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ABSTRACT

Estimates of missense error rates (misreading) during protein synthesis vary from 10�3 to 10�4 per codon. The experiments
reporting these rates have measured several distinct errors using several methods and reporter systems. Variation in reported
rates may reflect real differences in rates among the errors tested or in sensitivity of the reporter systems. To develop a more
accurate understanding of the range of error rates, we developed a system to quantify the frequency of every possible
misreading error at a defined codon in Escherichia coli. This system uses an essential lysine in the active site of firefly luciferase.
Mutations in Lys529 result in up to a 1600-fold reduction in activity, but the phenotype varies with amino acid. We
hypothesized that residual activity of some of the mutant genes might result from misreading of the mutant codons by tRNA

Lys
UUU,

the cognate tRNA for the lysine codons, AAA and AAG. Our data validate this hypothesis and reveal details about relative
missense error rates of near-cognate codons. The error rates in E. coli do, in fact, vary widely. One source of variation is the
effect of competition by cognate tRNAs for the mutant codons; higher error frequencies result from lower competition from
low-abundance tRNAs. We also used the system to study the effect of ribosomal protein mutations known to affect error rates
and the effect of error-inducing antibiotics, finding that they affect misreading on only a subset of near-cognate codons and that
their effect may be less general than previously thought.
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INTRODUCTION

To insure survival, cells must accurately and efficiently
translate information encoded in messenger RNA (mRNA)
sequences into proteins. Maximizing accuracy and effi-
ciency puts conflicting demands on the translational
machinery (for review, see Parker 1989). The resolution
of these conflicting demands has involved the evolution of
multiple accuracy mechanisms. These mechanisms include
substrate recognition and proofreading steps. For example,
during aminoacylation of tRNAs, aminoacyl-tRNA syn-
thases accept correct amino acids that fit into a pocket in
the substrate-binding site but reject poorly fitting incorrect
substrates (Sankaranarayanan and Moras 2001). Discrimi-
nation based on size and shape of similar amino acids (e.g.,
valine and isoleucine) is insufficient to explain the observed

accuracy, as originally suggested by Pauling (1957). A
proofreading step, in which incorrectly acylated amino
acids are hydrolyzed, further increases accuracy at the cost
of energy (Sankaranarayanan and Moras 2001). Amino-
acylation errors occur approximately once in 106 events
(Söll 1990; Schulman 1991). Similar two-stage error cor-
rection schemes involving a proofreading step insure
accuracy in all other steps of genetic information transfer,
including DNA replication, RNA transcription, and trans-
lation of mRNA sequences into proteins (for review, see
Galas et al. 1986).

Aminoacylation is much more accurate than other steps
in protein synthesis, however, and most errors occur
during the process of mRNA decoding, which occurs
on the ribosome by the recruitment of aminoacyl-tRNAs
(aa-tRNAs) to the aa-tRNA-binding site, the A site. Estimates
of the frequency of missense errors range from about 10�3

to 10�4 per codon (Loftfield and Vanderjagt 1972; Edel-
mann and Gallant 1977; Parker et al. 1980, 1983; Ellis and
Gallant 1982; Bouadloun et al. 1983; Khazaie et al. 1984;
Parker and Holtz 1984; Rice et al. 1984; Laughrea et al.
1987; Toth et al. 1988; Ulrich et al. 1991; Weickert
and Apostol 1998). Based on these data, Parker (1989)
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estimated an average frequency no higher than 4 3 10�4

per codon.
For 30 years the prevailing model considered kinetic

proofreading (Hopfield 1974; Ninio 1975) the major de-
terminant of translational accuracy. Under this model,
ribosomes would use the greater intrinsic instability of
incorrect aminoacyl-tRNA complexes on the ribosome to
select against them in a two-stage discrimination reaction
(for review, see Thompson 1988; Rodnina et al. 2005).
Aminoacyl-tRNAs bind to the ribosomal A site in a ternary
complex with elongation factor 1A (EF-1A) and GTP. The
model proposed that incorrect ternary complexes dissoci-
ated much more rapidly than correct complexes in a first
stage of discrimination (initial binding). Ribosome binding
of the ternary complex stimulates GTP hydrolysis, after
which, in a second discrimination stage (proofreading),
incorrect aminoacyl-tRNAs again tend to dissociate from
the ribosomedEF1AdGDP complex, while correct ones re-
main bound. Under this model, a 100-fold preference for
correct tRNAs at each stage compound to provide the
observed z10,000-fold preference (Thompson 1988).
These effects result from a difference in the equilibrium
binding constants for correct (cognate) and incorrect (near
and noncognate) complexes. More recent work shows that
these thermodynamic effects cannot explain the observed
accuracy (for review, see Rodnina et al. 2005). Instead, the
most critical parameter in discrimination is the rate of
activation of the intrinsic GTPase of EF-1A, which is almost
three orders of magnitude faster for correct complexes. The
ribosome cannot maximize discrimination using these dif-
ferences in tRNA stability because it proceeds to the next
step in the reaction sequence too rapidly to allow the full
thermodynamic difference to be achieved (Gromadski and
Rodnina 2004a).

