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Genes that are laterally acquired by a new host species often contain codons that are non-optimal to the tRNA repertoire of the new host, which
may lead to insufficient translational levels. Inefficient translation can be
overcome by different mechanisms, such as incremental amelioration of the
coding sequence, compensatory mutations in the regulatory sequences leading to increased transcription or increase in gene copy number. However,
there is also a possibility that ribosomal mutations can improve the expression of such genes. To test this hypothesis, we examined the effects of point
mutations in the endogenous ribosomal proteins S12 and S5 in Escherichia coli, which are known to be involved in the decoding of the mRNA, on
the efficiency of translation of exogenous genes that use non-optimal codons, in vivo. We show that an S12 mutant in E. coli is able to express
exogenous genes, with non-optimal codons, to higher levels than the wildtype, and explore the mechanisms underlying this phenomenon in this
mutant. Our results suggest that the transient emergence of mutants that
allow efficient expression of exogenous genes with non-optimal codons
could also increase the chances of fixation of laterally transferred genes.

Introduction
In all organisms there is a preference towards the use
of a specific subset of codons, referred to as ‘optimal
codons’, which usually constitute 70–90% of the codons in a gene and match the most abundant tRNA in
the cell [1–3]. Previous studies in Escherichia coli [3–7]
have shown that optimal codons increase the accuracy
of tRNA selection (translation accuracy) and also the
total amount of the produced protein (translation efficiency). A possible explanation for these phenomena is
that, by using codons that are non-optimal to the
tRNA pool, translation accuracy is reduced due to
higher rates of amino acid misincorporation and

elongation is slowed down due to increased translational proofreading resulting in lower translation efficiency [3–12].
The accuracy of translation does not reach the theoretical maximum and can be modified by antibiotics or
mutations in ribosomal proteins that involve the decoding of the mRNA codons into amino acids [13–32]. In
E. coli, for example, antibiotics such as streptomycin
(STR) and spectinomycin (SPEC) were shown to bind
to the ribosome and modify the accuracy of translation [13–30]. Moreover, many studies in E. coli [13–
17,31,32] have shown that alterations in the rpsL (the
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gene encoding the small subunit ribosomal (r) protein
S12) produce streptomycin resistance (STRR) and
error-restrictive ribosomes (i.e. ribosomes with reduced
translational error rates). In contrast, mutations in the
rpsE (the gene encoding the small subunit r-protein
S5) produce spectinomycin resistance (SPECR) and
error-prone ribosomes (i.e. ribosomes with increased
translational error rates).
Two common rpsL mutations in E. coli that confer
STRR are the replacement of the amino acid lysine 42
with threonine (referred to as K42T) and the replacement of the amino acid lysine 87 with arginine
(referred to as K87R) [17,31]. While the K42T mutation also results in error-restrictive ribosomes [18], the
K87R mutation results in semi error-restrictive ribosomes, with a translational error rate that is lower
than that of wild-type strain yet higher than errorrestrictive strains such as the K42T mutant [33]. On
the other hand, it was demonstrated that a single
amino acid substitution in the E. coli rpsE gene of a
highly conserved glycine to an aspartate at position 28
(referred to G28D), which produces SPECR, also
resulted in error-prone ribosomes [32].
In this study, we were interested in exploring the
possibility that mutations in the decoding centre of the
ribosome that are known to affect accuracy will alter
the efficiency of translation of genes with non-optimal
codons. Towards this aim, we generated three ribosome mutations in E. coli K-12 strain MG1655 that
differ in their levels of accuracy: the two RpsL mutations K42T (error-restrictive) and K87R (semi
error-restrictive), and the RpsE mutation G28D (errorprone). Then we examined the effect of each of these
mutations on the level of expression of exogenous
genes that encode the same protein but differ in their
DNA sequence, compared with wild-type strain. Our
results revealed that the semi error-restrictive mutation
(K87R), within the rpsL gene, caused an increase in
the abundance and activity of proteins encoded by
exogenous genes containing non-optimal AT-rich codons.

