons (termed translational readthrough) can be
caused by a decreased accuracy of translation elongation or a reduced
efficiency of translation termination. In previous studies, the inability to
determine the extent to which each of these distinct processes contributes
to a readthrough phenotype has limited our ability to evaluate how defects
in the translational machinery influence the overall termination process.
Here, we describe the combined use of misincorporation and readthrough
reporter systems to determine which of these mechanisms contributes to
translational readthrough in Saccharomyces cerevisiae. The misincorporation
reporter system was generated by introducing a series of near-cognate
mutations into functionally important residues in the firefly luciferase
gene. These constructs allowed us to monitor the incidence of elongation
errors by monitoring the level of firefly luciferase activity from a mutant
allele inactivated by a single missense mutation. In this system, an increase
in luciferase activity should reflect an increased level of misincorporation
of the wild-type amino acid that provides an estimate of the overall fidelity
of translation elongation. Surprisingly, we found that growth in the
presence of paromomycin stimulated luciferase activity for only a small
subset of the mutant proteins examined. This suggests that the ability of
this aminoglycoside to induce elongation errors is limited to a subset of
near-cognate mismatches. We also found that a similar bias in near-cognate
misreading could be induced by the expression of a mutant form of
ribosomal protein (r-protein) S9B or by depletion of r-protein L12. We used
this misincorporation reporter in conjunction with a readthrough reporter
system to show that alterations at different regions of the ribosome
influence elongation fidelity and termination efficiency to different extents.
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Introduction phenotype are identified, a number of reporter

systems have been developed that can provide a

The suppression of premature stop mutations
that confer an auxotrophic phenotype has fre-
quently been used to identify translation factors in
genetic screens. The suppression of such stop
mutations based on a growth assay provides a
simple (yet non-quantitative) means to carry out
high throughput analysis of a large numbers of
candidates. Once mutants that have a suppressor

Abbreviations used: SM, synthetic minimal; Ram,
ribosomal ambiguity; GAC, GTPase-activating center.
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more quantitative measure of the level of read-
through (stop codon suppression) associated with a
particular mutation.'” The major limitation to this
approach is the inability to interpret nonsense
suppression at a mechanistic level. When an in-
frame stop codon reaches the A site of a ribosome, a
competition exists between the termination and
elongation machineries. This leads to two distinct
mechanisms by which readthrough can occur. First,
a general decrease in the fidelity of the elongation
machinery at a termination codon can result in a
nonsense suppression phenotype. Alternatively,
mutations that directly reduce the efficiency of the
translation termination machinery can also produce

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the same readthrough phenotype. Given that these
two distinct mechanisms can elicit a readthrough
phenotype, the availability of in vivo assays that
could discriminate between defects in termination
efficiency and elongation fidelity would increase
our understanding of how various mutations or
drugs confer a readthrough phenotype.

Translation elongation is normally a highly
accurate process. This accuracy relies not only on
the proper codon-anticodon interaction, but also on
an energy-dependent tRNA selection and discrimi-
nation process that is catalyzed by the elongation
factor EF-Tu in bacteria and eEF1A in eukaryotes.”
The role of EF-Tu is critical for the rejection of near-
cognate tRNNAs (whose anticodon binds to a codon
with a single base mismatch) while non-cognate
tRNAs (those with two or more mismatches) are
discriminated against primarily on the basis of the
initial codon—anticodon interaction. However, even
with these stringent mechanisms in place to ensure
a high degree of fidelity, some errors are made
during translation elongation. These are generally
thought to involve the misincorporation of amino
acid residues that are brought to the A site by a
near-cognate tRNA. Surprisingly, few in vivo
studies have been carried out that directly measure
elongation fidelity, and most have been limited to
bacterial systems.”'" Such approaches generally
relied on a reporter enzyme that had been inacti-
vated by a single point mutation. In such a system, a
stimulation of enzymatic activity was assumed to
reflect a decrease in the accuracy of the elongation
process.'*'?

In the current study, we developed a misincor-
poration reporter system to better understand
whether the suppression of stop codons in the
simple eukaryote Saccharomyces cerevisiae is caused
by a decrease in the accuracy of translation
elongation or a reduction in the efficiency of
translation termination. We chose to utilize firefly
luciferase to develop this misincorporation reporter
system due to the availability of its crystal structure
and the many genetic studies previously carried out
with this pro’cein.“ﬁ21 In those studies, it was shown
that the His residue encoded at position 245 (His245
(CACQ)) and the Lys residue encoded at position 529
(Lys529 (AAA)) each play an important role in the
enzymatic activity of firefly luciferase,">™” probably
because these residues properly orient the substrate
and stabilize the transition state of the enzyme. It
was previously reported that Lys529 is essential for
enzymatic activity,'” while His245 is important, but
not absolutely essential.">' To identify the most
sensitive form of this misincorporation reporter
system, we systematically introduced a series of
near-cognate missense mutations at these two
codons. Cells expressing each mutant protein
were then grown in the presence or absence of
paromomycin to reduce elongation fidelity, and
firefly luciferase assays were carried out to deter-
mine the level of activity that could be restored by
misincorporation. Interestingly, we found that the
stimulation of luciferase activity was markedly

allele specific, with the mutant encoding an
arginine residue at position 245 (Arg245 (CGC))
showing a 12.5-fold stimulation of enzymatic
activity in the presence of paromomycin. Using
this misincorporation reporter system in combi-
nation with a previously described readthrough
reporter system, we show that different pertur-
bations of ribosomal function influence the read-
through of stop codons in distinct ways.

Results

Paromomycin induces misincorporation
capable of restoring firefly luciferase activity at
only a subset of near-cognate mutants

The basic features of the misincorporation
reporter system developed here are similar to the
previously described dual luciferase readthrough
reporter constructs.*™® It contains an upstream
Renilla luciferase gene followed by a firefly
luciferase gene under the transcriptional control of
the PGK promoter (Figure 1(a)). These open reading
frames are separated by an in-frame linker
sequence, resulting in the synthesis of both
enzymes as a single polypeptide chain. The Renilla
luciferase gene serves as an internal normalization
control for both mRNA abundance and the
efficiency of translation initiation, since translation
of both enzymes originates from the same trans-
lation initiation signal.