The preference for cognate tRNA results from changes in
the ribosome structure created by an induced fit mecha-
nism. Cognate codon–anticodon complexes form a web of
interactions with nucleotides in the rRNA and portions of
the ribosomal protein rpS12 (Ogle et al. 2001, 2002). These
contacts require the geometry of Watson–Crick base pairs
(bp), which do not form when a near-cognate codon binds
the A site (Ogle et al. 2002). Our current model of
discrimination argues that interactions with the cognate
codon–anticodon complex both stabilize correct complexes
and cause the large-scale ribosomal rearrangement that
ultimately increases the rate of GTPase activation (for
review, see Rodnina et al. 2005).

Why do the estimates of missense errors vary so widely?
The source of variation appears to be that different studies
have measured different errors involving mismatches at
different positions of the 3-bp codondanticodon complex.
In addition, the studies used different methods and re-
porter systems in detecting these errors, making it difficult
to compare the results. For example, several investigators
relied on the knowledge that some Escherichia coli proteins

naturally do not contain particular amino acids, allowing
them to estimate misincorporation by measuring the
amounts of these amino acids incorporated in vivo.
Measurements of misincorporation of cysteine into flagellin
provided an estimate, a frequency of about 10�4 per codon
for the first position misreading of the CGU/C arginine
codons by tRNA

Cys
GCA (Edelmann and Gallant 1977). Sub-

sequently, researchers have measured misincorporation of
cysteine into ribosomal proteins (Bouadloun et al. 1983;
Laughrea et al. 1987) or the bacteriophage T7 0.3 protein
(Rice et al. 1984), and misincorporation of histidine,
tryptophan, and lysine into bacteriophage Qb proteins
(Khazaie et al. 1984). Misreading in these cases involved
errors at each of the three codon positions; the misincor-
poration rates varied from 2 3 10�2 (Khazaie et al. 1984)
to 2.53 10�4 (Bouadloun et al. 1983; Laughrea et al. 1987).

A second method to estimate error frequency relies on
changes in charge caused by the substitution of an amino
acid resulting in an altered isoelectric point. The charge dif-
ference allows separation of mistranslated forms of a protein
from correctly translated species during two-dimensional
gel electrophoresis. A series of studies on translation of the
MS2 coat protein in E. coli used this method to detect
lysine for asparagine substitutions (Parker and Friesen
1980; Parker et al. 1980, 1983; Johnston et al. 1984; Parker
and Holtz 1984). They estimated that tRNA

Lys
UUU misreads

the third position of AAU at a rate of 2–6 3 10�3 per
codon and AAC at about 2 3 10�4 per codon. In a second
study, the frequency of lysine for asparagine substitutions
in the Qb coat protein was estimated at 5–6 3 10�3

(Khazaie et al. 1984).
A third approach uses a reporter gene bearing a mutation

altering an essential amino acid (Toth et al. 1988; Cornut
and Willson 1991). Misincorporation of the wild-type
amino acid at the mutant codon would restore enzymatic
activity. The misincorporation frequency is approximately
the ratio of the enzyme activity expressed from the mutant
to that of the wild-type control. Toth et al. (1988)
estimated the frequency that tRNASer

GCU misreads a GGC
glycine codon as about 10�3 per codon using a mutant
form of b-lactamase.

Each of these studies considered at most a few of the
possible errors for a particular tRNA. Thus, the reported
estimated error frequency averages a fraction of all poten-
tial errors. The average includes rates of many distinct
events, differing in the type of mispaired nucleotides, the
codon position affected, the identity of the codon, and the
reporter gene used. It is therefore unclear how each of these
parameters affects the variability in reported error rates. In
particular, no study has estimated error frequency variabil-
ity among the possible errors at a single codon in E. coli.
In this report, we describe a single, positive reporter
system that measures the frequency of all near-cognate
misreading errors by tRNA

Lys
UUU at a single position in the

firefly luciferase gene. We show that the misreading error
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frequency does, in fact, vary widely. In addition, we
show that misreading frequency reflects not simply the
details of codondanticodon pairing, but depends critically
on how cognate and near-cognate aa-tRNAs compete
for the codon. We have used this system to study the effect
on misreading of error-inducing antibiotics and ribo-
somal protein mutations that either increase or decrease
errors. We found significant misreading of only a subset
of the near-cognate codons and no significant effect on
any noncognate. This suggests that these perturbations
have a far less general effect than was previously thought.