Results
Generation of ribosome mutants in E. coli K-12
MG1655 strain
To avoid any potential problems associated with gene
disruption and expression while generating the K42T
or K87R mutations in the endogenous rpsL gene and
the G28D mutation in the endogenous rpsE gene in
E. coli K-12 MG1655 strain, we used the one-step
allele exchange (Materials and methods). To isolate
3702

candidates for K42T or K87R rpsL mutations, selection was achieved by plating on medium containing
100 lgmL1 of STR at 37 °C. Similarly, candidates
for G28D mutations were selected by plating on medium containing 100 lgmL1 of SPEC. After 2 days,
three candidates for a K42T mutation, seven candidates for a K87R mutation and 11 candidates for a
G28D mutation were identified and validated by DNA
sequencing. To rule out secondary mutational events,
these resistance-conferring mutations were then transferred to the wild-type strain using transduction with
the phage P1 followed by sequencing of the genomic
rpsL or rpsE genes of the transductants (Materials and
methods; see also Table 1). Additionally, transduction
with the phage P1 of all three replacements to a wildtype MG1655 strain revealed that the K42T and
K87R replacements provided resistance to 100–
300 lgmL1 of STR to the wild-type strain, and the
G28D replacement provided resistance to 100 lgmL1
of SPEC to the wild-type strain (Table 1).
The influence of the ribosome mutations on the
expression of exogenous bacterial genes
To test our hypothesis that ribosome mutations could
increase the expression of genes with non-optimal codons, we examined the influence of the rpsL (K42T,
K87R) and the rpsE (G28D) mutations on the expression of orthologous accA genes from three evolutionary distant bacteria: the native E. coli (class
Gammaproteobacteria, referred to as accAEc), Agrobacterium tumefaciens
(class
Alphaproteobacteria,
referred to as accAAg) and Listeria monocytogenes
(class Bacilli, phylum Firmicutes, referred to as
accALm). These genes encode the alpha subunit of carboxyl transferase. Carboxyl transferase is part of a larger complex, acetyl-CoA carboxylase (ACC), which is
located in the cytoplasm and catalyses the first and
rate-limiting step of fatty acid synthesis [34–36]. Both
Table 1. Position of mutations in S12 and S5 proteins of E. coli K12. The position numbering originates from the start codon of the
open reading frame.

Strain

Gene

Position of
mutation in
rpsL/rpsE gene

K42T

rpsL

128 (A ? C)

Lys to Thr

K87R

rpsL

263 (A ? G)

Lys to Arg

G28D

rpsE

84 (G ? A)

Gly to Asp

Amino acid
replacement

Antibiotic
resistance
100–300 lgmL1
STR
100–300 lgmL1
STR
100 lgmL1
SPEC
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Table 2. The model genes used in this study and their characteristics. accAEc, accA from E. coli; accAAg, accA from Agrobacterium
tumefaciens; accALm accA from Listeria monocytogenes; CATopt, a CAT variant optimized for expression in E. coli; CATAT-rich, a CAT variant
with deoptimized AT-rich codons; sfGFPopt, an sfGFP variant optimized for expression in E. coli; sfGFPAT-rich, a sfGFP variant with
deoptimized AT-rich codons, Based on the average codon usage of a set of highly expressed genes in E. coli. Folding energy in the first 40
codons of the gene (Kcal/mole).

Gene

tAI

CAI

Percentage of
rare codons

%A + T

Folding energy

Length (bp)

Protein molecular
weight (kDa)