The misincorporation of an amino acid during
translation elongation is thought to occur when a
codon located in the ribosomal A site mispairs with
the anticodon of a near-cognate aminoacyl tRNA.
Little is known about the misreading frequencies
associated with different near-cognate tRNAs for a
given codon. However, it is likely that many factors,
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Figure 1. Dual luciferase reporter constructs:
(a) misincorporation reporter; (b) readthrough reporter.
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Table 1. Wild-type and mutant derivatives of firefly
luciferase

Firefly position Codon? Plasmid name
245 CAC (His) pDB688
245 AAC (Asn) pDB864
245 GAC (Asp) pDB870
245 UAC (Tyr) pDB871
245 CCC (Pro) pDB867
245 CGC (Arg) pDB868
245 CUC (Leu) pDB869
245 CAA (Gln) pDB865
245 CAG (Gln) pDB866
529 AAA (Lys) pDB688
529 CAA (GIn) pDB872
529 GAA (Glu) pDB873
529 ACA (Thr) pDB828
529 AGA (Arg) pDB829
529 AUA (Ile) pDB830
529 AAC (Asn) pDB825
529 AAU (Asn) pDB827

# Wild-type codon at each position is underlined.

such as the concentration of the near-cognate tRNA
in the cell and the specific base-pairing mismatch
involved, can influence this process. The primary
objective of this study was to develop a system that
could provide an estimate of the level of misincor-
poration during translation elongation. However,
due to our poor understanding of the general rules
that influence misreading, we initially undertook a
comprehensive approach to the introduction of
mutations in firefly luciferase. The codons encoding
the functionally important residues His245 and
Lys529 were each changed to all possible codons
that allowed the misincorporation of the wild-type
amino acid through the mispairing of a near-
cognate aminoacyl tRNA. This generated a series
of mutant reporter constructs (Table 1). The initial
level of firefly luciferase activity obtained with each

mutant protein was corrected for small differences
in the activity of the co-translated Renilla luciferase
and expressed as the percentage of wild-type firefly
luciferase activity (referred to as percentage mis-
reading) (Table 2). These assays confirmed that each
mutation resulted in a large reduction of firefly
luciferase activity under normal conditions. The
background level of activity remaining in each of
the luciferase mutants could be caused by a number
of mechanisms. These include residual enzymatic
activity associated with the cognate amino acid
incorporated at the mutated codon, misincorpora-
tion of a near-cognate amino acid that partially
restores activity at the mutated codon, or the
mischarging of the cognate tRNA because of an
aminoacyl-tRNA synthetase error. Since the ability
of paromomycin to increase the misincorporation of
near-cognate aminoacyl-tRNAs during translation
elongation is firmly established,”*** we next grew
strains expressing each of these constructs in the
presence of paromomycin to stimulate misreading.
Surprisingly, we found that paromomycin induced
a significant stimulation of firefly luciferase activity
for only a small subset of these mutants. The most
significant increase (12.5-fold) was found with the
Arg245 (CGC) mutant. For the rest of the mutants,
an increase in firefly luciferase activity of more than
twofold was observed only for the Asp245 (GAC)
mutant (2.9-fold), the Leu245 (CUC) mutant (2.2-
fold), the GIn245 (CAG) mutant (4.4-fold), and the
Asn529 (AAU) mutant (4.3-fold).

In order to correlate the increase in firefly
luciferase activity to the paromomycin concen-
tration in the culture medium, the luciferase activity
of the Arg245 (CGC) mutant was measured in cells
grown in the presence of increasing paromomycin
levels (Figure 2). A linear correlation was observed
between increasing paromomycin concentration

Table 2. Effect of paromomycin on misreading during translation elongation

Percentage misreadingb

Firefly mutation® —Paromomycin + ParornomycinCl Fold change®
245 CAC 100 100 -
245 AAC 77+1 9.3+1.6 1.2
245 GAC 0.007£+0.001 0.0240.003 2.9
245 UAC 14+0.16 1.0£0.09 0.7
245 CCC 0.6+0.1 0.7£0.1 1.2
245 CGC 0.2+0.05 2.5+0.26 125
245 CUC 0.12+0.012 0.27+£0.025 2.2
245 CAA 0.15+0.017 0.17£0.008 1.1
245 CAG 0.16+0.02 0.740.2 44
529 AAA 100 100 -
529 CAA 0.05£0.006 0.06 £0.01 1.2
529 GAA 0.012+0.001 0.023 £0.005 1.9
529 ACA 0.045+0.005 0.05+0.01 1.1
529 AGA 0.032£0.006 0.04+0.006 1.2
529 AUA 0.0540.008 0.06 £0.01 1.2
529 AAC 0.035+0.005 0.05+0.008 14
529 AAU 0.023 £0.002 0.1£0.017 43

2 Mutated nucleotides are underlined.

P Percentage misreading is expressed as mean =+ standard deviation.
¢ Changes >2-fold that yielded a statistically significant P-value (<0.05) using the Mann—-Whitney test are underlined.

4 Paromomycin concentration is 200 pg/ml.
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Figure 2. Elongation fidelity errors increase as a
function of paromomycin concentration. The data were
generated using the Arg245 (CGC) near-cognate mutant
of firefly luciferase. The data (percentage misreading) are
expressed as firefly/Renilla luciferase activity and
expressed as the percentage of the same ratio measured
in a strain that carried the wild-type His245 (CAC) firefly
luciferase construct.

and the restoration of firefly activity, with a 17-fold
stimulation observed in cells grown in the presence
of 400 ng/ml of paromomycin. We found that the
presence of higher paromomycin concentrations led
to a significant decrease in growth rate. Due to the
large increase in firefly luciferase activity associated
with the Arg245 (CGC) mutant observed following
exposure to paromomycin, we used this reporter
construct to measure changes in elongation fidelity
in subsequent experiments.

Paromomycin can also be used to induce the
suppression of stop codons (termed readthrough),
since it reduces elongation fidelity. The results
presented above demonstrate that the reduction in
fidelity caused by paromomycin induces misread-
ing during translation elongation in a manner that
clearly favors some misincorporation events over
others (Table 2). Therefore, it is possible that a bias
also exists in the way paromomycin induces read-
through of stop codons. To explore this possibility,
we used a readthrough assay to examine how
paromomycin influences termination efficiency at
different termination signals. Various studies have
shown that both the stop codon and the first base
that follows it play an important role in determining

the efficiency of translation termination. This
extended signal has previously been referred to as
the “tetranucleotide termination signal”.**?® Here,
we used dual luciferase reporter plasmids contain-
ing various tetranucleotide termination signals
(each of the stop codons followed by an A or a C)
to measure readthrough levels**  (Figure 1(b)).
Using this reporter system, we found that 200 pg/
ml of paromomycin causes a large increase in
readthrough at each of the tetranucleotide termi-
nation signals assayed (Table 3), with increases in
firefly luciferase activity ranging from 14.5-fold at
the UGAA signal to 37.9-fold at the UAGC signal.
This large, general increase in readthrough was in
marked contrast to the smaller, codon-dependent
misincorporation observed in cells grown in the
presence of the same paromomycin concentration
(Table 2).