RESULTS

The frequency of translational misreading errors
varies widely in E. coli

In order to better understand the range of translational
missense error rates in vivo in E. coli, we developed
a reporter system to quantify the frequency of each type
of misreading error at a defined codon. Our approach was
to measure activity of mutant forms of the firefly luciferase
(F-luc) enzyme with inactivating mutations in an essential
active-site lysine residue. The chosen codon, Lysine 529
(K529) of F-luc, highly conserved within a superfamily of
adenylate-forming enzymes, orients the substrates ATP and
luciferin in the active site (Branchini et al. 2000). The sub-
strates make multiple contacts with the lysine side chain.
No other side chain could interact equivalently, suggesting
that any protein lacking this residue should be inactive.
As expected, missense mutations at K529 reduce enzymatic
activity up to 1600-fold; even a conservative arginine for
lysine substitution has z625-fold lower activity. These pro-
teins, however, retain significant activity, which we hy-
pothesized might result from mistranslation of the mutant
transcripts to incorporate lysine at position 529, producing
a small proportion of wild-type enzyme. This activity would
be a measure of misreading by tRNA

Lys
UUU, the cognate tRNA

for the lysine codons AAA and AAG.
To accurately measure the residual activity of mutant

forms of F-luc we used a dual reporter system consisting of
a translational fusion of F-luc to a second luciferase from
Renilla, R-luc. Our system is derived from one created by
Grentzmann et al. (1998) as described in Materials and
Methods. Because the two proteins are expressed as a single
polypeptide, their relative concentrations are always iden-
tical. Any difference in the activity of F-luc relative to R-luc,
therefore, must reflect a change in the activity of the
protein. Also, because the reaction conditions of the two
luciferases are so different, it is possible in a single tube to
assay each enzyme in succession in a sample using an
automated luminometer.

To test all possible near-cognate misreading errors by
tRNA

Lys
UUU, we replaced the K529 codon with all codons that

differ by a single nucleotide from the lysine codons AAA or

AAG (Fig. 1). In each case, tRNA
Lys
UUU can recognize the

mutant codon as a near-cognate substrate with only one
base mismatch. We also replaced the AAA lysine codon
with a UUU phenylalanine codon. Because tRNA

Lys
UUU can

form no base pairs with UUU, the codon serves as the
negative control for misreading; any activity observed for
this mutant must have a different cause. We have expressed
these mutant forms of F-luc in E. coli and have measured
their activity to estimate the frequency with which
tRNA

Lys
UUU misreads each near-cognate codon during nor-

mal translation and in the presence of various error-
inducing antibiotics and ribosomal mutations that either
increase or decrease translational accuracy.

Among the 14 near-cognate codon 529 mutants, the
F-luc activity varies by a factor of >10 (Fig. 2). Ten of the
mutants had activities 1.6-fold higher than the UUU
control. These mutants had an average apparent error
frequency, determined as the ratio of mutant to the wild-
type activities, of 3.7 3 10�4. Four codons (UAG, AGG,
AGA, and AAU) had significantly higher activity (P < 0.05,
determined by a homoscedastic two-tailed Student’s t-Test,
which assumes equal variance), up to 15-fold higher than
the control. The apparent error frequencies for these
mutants ranged from a low of 1.4 3 10�3, for UAG, to
3.6 3 10�3 per codon, for AGA (Table 1). These highly
error-prone codons include a termination codon (UAG),
two arginine codons (AGA, AGG), and an asparagine
codon (AAU).

Two mechanisms could explain the higher activity of
some near-cognate mutants: partial activity of the mutant
protein (functional replacement) or production of small
amounts of wild-type protein (misreading). Three of the
mutations introduce conservative substitutions, from lysine
to arginine (K529R) or asparagine (K529N). These amino
acids could provide partial enzymatic function. This model

FIGURE 1. Near- and noncognate mutations for Lysine-529. The two
Lys codons are shown in italics in this standard genetic code table.
Near-cognate codons, differing at one codon position, are shown in
reverse on black. Noncognate synonymous codons, differing in more
than one codon position, are shown in black on gray. The control
UUU codon is shown in boldface.

Translational misreading
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fails to explain the UAG nonsense mutant, however,
because a truncated protein resulting from premature
termination should have no activity. In addition, the two
mutations introducing arginine (encoded by AGA and
AGG) and the two introducing asparagine (encoded by
AAU and AAC) under this hypothesis should produce
proteins with identical sequences and, therefore, identical
activities. The error frequencies for AGA (3.6 3 10�3) and
AGG (3.1 3 10�3) are quite similar, but those for AAU
(1.63 10�3) and AAC (3.83 10�4) differ significantly, which
is inconsistent with the functional replacement model.