accAEc
accAAg
accALm
CATopt
CATAT-rich
sfGFPopt
sfGFPAT-rich

0.29
0.26
0.23
0.29
0.2
0.35
0.26

0.7
0.57
0.38
0.97
0.33
0.95
0.52

1.25
1.57
9.71
0.42
9.32
0
7.11

47.7
40.1
60.4
49.0
67.4
49.7
61.3

4.7
3.1
2.6
2.1
1.8
5
5

960
954
957
708
708
837
837

37
37
37
25
25
26.9
26.9

AccAAg and AccALm protein homologs have 50–52%
identity and 69–70% similarity to AccAEc. However,
according to our analysis (Materials and methods),
while the native accAEc codon usage is optimized for
expression in E. coli, the GC-rich accAAg gene has
intermediate codon adaptation values for expression in
E. coli and the accALm uses AT-rich codons that are
highly non-optimal compared with E. coli, i.e. the gene
has low tRNA adaptation index (tAI) and codon
adaptation index (CAI) values and a high percentage
of rare codons (Table 2). The three accA genes were
cloned into a pBAD vector containing a tightly regulated arabinose promoter (Materials and methods). A
FLAG epitope (DTKDDDDK) was added at the
C-terminus [37] and the levels of soluble AccA proteins

from all four strains were compared using western blot
analysis (Materials and methods).
As shown in Fig. 1A, within all strains the soluble
protein levels of AccALm were lower than those of
AccAEc and AccAAg. This is in agreement with the low
codon adaptation values of accALm and despite the fact
that it has the weakest predicted mRNA folding energy
of the three genes (Table 2), a property that has been
shown to be a strong predictor of E. coli protein abundance [38]. Thus, the lower protein yield of the nonoptimal AT-rich accALm gene, in each strain, probably
indicates a correlation between codon usage and the
level of protein expression [1,3–12,39–44]. However,
when comparing the levels of all three proteins between
the wild-type strain and the ribosome mutants

A

B
Fig. 1. A comparison of the soluble
protein levels of AccA proteins in E. coli
wild-type and ribosome mutants. (A) Equal
quantities of soluble AccA proteins
extracts were loaded in all lanes. The
levels of expression of the genes in each
strain were compared using western
blotting with an antibody specific for the
FLAG epitope engineered into AccA. (B)
Densitometry results are normalized to the
values of the wild-type strain and are an
average of three independent
experiments, one of which is presented in
(A). The error bars represent the standard
deviation.

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

3703

Mutations increasing translation of foreign genes

(Fig. 1B), although no substantial difference in the levels of soluble AccAEc was observed, the expression of
soluble AccAAg varied between strains. While the
K87R (semi error-restrictive) mutation resulted in an
increase of over 1.33  0.17 fold of soluble AccAAg
protein levels, relative to the wild-type, the K42T
(error-restrictive) and G28D (error-prone) mutants had
soluble AccAAg protein levels that were lower by
1.33  0.07 and 1.78  0.04 fold, respectively, than
the wild-type. Notably, while there was no significant
difference in the levels of soluble AccALm (which uses
AT-rich codons that are highly non-optimal to E. coli)
between the K42T mutant and the wild-type, the K87R
mutant had over 1.61  0.15 fold higher levels of this
protein than its parental strain. In contrast, in the
G28D mutant there was a reduction of 11  0.004 fold
in the expression of soluble AccALm compared with the
wild-type. These results indicate that the rpsL mutation
K87R can increase the relative expression levels of
accAAg and accALm genes that use non-optimal codons.
Since we were interested mainly in increased expression
of genes with non-optimal codons, we focused on the
K87R mutants in the following experiments.
The K87R mutation reduces protein aggregation
of the foreign AccA homologs
Codons requiring rare tRNAs are known to cause
translation errors [3], which may result in improper
folding and often protein aggregation [10]. Indeed,
western blot analysis of non-soluble (aggregated) AccA
proteins (Materials and methods) revealed that within
both wild-type and K87R strains the amounts of
aggregated AccAAg and AccALm proteins were higher
than aggregated AccAEc (Fig. 2). In the wild-type
strain the quantities of non-soluble (aggregated)
AccAAg and AccALm proteins were 1.52- and 1.65-fold
higher than aggregated AccAEc, respectively, while in
the K87R strain the amounts of aggregated AccAAg