Misincorporation errors that restore firefly
activity are mediated by near-cognate tRNAs

The results above indicate that paromomycin can
induce misreading during translation elongation,
which leads to a large increase in luciferase activity
with the Arg245 (CGC) mutant firefly construct.
Aminoglycosides such as paromomycin are
thought to decrease translation fidelity by
diminishing the ability of the elongation machinery
to distinguish between a cognate and a near-
cognate aminoacyl-tRNA.*® This makes it likely
that the paromomycin-dependent stimulation of
mutant firefly luciferase activity in our misincor-
poration assay is mediated by the mispairing of a
near-cognate aminoacyl-tRNA. In the misincor-
poration reporter with the greatest increase in
activity, the His codon (CAC) at position 245 was
changed to an Arg codon (CGC). For the wild-type
His residue to be incorporated at this position, the
Arg codon must be mispaired with a near-cognate
histidinyl-tRNA with a GUG anticodon. This
codon-anticodon interaction would involve a single
G-U mismatch at the second position. If this
reasoning is correct, a firefly luciferase mutant
with a synonymous Arg codon at position 245 that
is not a near-cognate for this histidinyl-tRNA (such
as CGA) should not respond to the presence of
paromomycin with an increase in luciferase activity.

We observed several significant differences in

Table 3. Effect of paromomycin on the readthrough of termination codons

Percentage readthrough®

Stop signal —Paromomycin + Paromomycinb Fold change
UAAA 0.068+0.01 1.240.26 17.6
UAAC 0.12+0.03 2.240.15 18.3
UAGA 0.06+0.005 0.95+0.15 15.8
UAGC 0.0740.01 21+02 30.0
UGAA 0.1140.002 1.6+£0.19 145
UGAC 0.2740.64 5.5+0.27 20.4

* Percentage readthrough is expressed as mean +standard deviation.

 Paromomycin concentration is 200 pg/ml.
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Figure 3. Misreading during translation elongation at
near-cognate and non-cognate codons at position 245 of
firefly luciferase. Firefly luciferase residue His245 (CAC)
was mutated to CGC and CGA. The level of misreading
was calculated in a wild-type strain, a wild-type strain
grown in 200 pg/ml of paromomycin, and a strain
overexpressing a histidine tRNA from a high copy vector.
The data (percentage misreading) are expressed as
firefly /Renilla luciferase activity and expressed as the
percentage of the same ratio measured in a strain that
carried the wild-type His245 (CAC) firefly luciferase
construct.

misreading between the Arg245 (CGC) and Arg245
(CGA) codons. First, we noted a significant (3.5-
fold) difference in basal firefly activity between
these two mutants in the absence of paromomycin
(Figure 3). This suggests that the intrinsic level of
misreading in this yeast strain can incorporate His
at the near-cognate Arg245 (CGC) codon at a
detectable frequency. The 3.5-fold lower luciferase
activity observed with the Arg245 (CGA) mutant
suggests that histidine is not incorporated in this
case because it would require two base-pairing
mismatches with the histidinyl-tRNA anticodon.
The residual activity observed with the Arg245
(CGA) mutant is probably due to residual intrinsic
activity associated with this mutant and/or a low
level of tRNA charging errors. Furthermore,
paromomycin stimulated a large increase in lucifer-
ase activity in a strain expressing the Arg245 (CGC)
mutant, but not in a strain expressing the Arg245
(CGA) mutant. These results strongly suggest that
the paromomycin-induced stimulation of luciferase
activity observed in the CGC mutant is caused by
misincorporation during translation elongation via
a near-cognate tRNA interaction. Consistent with
this model, overexpression of a histidinyl-tRNA
with a GUG anticodon caused a threefold increase
in luciferase activity in a strain expressing the
Arg245 (CGC) reporter in the absence of paro-
momycin, but did not elicit any increase in a strain
expressing the Arg245 (CGA) reporter enzyme
(Figure 3).

A combination of readthrough and
misincorporation assays can discriminate
between defects in the translation termination
and elongation steps

Readthrough assays can be used to directly
measure the efficiency of translation termination
when characterlzmg mutations in known termin-
ation factors.”’ > However, an increased level of
readthrough does not necessarily indicate a defect
in the termination machinery, since a decrease in the
fidelity of translation elongation can also result in
the suppression of stop codons.’’ When the
mechanism underlying the readthrough phenotype
associated with a mutation is not well understood,
it would be useful to assess the contribution of a
defect in elongation fidelity to that phenotype. To
test the validity of this reasoning, a wild-type strain
was grown in the presence of paromomycin to
reduce the fidelity of translation elongation. Simi-
larly, a strain with a mutation in the termination
factor eRF3 (eRF3-H348Q) was used as a control for
a specific defect in termination efficiency. The eRF3-
H348Q mutation maps in the GTPase domain of
eRF3, and leads to a reduced efficiency of GTP
hydrolysis and mcreased readthrough at many
termination s1gnals Here, we used a dual lucifer-
ase reporter plasmid containing the UGAC termm—
ation signal to measure readthrough levels*?
(Figure 1(b)). For our misincorporation reporter
we again used the Arg245 (CGC) firefly mutant
described above. Using the readthrough reporter
plasmids, we found that paromomycin caused an
18-fold increase in readthrough of the UGAC
termination signal, while the H348Q-eRF3 mutation
resulted in a 14-fold increase in readthrough at the
same termination signal (Figure 4(a)). Similarly,
analysis of elongation fidelity revealed that
paromomycin increased amino acid misreading by
11-fold (Figure 4(b)). These results demonstrate that
paromomycin impairs elongation fidelity, and
suggests that its effect on termination may result
primarily (if not exclusively) from this elongation
fidelity defect. In contrast, elongation fidelity was
completely normal in the H348Q-eRF3 strain. These
results confirm that the readthrough phenotype
associated with this strain is exclusively caused by a
defect in the efficiency of translation termination.

A mutation in r-protein S9B increases
misincorporation and readthrough

The results described above indicate that the
combined use of the misincorporation and read-
through assays can provide new insights into the
molecular defects that lead to translational read-
through. To further assess how selected ribosomal
mutants cause translational readthrough, we first
used a mutant allele of the r-protein S9B. The
r-protein S9B is encoded by the SUP46 gene, which
was identified because mutations in this gene
result in an omnipotent suppressor phenotype,
where suppression occurs at all three stop
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Figure 4. Effect of 200 pg/ml of paromomycin or the
eRF3-H348Q mutation on (a) suppression of a UGAC stop
signal and (b) misreading of the Arg245 (CGC) mutant
during translation elongation. The eRF3-H348Q mutant
was expressed from a centromeric vector under the
transcriptional control of its own promoter in a strain
carrying a knockout of the eRF3 gene (sup35A).

codons.’** Prior work demonstrated that a SUP46
mutation also causes an elongation fidelity defect.**
Here, we constructed the S9B-D94N mutant, which
corres;aonds to the previously described SUP46-1
allele.”