Under the misreading model, the residual activity would
result from a small amount of active (incorrectly trans-
lated) molecules in a background of an excess of inactive
(correctly translated) molecules. The misreading model
makes a strong prediction about the phenotype of muta-

tions that replace lysine codons with noncognate codons.
Because these codons make two or more mismatches with
the anticodon of tRNA

Lys
UUU, they should allow much lower

rates of misreading and therefore have much lower activity.
The functional replacement model, in contrast, predicts
that all synonymous codon mutations, those introducing
the same amino acid, should have equivalent activity. To
test these predictions we measured the activity of all
mutations involving codons synonymous with the four
near-cognate mutants with the highest activity. AAU, UAG,
AGA, and AGG have a total of six synonymous codons that
are noncognate codons for tRNA

Lys
UUU: the termination

codons UAA, and UGA and the arginine codons CGU,
CGC, CGA, and CGG (Fig. 1). As shown in Figure 3, the
activities of the six mutants involving noncognate synon-
ymous codons were all near that of the noncognate UUU
mutant and much lower than the synonymous near-
cognate codon mutations. These data are inconsistent with
the functional replacement model and consistent with the
misreading model, suggesting that the unusually high
activities of the UAG, AGA, AGG, and AAU mutants result
from near-cognate reading of the mutant codons by
tRNA

Lys
UUU.

Translational misreading errors are affected by
competition between cognate and near-cognate
tRNA species

The two codons misread most frequently by tRNA
Lys
UUU,

AGA and AGG, are among the most rare codons in the
E. coli genome and are normally decoded by the minor
tRNA

Arg
UCU (Ikemura 1981). The kinetic rate constant for

codon recognition measured in vitro is the same for all
tRNAs, 100–140 (mM aa-tRNA)�1 sec�1 (Gromadski et al.
2006), but because the rate constant is first-order with
respect to the tRNA concentration, a low-abundance tRNA
should recognize its cognate codon less rapidly than an
abundant tRNA. We suspect that the slow recognition by

FIGURE 2. Variation in F-luc activity of K5290 mutants. The graph
shows the F-luc expression of the indicated constructs expressed as
a fraction of the expression of wild-type F-luc. The mutants include
a deletion of the entire firefly luc gene (Fluc) and those replacing the
K529 codon (AAA) with the indicated codon. Indicated below each
codon is the amino acid it encodes. Error bars are standard errors of
the mean.

TABLE 1. Misreading frequency by tRNA
Lys
UUU at near-cognate and noncognate codons

Codona Amino acid
Codon position

misread

Lysine misreading frequency (310�4)

WT rpsD rpsL
Paromomycin
(5 mg/mL)

Streptomycin
(2 mg/mL)

UAA Ter 1 4.1 6 0.51 4.0 6 0.19 1.4 6 0.29 41 6 5.0 20 6 1.4
UAG 14 6 0.66 29 6 2.7 1.3 6 0.30 85 6 2.6 68 6 4.1
AUA Ile 2 3.5 6 0.44 3.9 6 0.32 3.4 6 0.37 9.9 6 0.82 23 6 0.99
AGA Arg 2 36 6 2.7 51 6 5.7 4.3 6 0.58 120 6 15 95 6 4.8
AGG 31 6 1.5 49 6 6.5 4.1 6 0.49 130 6 19 53 6 2.3
AAU Asn 3 16 6 0.78 140 6 7.1 4.9 6 0.57 130 6 14 120 6 8.6
AAC 3.8 6 0.52 7.7 6 0.37 1.5 6 0.20 25 6 2.1 16 6 1.6
Othersb — — 3.1 6 0.74 3.4 6 0.56 3.5 6 0.45 5.8 6 0.58 3.9 6 0.53

aMutation from a Lys codon (AAA or AAG) is underlined.
bAverage of all remaining tested codons.
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their cognate tRNA explains the extremely high error
frequency at AGA and AGG codons.

If the low abundance of tRNA
Arg
UCU is responsible for

frequent errors on AGA and AGG, then overexpressing
tRNA

Arg
UCU should reduce the frequency that they are deco-

ded as lysine. The argU gene encodes tRNA
Arg
UCU. To over-

express this tRNA species, we transformed the low-copy
plasmid pAlter-Ex2/argU (Ruzicka et al. 2000) along with
the reporter plasmid bearing the K529R(AGA) and
K529R(AGG) mutant forms of F-luc. As shown in Figure 4,
misreading of AGA and AGG by near-cognate tRNA

Lys
UUU

decreased almost twofold in the presence of excess cognate
tRNA

Arg
UCU. This strongly suggests that competition for de-

coding between cognate and near-cognate tRNAs present at
different cellular concentrations can control the misreading
error frequencies.