Fig. 2. Comparative western blot analysis of aggregated AccA
proteins. Western blotting was performed with equal quantities of
total aggregated cellular protein with an antibody specific for the
FLAG epitope engineered into AccA. It represents five independent
experiments.
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and AccALm proteins were 1.47- and 1.7-fold higher
than aggregated AccAEc, respectively. This finding is
in agreement with previous studies suggesting that
optimal codons might be preferentially used in genes
as a result of pressure for translational accuracy [45–
50]. It is therefore likely that the K87R mutation,
known to confer more accurate translation, would
result in more soluble AccAAg and AccALm proteins,
due to fewer translational errors and reduced aggregation [10]. Indeed, western blot analysis of aggregated
AccA proteins revealed that the amount of aggregated
AccAAg and AccALm proteins were 1.44- and 1.53-fold
lower in the K87R mutant compared with the wildtype, respectively (Fig. 2). Thus, some of the increase
in soluble AccAAg and AccALm proteins in the mutant
strain is likely to be due to a lower level of aggregated
protein, presumably due to the lower error rate.
The influence of K87R mutation on the
expression of synthetic genes that encode the
same protein using different codons
Since the analysis of the expression of natural AccA
homologs compared the levels of proteins with slightly
different amino acid sequences and lengths (Table 2),
we followed this assay with a more refined experimental tool, comparing identical proteins encoded by different gene variants. In the additional assays we
compared the translation levels of two synonymous
versions of the chloramphenicol acetyltransferase
(CAT) gene (CATopt and CATAT-rich) [51] and two synonymous versions of the synthetic ‘superfolder’ (sfGFP)
gene (sfGFPopt and sfGFPAT-rich). The sfGFP gene
encodes for the synthetic ‘superfolder’ green fluorescent
protein, which has been shown to have a high folding
efficiency and a low tendency to aggregate [52]. Hence,
sfGFP is a preferred protein to study translation efficiency. Where CATopt and sfGFPopt are optimized for
expression in E. coli (based on the average codon usage
of a set of highly expressed genes in E. coli [54]), both
CATAT-rich and sfGFPAT-rich variants are enriched with
AT-rich codons that were designed to be deoptimized
for expression in E. coli (Table 2). The engineered
CAT genes were cloned to a pUC57 plasmid under the
control of the lac promoter and were immuno-tagged
with an AU1 (MDTYRYI) epitope at their N-termini
[52]. The sfGFP genes were cloned to the pIA160 plasmid under a Ptrc promoter and were also immunotagged with an AU1 (MDTYRYI) at the C-terminus
(Materials and methods).
Comparing the relative expression levels of these
CAT genes by western blot analysis revealed that the
level of soluble CATAT-rich protein was lower than that
FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS
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of the CATopt protein, in both strains (Fig. 3A). Similarly, the levels of sfGFPopt gene expression were higher
than those of the sfGFPAT-rich gene in both strains
(Table 3). Again, differences in mRNA folding energy
could not explain these findings, since the CATAT-rich
gene has less negative mRNA folding energies in the
first 40 codons of the gene compared with CATopt
(Table 2). In addition, both sfGFP variants have the
same mRNA folding energies in their first 40 codons
(Table 2). These results indicate again a correlation
between usage of more optimal codons and the level
of protein expression [1,3–12,39–44].
Importantly, while there was no substantial difference in soluble CATopt protein levels between the wildtype and the K87R mutant, the level of the soluble
CATAT-rich protein was 1.88-fold higher in the mutant
strain than in the wild-type (Fig. 3B). In addition,
comparing the relative expression levels of sfGFPopt by
fluorescence (Materials and methods) did not show
substantial differences between the wild-type and the
K87R mutant (Table 3 and Fig. 3C). However, the
levels of sfGFPAT-rich were about 1.54-fold higher in
the K87R mutant than in the wild-type strain (Table 3
and Fig. 3C). These experiments again indicate that
the K87R mutation, in rpsL, can increase the levels
of proteins encoded by genes that use non-optimal
codons.