Genes encoding S9B-WT or S9B-D94N were each
subcloned into a low copy plasmid under the
transcriptional control of the S9B promoter. These
plasmids were then transformed, along with a
readthrough or misincorporation reporter plasmid,
into a yeast strain carrying a disruption of the
endogenous S9B gene. Initial characterization indi-
cated that the S9B disruption conferred a slow-
growth phenotype relative to the strain expressing
wild-type S9B from the plasmid (data not shown).
We next examined elongation fidelity at each of the
His245 firefly luciferase mutants in the SOB-WT and
S9B-D94N strains (Table 4). We found that the S9B-
D94N mutation restored partial firefly luciferase
activity at only a subset of the luciferase mutants.
The greatest stimulation was observed with the
Arg245 (CGC) mutant (7.3-fold), the Asp245 (GAC)
mutant (2.8-fold), and the GIn245 (CAG) mutant
(1.8-fold) (Table 4). Interestingly, these three near-
cognate codons had also been found to be the most

sensitive to misreading in wild-type cells grown in
the presence of paromomycin (see Table 2). We next
examined the effect of the S9B-D94N mutation on
readthrough of a subset of tetranucleotide termin-
ation signals (the three stop codons followed by
either A or C). We found that the S9B-D94N
mutation increased readthrough at all the tetra-
nucleotide termination signals (Table 5), ranging
from 5.9 and 6.4-fold increases at UAGA and
UGAA, respectively to a 10.5-fold increase at the
UAAA termination signal. Together, these results
confirm that the S9B-D94N mutation also induces
selective misreading, as well as a more general
readthrough phenotype.

Depletion of the r-protein L12 causes a small
increase in misincorporation and a larger
increase in readthrough

We next examined how the perturbation of
another ribosomal protein influenced eukaryotic
elongation fidelity and termination. The ribosomal
GTPase domain in the large ribosomal subunit
contains two important RNA structures. These
include the sarcin-ricin loop (SRL) in domain VI of
the 25 S rRNA and a double hairpin in domain II
known as the GTPase-activating center (GAC).33¢
Two proteins, L12 (homologous to Escherichia coli
L11) and PO (homologous to E.coli L10), bind
overlapping sites in domain II of the 25 S rRNA of
yeast. Furthermore, a protein tetramer known as the
stalk, made up of the dimers P1,-P2, (homologous
to E. coli L7/112), interacts with the ribosome via
P0.”” 1t was previously shown that L12 plays an
important role in maintaining the integrity of the
GTPase domain of yeast ribosomes by influencing
both the RNA structure® and the protein compo-
sition of the stalk.” Since the contribution of the
eukaryotic GTPase domain to elongation fidelity or
termination efficiency has never been addressed
in vivo, we next chose to deplete L12 in yeast and
measure the effect on each of these ribosomal
functions.

The rpL12A and rpL12B genes encode r-protein
L12 in S. cerevisige. It was previously shown that a
strain carrying disruptions of both rpL12 genes is
viable, but exhibits a severe slow-growth pheno-
type.”” We disrupted both rPL12A and rPL12B as
described® and generated two strains. The first
strain carried disruptions of both rpL12 genes, along
with a centromeric plasmid that expressed an HA-
tagged rpL12A gene under the transcriptional
control of the GALI0 promoter. The second strain
also carried disruptions of both rpL12 genes, as well
as a centromeric plasmid with an HA-tagged
rpL12A gene under the transcriptional control of
the rpL12A promoter.

Readthrough or misincorporation reporter plas-
mids were introduced into each of these strains, and
they were then grown for several generations in
synthetic minimal (SM) medium containing galac-
tose as carbon source. They were then shifted to SM
glucose medium, which represses transcription of
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Table 4. Effect of the S9-D94N mutation on misreading during translation elongation

Percentage misreading”

Firefly mutation® S9-WT S9-D94N Fold change®
245 CAC 100 100 -

245 AAC 7.3+0.9 9.5+1.6 1.3

245 GAC 0.005+0.0004 0.014+0.001 2.8

245 UAC 1.04+0.03 1.6+0.16 1.6

245 CCC 0.41+0.02 0.38+0.1 0.9

245 CGC 0.26£0.03 1.9+0.15 7.3

245 CUC 0.18+£0.04 0.24+0.02 1.3

245 CAA 0.24+0.01 0.24+0.05 1

245 CAG 0.15+0.01 0.27+0.1 1.8

? Mutated nucleotides are underlined.

® Percentage misreading is expressed as mean +standard deviation.
¢ Changes >1.8-fold that yielded a statistically significant P-value (<0.05) using the Mann-Whitney test are underlined.

rpL12A from the GAL10 promoter, but not from the
rpL12A promoter. After growth for four generations
with glucose as carbon source, we found that the
steady-state level of HA-L12A expressed from the
GALI10 promoter was reduced to 15% of the level
observed when rpL12A was expressed from the
L12A promoter (Figure 5). Because the antibodies
used in the Western blot analysis recognized the HA
epitope tag, L12 was not detected in a wild-type
strain that carried only untagged, genomic rpL12A
and rpL12B. When we examined the fidelity of
translation elongation four generations after shift-
ing the carbon source to glucose, we observed a
2.2-fold increase in firefly luciferase activity for the
Arg245 (CGC) firefly luciferase mutant in the strain
expressing rpL12A from the GAL10 promoter, but
did not detect a significant increase in activity for
any of the other firefly luciferase mutants at
position 245 (Table 6). While the general level of
misincorporation observed under these conditions
was surprisingly small, these results demonstrate
that the Arg245 (CGC) reporter is generally prone to
misreading induced by various methods. We next
examined how L12 depletion influenced the
efficiency of translation termination at six different
tetranucleotide termination signals. We found a
significant increase in readthrough at all six stop
signals examined following L12 depletion by the
same conditions used above (Table 7), indicating
that the 85% reduction in the concentration of L12
caused a general decrease in the efficiency of
translation termination that ranged from 3.2-fold
(UAGC) to 5.8-fold (UGAA). These data indicate

that L12 (and consequently the GTPase region of the
ribosome) is involved in the fidelity of translation
elongation in the eukaryotic ribosome, and a
portion of the translational readthrough associated
with L12 depletion may be caused by this defect.
However, since the magnitude of the increase in
readthrough was significantly larger than the
decrease in elongation fidelity, these results also
suggest that the GTPase region of the ribosome
plays a direct role in translation termination.