The aminoglycoside antibiotics streptomycin and
paromomycin increase misreading of some
near-cognate codons

As a further test of whether the excess activities observed
with some of the near-cognate codon mutants results from
misreading, we measured the effect of error-inducing anti-
biotics on the activity of near-cognate and noncognate
mutant forms of F-luc. At sublethal concentrations, the
aminoglycoside antibiotic streptomycin can cause pheno-
typic reversion, suggesting that it reduces translational
accuracy (for review, see Kurland et al. 1996). Mutations
resistant to streptomycin map to the rpsL gene, which
encodes ribosomal protein S12 (rpS12) and causes trans-
lational hyperaccuracy. Very strongly hyperaccurate
mutants are streptomycin dependent (StrD) because their
viability requires the accuracy-reducing effect of strepto-
mycin. Aminoglycosides like streptomycin or paromomy-
cin increase misreading by accelerating the rate of
acceptance of near-cognate aa-tRNAs relative to cognates

(Pape et al. 2000). We were interested to see whether the
accuracy effects of these antibiotics varied with identity of
the codon being misread.

Surprisingly, paromomycin strongly increased the error
frequency of only a subset of the 14 near-cognate K529
mutants and had little or no effect on any of the non-
cognate mutants (Fig. 5). For each of the four especially
error prone near-cognate mutants, UAG, AGA, AGG, and
AAU, misreading increased from 3.3- to 7.9-fold in the
presence of paromomycin (Table 1). The estimated mis-
reading frequencies were extremely high at three codons,
AGA, AGG, and AAU, with the frequencies rising to >10�2

per codon. In addition, misreading on two other codons,
UAA (stop) and AAC (Asn), was very significantly above
background, increasing by a factor of 10-fold for UAA and
6.4-fold for AAC. The effect of paromomycin on the re-
maining 18 mutants tested averaged less than twofold with
an average error frequency of 5.8 3 10�4 per codon.

The increases in misreading caused by streptomycin were
qualitatively similar. The drug caused large increases in
misreading at the same six codons affected most strongly by
paromomycin: UAA, UAG, AGA, AGG, AAU, and AAC as
well as at a seventh codon, AUA (Fig. 5; Table 1). The average
increase in misreading for these codons was 4.6-fold, to an
average misreading frequency of 5.6 3 10�3. The remaining
17 codons tested showed no significant increase in mis-
reading (P > 0.05). These codons showed an average 1.3-fold
increase in misreading to an average frequency of 3.93 10�4.

Streptomycin and paromomycin significantly increased
misreading of only a subset of codons near cognate for
tRNA

Lys
UUU. Among those affected were all but one of the

codons requiring a UdU mismatch in the first or second
codon positions; UAA, UAG, and AUA showed an increase,
but AUG did not. The other four codons affected included
the two requiring mispairing at the wobble position (AAU
and AAC) and the Arg codons, AGA and AGG. Grosjean

FIGURE 3. High residual F-luc activity of some K529 codons results
from near-cognate decoding. A comparison of the F-luc activity
relative to wild type of synonymous near- and noncognate codon
mutants. Codon identity is shown as in Figure 2.

FIGURE 4. Overexpression of tRNA
Arg
UCU reduces misreading errors

at Arg codons. The F-luc activity relative to wild type is shown for
mutants replacing the K529 codon with the Arg codons AGA or AGG.
Black bars indicate expression in a wild-type genetic background
(WT) and gray bars indicate expression in the presence of over-
expressed tRNA

Arg
UCU.
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et al. (1978) noted that mismatches involving uridines had
the least destabilizing effect on codon–anticodon complexes,
that UdU mismatches were especially stable as were UdG
mismatches in the middle codon position. They also showed
that UdU and UdC wobble mismatches could readily be
formed (Grosjean et al. 1978). Their results are completely
consistent with our observations.

An rpsD mutation increases misreading of several
near-cognate substrates

Mutations in the rpsD gene, encoding ribosomal protein S4
(rpS4), have an effect on translational accuracy similar to
that of the aminoglycoside antibiotics, causing increased
ribosomal ambiguity (i.e., decreased accuracy) (Gorini
1971). The effect of rpsD mutations on several misreading
errors has been demonstrated in E. coli. For example, a rpsD
mutation increased the third position GdG misreading of
the UGG tryptophan codon by tRNA

Cys
GCA during translation

of ribosomal protein S6 (Bouadloun et al. 1983) and
increased the misincorporation of cysteine into the T7 0.3
protein as well (Rice et al. 1984). A first position UdG
misreading of GGC (Gly) by tRNASer

GCU was also signifi-
cantly increased by the rpsD mutation (Toth et al. 1988). It
has, however, also been reported that the rpsD mutation
had no effect on the first position AdC misreading of CGU
(Arg) by tRNA

Cys
GCA (Bouadloun et al. 1983) or on the

misincorporation of histidine into the Qb protein (Khazaie
et al. 1984).