Mutations increasing translation of foreign genes

teins encoded by genes with non-optimal AT-rich
codons, in vivo, by the K87R mutation can be caused
either directly by improved efficiency of translation or
indirectly through effects on mRNA abundance, mediated by the coupling between transcription and translation in bacteria [55]. Quantification of the mRNA levels
of all three model genes – accALm, sfGFPAT-rich and
CATAT-rich – using real-time quantitative PCR (Materials and methods) revealed a direct correlation between
the level of translation and the corresponding mRNA
levels of these genes in the K87R mutant relative to the
A

B

The increased expression of AT-rich gene with
non-optimal codons in the rpsL K87R mutant
results from higher mRNA levels
Notably, unlike accALm, we did not observe any aggregation of either CAT or sfGFP gene products, so
improved accuracy by itself cannot explain the differences between the wild-type and the K87R mutant.
Therefore, the improvement in protein yields of pro-

C

Fig. 3. Comparative analysis of CAT gene expression in E. coli
wild-type and K87R ribosome mutant using (A) western blotting of
equal quantities of total soluble cellular protein extract with an Ig
specific for the epitope AU1, as quantified by (B) densitometry and
normalized relative to expression in the wild-type strain.
Densitometry results are normalized to the values of the wild-type
strain and are an average of three independent experiments, one
of which is presented in (A). The error bars represent the standard
deviations. (C) A comparison of the fluorescence levels of sfGFP
proteins in E. coli wild-type and K87R ribosome mutant.
Fluorescence was excited at 488 nm for all sfGFP variants.
Fluorescence emission was detected at 510 nm (Materials and
methods). Results are normalized to the values of the wild-type
strain and are an average of three independent experiments. The
error bars represent standard deviations.
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Table 3. A comparison of the fluorescence levels of sfGFP proteins
in E. coli wild-type and K87R ribosome mutant. The expression
levels of sfGFPopt and sfGFPAT-rich were measured by liquid culture
whole-cell fluorescence measurements. Values are mean 
standard deviations. Fluorescence was excited at 488 nm for all
sfGFP variants. Fluorescence emission was detected at 510 nm
(Materials and methods).
sfGFP

Strain

No plasmid

sfGFPopt

variant
sfGFPAT-rich

Wild-type
480  32 16414  167
12164.4  590
K87R
334.6  17 17350  814 (1.05) 18733.2  247 (1.54)

wild-type. Importantly, the transcript levels of accALm,
sfGFPAT-rich and CATAT-rich were 1.47, 1.92 and 2.5
times higher respectively in K87R than in its parent
strain (Fig. 4). Thus, the differences in mRNA levels
can explain most of the observed differences between
the K87R strain and the wild-type in the levels of proteins encoded by genes with non-optimal codons.
Increased antibiotic resistance of the K87R
mutant expressing the deoptimized CATAT-rich
gene
In the light of our findings, we were interested to test
the effect of the increased CATAT-rich protein and
mRNA levels in the K87R mutant on the specific
activity of CATAT-rich protein, using the FAST CAT
(deoxy) assay (Materials and methods). We found that
while there was no difference in the specific activity of
CATopt between K87R and the wild-type strains, the
CATAT-rich specific activity was 1.4 times higher in
K87R compared with the wild-type (Fig. 5).
The increased CATAT-rich protein activity in the
mutant could also manifest itself in increased resistance
to chloramphenicol (CHLR), which is mediated by the
enzyme CAT. To experimentally test this hypothesis,
we characterized the growth properties of both strains
in rich liquid medium (LB) at 37 °C (Materials and
methods). As expected [18–23,55,56], the rpsL mutant
(without any plasmid) grew slightly slower than the
wild-type in the absence of antibiotics. As shown in
Table 4, the doubling times of the wild-type and K87R
were 30.5  3 and 35  3 min, respectively. Growth
experiments in LB medium supplemented with increasing amounts of CHL revealed that 2 lgmL1 of CHL
was the lowest concentration that completely inhibited
the growth of both strains. However, when expressing
either one of the CAT gene variants, both strains
showed resistance even at 10 lgmL1 of CHL
(Table 4). Predictably (and in agreement with [57]),
there was a direct correlation between the codon usage
3706