The loss of Upfip does not induce
misincorporation

It was previously shown that mutations in UPF1
cause a readthrough phenotype.**® This phenotype
has been interpreted as a defect in termination
efficiency, since the product of UPF1 has been
shown to interact with the termination factors eRF1
and eRF3.*’ To determine the possible contribution
of an elongation fidelity defect to the readthrough
phenotype resulting from a loss of UPF1 expression,
we monitored both readthrough and misincorpora-
tion in a upfIA strain. As previously described,* we
observed a 2.5-fold increase in readthrough at a
UGAC termination signal in a upfIA strain relative
to a wild-type strain (Figure 6(a)). In contrast, we
did not observe any change in elongation fidelity
using the Arg245 (CGC) misincorporation reporter
(Figure 6(b)). These results suggest that the read-
through phenotype associated with the loss of
Upflp is specifically caused by a termination defect,

Table 5. Effect of the S9-D94N mutation on readthrough of termination codons

Percentage readthrough®

Stop signal S9-WT S9-D94N Fold change
UAAA 0.0940.01 0.97+0.03 10.8
UAAC 0.214+0.04 1.6+0.14 7.6
UAGA 0.08+0.01 0.51+0.1 6.4
UAGC 0.19+0.006 1.6+0.18 8.4
UGAA 0.1740.02 1.0£0.1 5.9
UGAC 0.4410.06 3.01+0.28 6.8

# Percentage readthrough is expressed as mean tstandard deviation.
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Figure 5. Steady-state levels of HA-tagged L12A are
reduced in cells grown in media containing glucose as
carbon source when the rpL12A gene is expressed from a
GAL10 promoter in a rpL12AA/rpL12BA strain. Western
blot showing expression levels of HA-tagged L12A
expressed from either the GAL10 promoter (PGAL) or
the rpL12A promoter (PL12) from a centromeric plasmid
in a rpL12AA /rpL12BA strain. The strains were grown for
four generations in glucose minimal media to inhibit
expression from the GALI0 promoter. No band corre-
sponding to HA-tagged L12 was observed in a strain
carrying a genomic copy of non-HA-tagged L12 (WT).
Twenty-five microgram of total protein was loaded in
each lane.

and is not associated with a defect in elongation
fidelity.

Discussion

Some misreading events are favored over others
during translation elongation

The primary objective of this study was to
develop an in vivo reporter system that would
allow us to determine the extent that defects in
elongation fidelity contribute to the suppression of
translation termination signals in the eukaryote
S. cerevisine. However, while developing this system
we also made interesting observations about the
tendency of different codons to undergo near-
cognate mispairing in this organism. We found
that 200 pg/ml of paromomycin stimulated firefly
luciferase activity more than twofold at only five
of the 15 near-cognate missense mutations tested.
While firefly luciferase activity was stimulated

12.5-fold at the Arg245 (CGC) codon, the other
four near-cognate codons that showed the highest
level of elongation fidelity errors were only 2.2-fold
to 4.4-fold above normal. We observed a less than
twofold stimulation of luciferase activity at the
other ten near-cognate codons, indicating that
misincorporation was surprisingly rare. These
results suggest that fidelity errors induced by
paromomycin during translation elongation do
not occur equally at all sense codons.

We found that paromomycin generally induced a
larger increase in our readthrough reporters than
we observed using the misincorporation reporters.
This probably results from the fact that the insertion
of any amino acid at a nonsense codon will allow
the translation of a fully active firefly luciferase
protein to proceed, while only a subset of the
potential amino acid residues inserted in
the missense misincorporation assay will allow
the restoration of complete (or even partial) firefly
luciferase activity. While the lack of response from
some of the misincorporation reporters may simply
be due to the misincorporation of a subset of amino
acid residues by near-cognate tRNAs that do not
restore enzymatic activity, these results suggest that
paromomycin may induce errors much more
selectively during translation elongation than
during translation termination. This observation
could have important implications for therapeutic
strategies that propose to use aminoglycosides to
suppress premature stop mutations that cause
genetic diseases,*'™* since fidelity errors during
translation elongation would be considered an
undesirable side-effect.

The largest paromomycin-induced increase in
firefly luciferase activity observed in the current
study was the 12.5-fold stimulation at the Arg245
(CGC) near-cognate codon. A misreading event that
incorporates the wild-type histidine residue at this
codon must be mediated by an interaction with a
near-cognate histidinyltRNA™ carrying a GUG
anticodon, since that anticodon is present in the
histidinyl-tRNAs encoded by all seven tRNA™®
genes in yeast.*” However, the mere availability of a
near-cognate histidinyl-tRNA™ is not sufficient to

Table 6. Effect of L12 depletion on misreading during translation elongation

Percentage misreading”

Firefly mutation® PL12-L12A PGAL-L12A Fold change®
245 CAC 100 100 -

245 AAC 9.8+0.8 10.940.6 1.1

245 GAC 0.03+0.002 0.025+0.003 0.8

245 UAC 20403 1.84+0.13 0.9

245 CCC 0.7440.14 0.96+0.06 1.3

245 CGC 0.3+0.05 0.6510.1 2.2

245 CUC 0.27+0.04 0.3+0.02 1.1

245 CAA 0.27+0.05 0.23+0.03 0.85

245 CAG 0.27£0.02 0.25+0.02 0.9

? Mutated nucleotides are underlined.

P Percentage misreading is expressed as mean +standard deviation.
¢ Changes >2-fold that yielded a statistically significant P-value (<0.05) using the Mann-Whitney test are underlined.
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Table 7. Effect of L12 depletion on readthrough during translation termination

Percentage readthrough®

Stop signal PL12-L12A PGAL-L12A Fold change
UAAA 0.21+0.04 1.1+0.13 52
UAAC 0.45+0.01 231021 5.1
UAGA 0.21+0.03 0.93+0.19 4.4
UAGC 0.34+0.06 1.1£0.09 32
UGAA 0.45+0.12 2.6+0.21 5.8
UGAC 1.3+£0.18 6.0x+1.1 4.6

# Percentage readthrough is expressed as mean +standard deviation.

accomplish the incorporation of this amino acid,
since a paromomycin-dependent stimulation of
firefly luciferase activity was not observed for
most of the other near-cognate mutants at position
245 described in Table 1. This indicates that other
considerations must also play an important role in
the misreading process, such as the relative con-
centrations of near-cognate versus cognate tRNAs,
and differences in the tendency of various mis-
matches to result in the misincorporation event. The
mismatch between a CGC codon and a GUG
anticodon that resulted in the largest (12.5-fold)
increase in misreading in the presence of paromo-
mycin involves a G-U interaction at the second
position. However, the G-U mismatch alone is not
sufficient to account for this level of misreading,
since other mutants that were completely insensi-
tive to paromomycin-induced misreading could
have utilized the same mismatch for an activity-
restoring misincorporation event (for example, the
His245 (UAC) firefly luciferase mutant could bind a
histidinyl-tRNA™* " carrying the GUG anticodon
through a G-U interaction at the first position).
Another potential factor in the high error rate at the
Arg245 (CGC) near-cognate codon is the fact that
the cognate arginyl-tRNA"" for the CGC codon is
relatively rare in yeast.*” However, other firefly
luciferase mutants with a near-cognate codon

recognized by a rare cognate tRNA were unrespon-
sive to paromomycin (for example, the Leu245
(CUC) firefly luciferase mutant codon is recognized
by a rare leucyl-tRNA™"). These results suggest
that the high level of misincorporation observed
with the Arg245 (CGC) near-cognate codon occurs
because several factors contribute simultaneously
to a reduction in elongation fidelity.