We decided to test the effect of an rpsD mutation on the
full spectrum of mutations at the K529 codon. We
measured the F-luc activity of each near-cognate codon
in rpsD12 mutants to determine the effect on each type of

misreading event (Fig. 6). This rpsD12
mutation is a deletion of nucleotides
C528-A532, which leads to a truncated
180 amino acid S4 protein (Dahlgren
and Ryden-Aulin 2000). The rpsD12
mutation significantly increased mis-
reading of a subset of the codon 529
mutations that responded to the amino-
glycoside antibiotics. There were statis-
tically significant increases in misreading
only from the codons UAG, AGA, AGG,
AAU, and AAC (P < 0.05), but little or
no effect on the remaining codons. The
codon AAU had the largest increase in
misreading, to 1.43 10�2 per codon, or
8.4-fold more than in a wild-type back-
ground (Table 1). This effect was higher
than the effect of the aminoglycoside
antibiotics, but the effect on the other
four codons was substantially lower.
The average increase for all other codons

tested was only 1.8-fold compared with a 3.4-fold effect
by streptomycin and a 5.0-fold effect of paromomycin on
the same codons.

An rpsL mutation reduces all misreading of
error-prone codons to near-background levels

Several studies have demonstrated codon-specific hyper-
accuracy caused by mutant forms of rpsL, which encodes
rpS12. For example, Parker and colleagues reported de-
creased misreading of the AAN asparagine codons by
tRNA

Lys
UUU and UdU and CdU misreading of phenylalanine

codons by tRNALeu
UAA (Parker and Friesen 1980; Parker et al.

1980, 1983; Johnston et al. 1984; Parker and Holtz 1984;
Precup et al. 1989). Other studies reported decreased
misreading in rpsL mutants of arginine, tryptophan, and
phenylalanine codons by tRNACys (GCA) (Bouadloun et al.
1983; Laughrea et al. 1987) and of unspecified codons by
tRNACys (Rice et al. 1984). Yet, an rpsL mutation had little
or no effect on misreading of some arginine, tryptophan,
and phenylalanine codons by tRNACys (Laughrea et al.
1987) or on misreading of the GGC glycine codon by
tRNASer (GCU) (Toth et al. 1988).

We measured the F-luc activity of the K529F(UUU)
mutant and of 10 mutants with near-cognate substitutions
at codon 529 in bacteria carrying the mutation rpsL141,
which introduces a K42N mutation in rpS12 (Andersson
et al. 1982; Ruusala et al. 1984). This mutation confers
a hyperaccurate phenotype. K42 of rpS12 hydrogen bonds
to C912 in Helix 18 of the 16S rRNA, a component of the
ribosomal A site, and is close to the codondanticodon
complex. This mutation reduced misreading of the six
error-prone near-cognate codons, UAA, UAG, AGA, AGG,

FIGURE 5. Aminoglycoside antibiotics increase misreading on a subset of near-cognate
codons. The F-luc activities relative to wild type are shown for mutants carrying the indicated
K529 codon replacements in the presence of no antibiotic (black bars), 5 mg/mL paromomycin
(gray bars), or 2 mg/mL streptomycin (white bars).
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AAU, and AAC, but had little or no effect on the others
(Fig. 7). In the rpsL141 background, none of the tested
codons had a frequency of misreading higher than 5 3 10�4

and three of the codons whose misreading is affected (UAA,
UAG, and AAC) showed extremely low error frequencies of
1.3–1.5 3 10�4 (Table 1). Misreading at the affected codons
dropped an average of sixfold with the largest affect, on
UAG, being 10-fold. We conclude that rpsL141 reduces the
frequency of misreading of error-prone near-cognate
codons to or below the background level typical of other
codons, but that it does not reduce this background level
of error.

Discussion

Here we report the whole range of possible misreading
errors by a single tRNA species at a single site. The results
of this work provide an unbiased comparison of relative
frequencies of all the possible errors. Using mutant forms
of the firefly luciferase gene with point mutations in an
essential lysine residue (K529), we have found that mis-
reading events by tRNA

Lys
UUU occur at frequencies that vary

from as high as 3.63 10�3 (at an AGA codon) to a low of no
more than 2.0 3 10�4 (at a GAA codon), a range of 18-fold.
The median rate of misreading on the 24 codons tested was
no more than 3.4 3 10�4 per codon.