Fig. 4. The mRNA levels of accALm, sfGFPAT-rich and CATAT-rich
genes in the K87R strain relative to the mRNA level of this gene in
the wild-type. The mRNA level was quantified using real-time
quantitative PCR (Materials and methods). Results are normalized
to the values of the wild-type and are an average of three
independent experiments. The error bars represent the standard
deviations.

of the gene and the doubling time within the wild-type:
under all tested conditions, the growth rate of the wildtype expressing the CATAT-rich was longer than the
wild-type expressing the CATopt gene (Table 4). Surprisingly, in the K87R strain an opposite trend was

Fig. 5. Enzymatic activity of the soluble CAT protein in the wildtype and K87R strains, measured by FAST CAT at 37 °C. Results
are normalized to the values of the wild-type and are an average of
three independent experiments. The error bars represent the
standard deviations.
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Table 4. The generation time (in minutes) of wild-type and rpsL mutants in LB medium supplemented with different concentrations of CHL.
Numbers indicates the mean of generation time (minutes)  standard deviation of three independent experiments. NG, no growth.
CHL concentration (lgmL1)
0
No plasmid
CATopt
CATAT-rich

Wild-type
K87R
Wild-type
K87R
Wild-type
K87R

30.5
35
35
37
36
37

1







3
3
1
3
5
0

37
52
43
43
44
39

2







1
1
1
1
3
3

observed: under selection of CHL, the doubling time of
the K87R mutant carrying the CATAT-rich gene was
slightly shorter than the same strain carrying the
CATopt gene. Moreover, when the CATopt variant was
expressed, in the presence of increasing concentrations
of CHL, the wild-type had faster growth rates (shorter
generation times) than K87R. However, K87R expressing CATAT-rich gene showed a significantly higher
growth rate than the wild-type only under CHL selection (Table 4). These findings raise the possibility that
the ribosomal mutation conferring antibiotic resistance,
such as the K87R mutation, which emerges during
STR exposure, could also result in a higher expression
of other antibiotic resistance genes using non-optimal
codons, thus providing an increased fitness phenotype
for those mutants.

Discussion
Proper function of proteins is crucial for the viability of
all organisms. Therefore, organisms invest a considerable amount of energy to carry out efficient and accurate translation of proteins [58–67]. However, genetic
and biochemical evidence indicates that the accuracy of
translation by the ribosome is not at its maximal level,
but is rather at its optimal level for the rate of bacterial
growth [68–70]. In this study we tested whether ribosome mutations in proteins of the decoding centre,
which are known to alter the translational accuracy of
the ribosome, could also increase translation of exogenous genes with non-optimal codons in vivo.
Primarily, our results revealed that a ribosome
mutation in E. coli, namely a K87R substitution in
rpsL, can increase expression of three different exogenous genes encoded by non-optimal codons, by 1.7fold on average. Given that codons requiring rare
tRNAs are known to cause translational errors [49], it
is possible that the increased expression of genes with
non-optimal codons by the semi error-restrictive
mutant K87R is related to the accuracy of translation
by the ribosome. When translating exogenous genes
FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS
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64
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71
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64