A broad level of amino acid tolerance at the
mutated codon may provide a better estimate of
misincorporation during elongation

The requirement for a Lys at position 529 for
firefly luciferase activity appears to be quite strict,
since the basal activity was <0.05% of wild-type
activity for seven different near-cognate codons
(encoding six different amino acid residues). This
stringent requirement could explain why most of
the near-cognate codons at position 529 were
unresponsive to paromomycin, since most mis-
incorporation events would not provide a positive
signal. In contrast, Branchini ef al. reported that
several amino acid substitutions for His245 of firefly
luciferase retain partial activity.">"” Our results
showing that some near-cognate mutations provide
basal levels of firefly luciferase activity as high as
7.7% of wild-type (see Table 2) are consistent with
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Figure 6. Effects of disrupting the
UPF1 gene (upfIA) on (a) suppres-
sion of a UGAC stop signal and (b)
misreading during translation
elongation.

upfl1A
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that conclusion. In the context of this observation, it
is striking that four of the five near-cognate codons
that yielded the largest stimulation in the presence
of paromomycin were at position 245. This included
the Arg245 (CGC) codon, which showed the largest
stimulation observed in our study. While the
misincorporation of the wild-type amino acid (in
this case, His) should provide the largest increase in
activity, the ability of more than one near-cognate
aminoacyl-tRNA to yield a significant increase in
firefly luciferase activity may provide an additive
increase in activity. In cases where the misincor-
poration of the wild-type amino acid is infrequent
(as appears to be the case for most of the position
529 mutants), such an additive mechanism could
provide a better indication of fidelity errors than a
reporter enzyme that regained activity only when
the original wild-type amino acid is incorporated.
The only limitation to such a mechanism is that the
amino acid encoded by the starting near-cognate
codon under basal conditions must provide less
enzymatic activity than a number of other mis-
incorporated residues so an increase in activity can
be observed. In fact, the ideal elongation misincor-
poration reporter system would contain a single
amino acid change that inactivated the enzyme,
while all other mis-incorporated amino acid resi-
dues at that position would completely restore
enzymatic activity. In such a situation, a positive
signal would be obtained for every misincorpora-
tion event.

A previous study by Stansfield ef al.>* also used a
near-cognate approach to develop an in vivo
misincorporation reporter in S. cerevisize. A gene
encoding a type III chloramphenicol acetyl transfer-
ase (CATyy) enzyme with a mutation at the His195
(CAC) codon was used as the reporter enzyme.
They found that the Tyr195 (UAC) mutation greatly
inhibited CATyy enzymatic activity, and the CATyy
activity of that mutant protein could be stimulated
50-fold by paromomycin. One of the firefly lucifer-
ase position 245 mutants characterized in the
present study carried an identical CAC to UAC
mutation, but we did not observe any stimulation of
firefly luciferase activity of this mutant with
paromomycin. While His195 is thought to be
extremely important for CATy; enzyme activity, at
least one other amino acid (glutamic acid) was
shown to provide some residual activity.”” Since the
His245 position of firefly luciferase is relatively
tolerant to substitution (as discussed above), it
would be reasonable to expect that a number of
misincorporation events should be capable of
restoring partial activity to the corresponding firefly
luciferase His245 (UAC) mutant. However, we did
not observe any increase in firefly luciferase activity
in the presence of paromomycin. This striking
disparity between these two reporter systems may
be attributable to differences in the ability of specific
amino acid residues encoded by near-cognate
tRNAs to provide partial activity in these two
reporter systems. Alternatively, it could be caused
by differences in the sequence surrounding the

histidine codon that influence the efficiency of
misreading or to other unknown differences in the
genetic background of the strains.

Paromomycin, L12 depletion, and the S9B-D94N
mutation induce misincorporation with similar
codon specificities

As discussed above, our results indicate that
paromomycin causes a partial restoration of lucifer-
ase activity at only a subset of the position 245 and
position 529 firefly luciferase mutants. The highest
stimulation is observed at the Arg245 (CGC)
mutant, followed by the GIn245 (CAG), Asn529
(AAU), Asp245 (GAC), and Leu245 (CUC) mutants
(Table 2). Avery low frequency of fidelity errors was
detected at the other ten near-cognate missense
mutations examined. It is possible that these
differences in the level of misincorporation at
different codons are caused by an intrinsic property
of the codon itself, or by some aspect of the
mechanism by which paromomycin induces mis-
reading. We attempted to distinguish between these
possibilities by determining the pattern of firefly
luciferase activity induced by conditions that
reduced elongation fidelity other than paromo-
mycin. In a strain carrying the S9B-D94N allele,
we found that the greatest restoration of firefly
luciferase activity was observed at the Arg245
(CGC) mutant, followed by the Asp245 (GAC) and
GIn245 (CAG) mutants (Table 4). This indicates that
the near-cognate codon pattern for misincorpora-
tion associated with this mutant r-protein was quite
similar to the pattern observed in the presence of
paromomycin. While the level of misincorporation
that occurred upon L12 depletion was much lower,
the largest increase in luciferase activity also
occurred with the Arg245 (CGC) mutant. Together,
these results suggest that the codon bias observed in
these experiments is due to a common property of
the decoding machinery that recognizes these
specific codons, rather than unique factors associ-
ated with each condition. As discussed above, these
common properties could include the relative
codon affinity for cognate versus near-cognate
tRNAs, or the relative abundance of cognate versus
near-cognate tRNAs.

The relative effects on readthrough and
misincorporation differ as a function of the
mechanistic defect

Aminoacyl-tRNAs enter the A site of the ribo-
some during translation elongation in a ternary
complex with EF-Tu and GTP (or eEF1A and GTP in
eukaryotes). A cognate codon-anticodon inter-
action stimulates rapid GTP hydrolysis by EF-Tu,
while a near-cognate codon-anticodon interaction
stimulates GTP hydrolysis at a much slower rate.
Consequently, near-cognate aminoacyl-tRNAs dis-
sociate with high frequency before GTPase acti-
vation. If tRNA dissociation does not occur, GTP
hydrolysis is followed by the departure of EF-Tu
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and GDP, which allows the tRNA to undergo a
conformational change (accommodation) that gives
the aminoacyl-tRNA one last chance to dlssoc1ate
before peptide bond formation occurs.®”'** There-
fore, accuracy is achieved with two potentlal
dissociation steps separated by irreversible GTP
hydrolysis.