We had expected frequent misreading by mispairing at
the wobble position with codon-specific effects on mis-
reading frequencies (Dix and Thompson 1989). Previous

work has shown that tRNA
Lys
UUU fre-

quently misreads AAU and AAC, AAU
four- to ninefold more frequently than
AAC (Parker et al. 1983; Parker and
Holtz 1984; Precup and Parker 1987).
In agreement with these data, the fre-
quency of Lys for Asn misreading of
AAU in our system is 4.2-fold greater
than AAC (see Table 1). Surprisingly,
the most frequently misread codons
were the two Arg codons, AGA and
AGG. In vitro studies have shown that
UdG mispairs of the kind necessary for
tRNA

Lys
UUU to decode AGA or AGG are

much less destabilizing to RNA helices
than had previously been expected,
implying a higher misreading frequency
for this type of error (Grosjean et al.
1978; Sugimoto et al. 1986). However,
a study in the yeast Saccharomyces
cerevisiae using an F-luc mutant ap-
proach similar to ours found misread-
ing frequencies at AGA were not
elevated (Salas-Marco and Bedwell
2005). So, frequent error is not simply

a feature of codondanticodon pairing. Rather, competition
between cognate and near-cognate tRNAs present at
different concentrations must also be a major factor in
the frequency of misreading errors in E. coli, where the
abundance of the tRNAs decoding AGA, tRNA

Arg
UCU, and

AGG, tRNA
Arg
CCU is very low (Ikemura 1981). Misreading

occurs in direct competition with correct decoding, so this
effect indirectly results in higher error rates.

Poor availability of cognate competitor tRNAs appears to
play a major role in misreading in general. The codons
showing significant misreading in our analysis fall into two

FIGURE 6. A mutation in rpsD increases misreading only of error-prone codons. The F-luc
activities relative to wild type of the indicated K529 codon replacements are shown from
a wild-type strain (black bars) and a strain carrying the rpsD12 mutation (gray bars).

FIGURE 7. A mutation in rpsL reduces misreading only of error-
prone codons. The F-luc activities relative to wild type of the indicated
K529 codon replacements are shown from a wild-type strain (black
bars) and a strain carrying the rpsL141 mutation (gray bars).
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groups. The codons AAU and AAC are recognized by
a major tRNA isoacceptor (Ikemura 1981). These are
the only codons that tRNA

Lys
UUU can decode by wobble

misreading, which is known to be frequent. All other
codons that were error prone in one or more of our
experiments are decoded by minor isoacceptors (AGA,
AGG, and AUA) or have no cognate tRNAs (UAA,
UAG). Though other considerations may affect misreading
frequency, lack of an abundant cognate might be necessary
for frequent errors at codon position 1 or 2. Determining
whether this is true will require analysis of misreading
errors by other tRNAs.

The solution of high-resolution structures of several bac-
terial ribosomes has provided insights into the mechanism
of error correction. The structures involving ribosomes in
error-prone or hyperaccurate states are particularly relevant
to this study, including 30S ribosomal subunits bound to
paromomycin or streptomycin (Carter et al. 2000; Ogle
et al. 2001, 2002). Paromomycin binds to the small ribo-
somal subunit and displaces A1492 and A1493 into a con-
formation similar to that induced by a cognate tRNA (Ogle
et al. 2001). In this conformation, the two nucleotides can
interact with and recognize cognate codondanticodon com-
plexes. Cognate complexes provide the energy required to
force this conformational shift, and paromomycin may
compensate for the lack of this energy for near or non-
cognate complexes (for review, see Ogle et al. 2003; Ogle
and Ramakrishnan 2005). In so doing, paromomycin may
promote near or noncognate acceptance in the A site. In
vitro studies show that paromomycin increases the rates of
GTPase activation and accommodation, stabilizing the tRNA
in the A site regardless of whether it is cognate or near
cognate (Pape et al. 1999; Rodnina and Wintermeyer 2001),
which is consistent with this model.

Streptomycin alters the ribosome’s structure in a similar
manner by binding near the ribosomal A site and inducing
a movement of the shoulder domain. This movement re-
sembles one induced by a cognate codondanticodon helix,
though the movement is not as great (Ogle et al. 2003).
Streptomycin also appears to alter the kinetics of GTP
hydrolysis during tRNA selection by reducing the rates of
GTPase activation and accommodation for a cognate tRNA
and increasing those rates for a near-cognate tRNA (Rodnina
et al. 2002; Gromadski and Rodnina 2004b). Because the
difference in the rate of GTPase activiation is a governing
kinetic step in tRNA acceptance (Rodnina et al. 2005), this
change would tend to increase the probability of near-
cognate acceptance.

Our data suggest that the effect of these antibiotics is
far less general than the structural and in vitro studies
imply. Rather than having a blanket effect of stimulating
all types of near-cognate misreading, paromomycin and
streptomycin both stimulate frequent errors at a subset of
near-cognate codons. Three of these codons, UAA, UAG,
and AUA, make the least energetically unfavorable near-

cognate interaction, involving a relatively stable UdU
mismatch. Misreading of two others, AGA and AGG,
requires a nearly as favorable UdG pair, but depends on
the inability of their low-abundance cognate tRNA to
compete for binding. The last two codons, AAU and
AAC, mismatch only at the wobble position, which the
ribosome does not monitor as tightly as the other two,
even in the absence of the antibiotic (Ogle et al. 2001).
Importantly, the drugs have no effect on misreading of
the other near-cognate codons. Misreading of these
codons would require first or second position CdU
mismatches (CAA, CAG, ACA, ACG) or first position
UdG mismatches (GAA, GAG). Either the antibiotics
cannot overcome the energetic barrier to forming these
pairs or the abundant cognate tRNA for these codons
out-competes tRNA

Lys
UUU for decoding these codons.