It has been proposed that a codon interaction
with its cognate tRNA also induces the 30 S subunit
of the E. coli ribosome to undergo a conformational
change from an open to a closed form (the
productive state). 35% The transition to this closed
form is believed to accelerate both the rate of
GTPase activation of EF-Tu and tRNA accommo-
dation. The 30 S subunit remains in an open form
when the A site is empty or contains a near-cognate
tRNA. Paromomycin has been shown to stimulate
the formation of the closed form even in the
presence of near-cognate tRNA in the A site;
hence, paromomycin may increase misincorpora-
tion by allowing a near-cognate tRNA to be
recognized as a cognate tRNA. Transition of the
30S subunit conformation to the closed form
involves the disruption of various interactions at
the interface between r-proteins 54 and S5 in the
E. coli ribosome.” In addition, mutations that
confer the ribosomal ambiguity (Ram) phenotype
to E. coli ribosomes, characterized by a reduced
level of elongation fidelity, map to the S4/S5
interface. It has been hypothesized that changes in
the 54/S5 interaction in Ram mutants facilitates the
transition of the 30 S subunit to the closed form,
causing a reduction in the accuracy of translation
elongation. The yeast r-protein S9B shares signifi-
cant homology (28% identity and 37% similarity)
with r-protein 54 from E. coli, suggesting that these
proteins may be functional homologues. Consistent
with this p0531b111ty, both the current work and a
prior study®® found that S9B mutations reduce
elongation fidelity in yeast. Based on its homology
with r-protein S4 of E. coli, it is possible that the S9B-
D94N mutation analyzed in our study also favors
the formation of a closed state in the 40 S subunit of
the yeast ribosome.

The yeast r-protein L12 is the homologue of
r-protein L11in E. coli. L12 binds to a double hairpin
in domain II of the 25 S rRNA of yeast known as the
GTPase-activating center (GAQ),*® and is
required to maintain the structural integrity of the
GTPase domain within the 60S subunit of the

Table 8. Relative effects on readthrough and fidelity

eukaryotic ribosome.” In this study we observed a
small, but significant, increase in misincorporation
using the Arg245 (CGC) reporter as a result of L12
depletion (Table 6). This change in elongation
fidelity is consistent with previous structural work
showing that the GTPase domam of the r1bosome
plays a role in both decoding and translocation®
during the eukaryotic translation elongation pro-
cess. Furthermore, in vitro studies have directly
1mphcated the GTPase domain of the bacterlal
ribosome in the control of elongation fidelity”” and
in the stimulation of the GTPase act1v1ty of the
elongation factors EF-Tu and EF-G.”® The in vivo
data presented here, together with prior structural
and in vitro data, suggest that this region of the
eukaryotic ribosome plays a role in elongation
fidelity. It is likely that L12 depletion decreases
fidelity by limiting the efficiency of GTPase acti-
vation of eEF1A (the eukaryotic homolog of EF-Tu).
The termination factor eRF3 also possesses GTPase
activity and has significant homology to eEF1A.>"%
It was also recently shown that the GTPase activity
of eRF3 plays an 1mportant role in the termination
process in vivo.”’ This suggests that L12 depletion
may also reduce the ability of the ribosome to
activate the GTPase activity of eRF3.

We have shown that exposure to paromomycin,
depletion of r-protein L12 and expression of the
S9B-D94N mutant r-protein are each capable of
decreasing elongation fidelity in a similar codon-
specific pattern. In Table 8, we have summarized
these data by comparing the relative affects on
readthrough and misincorporation. For compara-
tive purposes, we included the results obtained
with the UGAC readthrough reporter and the
Arg245 (CGC) misincorporation reporter for each
condition. In addition, by calculating the ratio of the
change in readthrough versus misincorporation we
were able to compare the relative effect of each
condition on these two processes. We found that the
increase in readthrough caused by paromomycin or
L12 depletion surpassed the increase in misincor-
poration measured with the Arg245 (CGC) mutant
by 1.6-fold and 2.1-fold, respectively, while the
effects of expressing the S9B-D94N protein on
readthrough and misincorporation were similar.
These results suggest that paromomycin and L12
depletion may both have a more severe affect on
termination efficiency than the S9B-D94N mutation.
By analogy with mechanisms proposed for the

Fold increase

Ratio: readthrough/

Translation condition Readthrough® Misincorporation® misincorporation
WT 1.0 1.0 1.0
Paromomycin 20.4 12.5 1.6
L12 Depletion 4.6 2.2 2.1
59-D94N 6.8 7.3 0.9

2 Readthrough at the UGAC termination signal.
b Percentage misreading of the Arg245 (CGC) mutation.
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E. coli ribosome, both paromomycin and S9B
mutants may stimulate misreading during trans-
lation elongation by predisposing the 40S ribo-
somal subunit to undergo a tran51t10n between
the open and the closed conformations.”® To our
knowledge, the possible role that this conformation-
al change plays during translation termination has
not previously been addressed. Our results suggest
that expression of the S9B-D94N protein only
stimulates misreading during the elongation pro-
cess, and does not have a direct effect on termi-
nation. In contrast, our results suggest that the
readthrough phenotype associated with both L12
depletion and paromomycin results from not only a
decrease in elongation fidelity, but also an
additional effect on termination efficiency. Further
studies will be required to test the validity of this
proposal.

The readthrough phenotype observed in a upf1A
strain is caused by a decrease in the efficiency of
translation termination

The Upf proteins are the major effectors of the
nonsense-mediated mRNA decay (NMD) pathway:.
It has been suggested that Upflp links recognition
of a nonsense mutation with the degradation of the
mRNA molecule carrying that mutation. Consistent
with this hypothesis, Upflp has been shown to
interact with the translation termination factors
eRF1 and eRF3. Previous work demonstrated that
Upflp influences the translation termination pro-
cess, since some mutations in the UPFI1 gene cause
a readthrough phenotype.***®! This readthrough
phenotype could be caused by a direct effect on
termination efficiency or a more general decrease in
elongation fidelity. Our results indicate that the
absence of Upflp causes an increase in readthrough
without affecting the level of misincorporation. This
observation suggests that Upflp plays a role in
translation termination, but not translation
elongation. While it is not clear how Upfl enhances
the efficiency of termination, it could function in the
stabilization of the termination complex through its
known interactions with eRF1 and eRF3.

Materials and Methods

Strains and growth conditions

The S. cerevisiae strains used in this study were 614
(MATa leu2-3, 112 his3-11, 15 trp1-1 ura3-1 adel-14 [psi~ ]),
YDB498 (MATa leu2-3, 112 his3-11, 15 trp1-1 ura3-1 adel-14
sup35::HIS3 [psi~ ]), YDB510 (MATe leu2-3, 112 his3-11, 15
trpl-1 ura3-1 adel-14 [psi~ 1), YDB629 (MATa leu2-3, 112
his3-11, 15 trpl-1 wura3-1 adel-14 rpL12A::HIS3
rpL12B::LEU2 [psi~ ]), YDB415 (MATa leu2-3, 112 his3-11,
15 trp1-1 ura3-1 adel-14 upf1:: TRP1 [psi~ ]), BY4741 (MATa
his3A1, leu2A0, met15A0, ura3A0 [psi~ 1), 6961 (MATa
his3A1, leu2A0, met15A0, ura3A0, rpS9B::HIS3 [psi~]).
Strains YDB498, YDB629, and YDB415 were derived from
614 using standard yeast genetic techniques. YDB510 is
isogenic to 614. Finally, strain BY4741 (wild-type) and the

isogenic rpS9BA strain 6961 were purchased from Open
Biosystems.

Plasmids

Mutations in firefly luciferase were introduced using
the QuikChange Site-Directed Mutagenesis Kit (Strata-
gene) and the plasmid p2luc’ was used as a template for
PCR. A Bstell/Notl fragment from p2luc carrying each
mutation was used to replace the corresponding BstEH /
Notl fragment from pDB688 (CTY775/luc CAAA).* This
resulted in the series of mutants described in Table 1. For
the over-expression of histidine tRNAs, the tRNA gene
[tH(GUG)E1] was PCR-amplified from yeast genomic
DNA and cloned in the Xbal and Kpnl sites of the high
copy vector YEplac181. For the expression of HA-tagged
L12A from its endogenous promoter, the rpL12A gene was
PCR-amplified from yeast genomic DNA while adding
Xbal sites at both ends and an N terminal HA tag. It was
then subcloned into the Xbal site of the centromeric
plasmid vector YCplac22. The rpL12A promoter was PCR-
amplified from yeast genomic DNA with terminal BamHI
and Kpnl sites and subcloned into HA-rpL12A/YCplac22.
For expression of HA-tagged L12A from a GAL10
promoter, a Sall/BamHI fragment from HA-L12A/
YCplac22 carrying the intact gene was subcloned in
pGAL10/YCplac22. The plasmid rpL12A/pYES2 was
made by subcloning a BamHI/Sphl fragment from HA-
rpL12A/YCplac22 into pYES2. This plasmid was then
used to maintain r-protein L12 expression while disrupt-
ing the rpL12A rpL12B genes. For the disruption of rpL12B,
primers were used to amplify a region comprising
approximately 500 nucleotides downstream of the
rpL12B gene while adding Kpnl sites from yeast genomic
DNA. The amplified fragment was subcloned into
YCplac22, making 3’ L12B/YCplac22. The LEU2 gene
from Candida glabrata was PCR-amplified while adding
BamHI and Smal sites and subcloned into 3’ L12B/
YCplac22 upstream of the rpL12B region, making LEU2-3’
L12B/YCplac22. Finally, a fragment containing approxi-
mately 500 nucleotides of DNA upstream of rpL12B was
PCR-amplified while adding Pstl and BamHI sites, and
this DNA fragment was subcloned in LEU2/3'L12B/
YCplac22 upstream of the LEU2 gene, resulting in
pDB852. The rpS9B gene, together with its promoter and
transcriptional terminator, was PCR-amplified directly
from genomic DNA while adding BamHI and Xbal sites
and subcloned into pRS315. The mutation D94N (GAT to
AAT) was introduced into in rpS9B using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) and rpS9B/
pRS315 as a template for PCR. Plasmids pDB663 and
pDB670 for the expression of eRF3-WT and eRF3 H348Q,
respectively, were generated as described.”

Dual luciferase assays

The dual luciferase reporter plasmids used to measure
the efficiency of translation termination and the fidelity of
elongation in yeast were adapted from plasmids pre-
viously used to monitor the eff1c1ency of translation
termination in mammalian cells™® as recently described. 4
Dual luciferase assays were performed using the Dual
Luciferase Reporter Assay System (Promega). Briefly,
yeast strains were transformed with the indicated dual
luciferase reporter plasmids. Approximately 10* cells
from each strain were assayed for luminescence using a
Berthold Lumat LB9507 luminometer. Assays were
done in quadruplicate, and the data are expressed as
the mean+SD. Percentage readthrough in each strain
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was expressed as the firefly/Renilla luciferase activity
(nonsense) divided by the firefly/Renilla luciferase
activity (sense)X100. For further details, see Keeling et
al.* The percentage of elongation misincorporation was
expressed as mutant firefly / Renilla luciferase activity as a
percentage of wild-type firefly/Renilla luciferase activity.

Gene disruptions

Yeast strain YDB498 was generated as described.”” To
generate the rpL12AA/rpL12BA strain, rpL12AA was
disrupted in a 614 XYDB510 diploid by removal of the
entire ORF and the insertion of the HIS3 gene from
C. glabrata using a PCR-based gene deletion approach®
with plasmid pH4 as template.” This procedure resulted
in strain YDB522. The correct genomic integration event
in His™ transformants was verified by PCR and Southern
blot analysis. For the disruption of rpL12B, a DNA
fragment comprising 500 nucleotides of DNA homo-
logous to the genome immediately upstream of rpL12B
followed by the LEU2 gene from C. glabrata and by 500
nucleotides of DNA homologous to DNA immediately
downstream of rpL12B was PCR-amplified using pDB852
as a template. The disruption frag_ment generated was
transformed in YDB522, and Leu™ transformants were
screened for the correct integration event by PCR and
Southern blot. The double KO strain was transformed
with rpL12A/pYES2 and induced to sporulate.
A rpL12AA/rpL12BA haploid strain was verified by PCR
and Southern blot analysis in Leu™, His™, Ura™ spores.
We found that Leu™, His™, Ura-spores (lacking the
rpL12A/pYES2 plasmid) grew very slowly, consistent
with the previously reported slow growth phenotype
associate with a L12 rpL12A rpL12B double KO. Yeast
strain YDB415 was generated as described.*

Preparation of cell lysates for Western blot analysis

After culturing each strain for several generations, cell
growth was terminated by the addition of 10% trichloro-
acetic acid. After incubating the acid precipitates for
30 minutes on ice, the cells were collected by a brief
centrifugation in a microfuge. The cells were washed with
ice-cold acetone, dried, re-suspended in lysis buffer
(50 mM Tris-HC1 (pH 7.5), 1 mM EDTA, 1% (w/v) SDS)
and lysed by mechanical agitation with glass beads. The
samples were then boiled, cleared by a brief centri-
fugation in a microfuge, and the supernatant was
subjected to SDS-PAGE and Western blotting.
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