Many rpsL mutations occur in residues of ribosomal
protein S12 that interact with Helices 27 and 44 of the 16S
rRNA after 30S subunit closure (Ogle et al. 2002). It has
been suggested then that the closed form of the 30S subunit
is weakened by such mutations, leading to hyperaccuracy
during decoding (Ogle et al. 2002, 2003). Our data are
consistent with this hypothesis. The rpsL141 mutation
reduced misreading of all near-cognate codons to a low
background level. However, rpsL141 had no measurable
effect on the less error-prone near-cognate codons. This
may signal a specific effect of rpS12 on the error-prone
codons or, more likely, the noise from other types of
errors (e.g., transcriptional or tRNA charging) may make
it impossible to measure more subtle effects using our
system.

Mutations in rpsD occur at residues that reside in an
interface between ribosomal proteins S4 and S5 that is
broken during closure of the 30S subunit (Carter et al.
2000). Consequently, such mutations may lower the num-
ber of bonds that must break during closure. It has
therefore been suggested that rpsD mutations increase the
likelihood that near-cognate tRNAs can induce closure of
the 30S subunit (Ogle et al. 2002, 2003). It is possible to
imagine then that if all near-cognate tRNAs have an
increased probability of inducing 30S closure in rpsD
mutants, misreading of all near-cognate substrates should
increase. This, however, is not what our data show.
Unexpectedly, only those near-cognate codons frequently
misread during normal translation showed increased mis-
reading in rpsD mutants. Again, the failure to observe
increased errors at other codons may reflect a signal-to-
noise problem, but we note that the rpsD effect (Fig. 6)
appears far more specific than even the effect of the
aminoglycoside antibiotics (Fig. 7). The only misreading
error greatly affected by the rpsD mutant was wobble
misreading of AAU, which increased almost ninefold,
while the effect on the other codons was no more than
twofold. These data appear inconsistent with the 30S
closure model.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains used in this study were: DH5a (endA1 hsdR17
supE44 thi-1 recA1 gyrA relA1 D[lacZYA-argF] [f80lacZDM15])
(Invitrogen), Xac (ara D[lacproAB] gyrA rpoB argE[amber]),
US157 (Xac rpsL141 zcg-174::Tn10), and UD131 (Xac rpsD12)
(Andersson et al. 1982). The identity of the mutational changes in
rpsL and rpsD were determined by direct sequencing of PCR-
amplified DNA from each mutant strain. Cultures were grown at
37°C in 5 mL of Luria-Bertani (LB) medium (10 g NaCl, 10 g
tryptone, and 5 g yeast extract per L) supplemented with 50 mg/mL
ampicillin or 12 mg/mL tetracycline, where required.

Plasmids

We constructed the dual luciferase reporter plasmid pEK4 by PCR
amplifying the dual luciferase reporter gene (R-luc–F-luc) from
plasmid p2luci (Grentzmann et al. 1998) and subcloning it into
the HindIII/NcoI sites of plasmid pTrc99A, a high-copy bacterial
plasmid with a regulated Ptac promoter (Amann et al. 1988).
QuikChange Site-Directed Mutagenesis (Stratagene) was used to
make all mutations in the AAA lysine codon at position 529 in the
firefly luciferase gene (Fig. 1). For overexpression of tRNA

Arg
UCU, we

used the plasmid pAlter-Ex2/argU (Ruzicka et al. 2000), which
encodes the AGA and AGG-decoding tRNA

Arg
UCU, coexpressing it

with the AGA and AGG mutant constructs.

Preparation of cell lysates and dual luciferase assays

Plasmids were introduced into bacterial cells either by trans-
formation using the Z-Competent Transformation system (Zymo
Research) or electroporation (Ausubel et al. 1997). Cultures of
individual clones grown to midlog phase at 37° were pelleted and
resuspended in 200 mL, 1 mg/mL lysozyme/10 mM TrisCl at pH
8.0/1 mM EDTA. Cells were incubated on ice for 10 min, frozen
on dry ice, and thawed on ice (de Wet et al. 1985). Five microliter
samples of this extract were assayed for firefly (F-luc) and Renilla
(R-luc) luciferase activities using the Dual-Luciferase Reporter
Assay System (Promega). Luminescence was measured using an
MLX Microtiter Plate Luminometer (Dynex Technologies). Three
colonies of each construct were assayed in triplicate. The R-luc
activity was used as an internal standard and standardized F-luc
activity was calculated as the ratio of the F-luc to R-luc activity
expressed in relative light units (RLU).
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