1.2
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16
11

61
74
81
68






7
4
18
8

with deoptimized AT-rich codons, this mutant makes
fewer translational errors, which result in fewer errorridden misfolded proteins, which might eventually be
degraded [8–12]. The finding that the error-prone
mutation (in rpsE) resulted in a decrease in translation
of the AT-rich accALm supports this assumption.
Additionally, AccALm exhibited a reduced level of
aggregation in the K87R mutant, although the CAT
and sfGFP genes did not show any sign of aggregation
in any strain tested, presumably because they are
highly soluble proteins. All the proteins we tested were
comparatively short, and larger multi-domain proteins
that rely on co-translational folding may be much
more sensitive to errors in translation and thus more
affected by modifications to the accuracy of the ribosome. While laterally acquired genes are generally
shorter than the genomic average [71,72], the exceptions, such as multi-domain enzymes, are very interesting proteins and should be the focus of future study.
Interestingly, increased expression of the foreign
AccA orthologous was not displayed by the K42T
mutant, which is known to have higher fidelity than
K87R [17]. Since both mutations, K42T and K87R,
are in the same r-protein, S12, a possible explanation
for the different translational phenotype of genes with
AT-rich non-optimal codons between them can be that
these S12 mutations result in dissimilar structural
alterations to the ribosome that differently affect the
translation of genes with AT-rich non-optimal codons.
Notably, an in vitro study in E. coli [17] has shown
that increased expression of exogenous genes with
non-optimal codons was observed in a K42T but not
in a K87R mutant in a cell-free transcription and
translation system. Accordingly, it might be suggested
that there are some cellular factors, which affect the
translation of genes with non-optimal codons in vivo
but not in vitro, that operate differently in the K87R
mutant, resulting in higher transcript levels.
Further investigation of the mechanism leading to
increased expression of genes with non-optimal codons
by the K87R mutant revealed that this improvement
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could be mostly attributed to a variation in transcript
levels. Quantifications of the mRNA levels revealed
that, on average, AT-rich non-optimal mRNA levels
were nearly 2-fold higher in the K87R strain than in
the wild-type strain. Several mechanisms can explain
the increased levels of mRNA of genes with non-optimal codons by the K87R rpsL mutant. One mechanism could be decreased ‘xenogeneic silencing’ by the
histone-like nucleoid structuring (H-NS) protein in the
K87R mutant. Recent studies in E. coli [54,73–77]
have shown that H-NS can selectively recognize and
silence the transcription of exogenous AT-rich DNA,
in a process known as xenogeneic silencing. Since in
bacteria there is a coupling between transcription and
translation [54], it is possible that the K87R mutation,
which changes the rate of translation [13–17], also
changes the rate of transcription. Hence the length of
the gap between the ribosome and the RNA-polymerase is affected and results in inhibition of the binding
of H-NS to the AT-rich mRNA. Consequently there
are more AT-rich mRNA molecules in K87R and
hence the increased translation in K87R compared
with the wild-type. A second mechanism that can
explain the increased mRNA and protein levels of the
AT-rich genes in the K87R mutant is related to transfer-messenger RNA (tmRNA) activity [78]. Bacteria
use tmRNA activity to release stalled ribosomes,
allowing incomplete polypeptides to be tagged and
rapidly degraded by ATP-dependent proteases. Ribosome pausing can be caused by an absence of a stop
codon but also by cognate tRNA shortage, due to use
of rare codons. Thus, ribosome stalling at non-optimal
codons can activate the tmRNA system [79–81] and
result in mRNA cleavage. Since accALm, sfGFPAT-rich
and CATAT-rich genes contain a multitude of non-optimal and rare codons, the chance for mRNA cleavage
within the ribosome’s A-site and subsequent tmRNA
activity is high specifically for those genes. Importantly, a recent study revealed that rpsL mutants in
E. coli exhibited reduced A-site mRNA cleavage and
tmRNA-SmpB-mediated SsrA peptide tagging compared with wild-type cells [78]. Thus, a reasonable
explanation for our observation of increased levels of
mRNA of genes with non-optimal codons by the
K87R rpsL mutant may be a decrease in tmRNA
activity compared with the wild-type, which would
also explain why genes that utilize common/optimal
codons were not differentially expressed.
Translational errors might disrupt protein folding
[8–12]. It is possible that the CATAT-rich specific activity was higher in K87R compared with the wild-type
since fewer translational errors were made by the
error-restrictive ribosome than the wild-type ribosome
3708

G. Pelchovich et al.

which would result in more properly folded and functional CATAT-rich proteins. However, since no aggregated CAT proteins, drop-off events or read-through
events were detected, our findings imply that in the
K87R mutant higher activity levels of CATAT-rich are
probably due to higher protein levels rather than
higher specific activity per protein molecule.
In view of our findings, we wondered whether such
K87R ribosomes existed in nature. In the growth experiments we performed, in agreement with previous studies [17,19–23,55,56], we also observed that the K87R
mutation in the rpsL gene impaired the growth of bacteria compared with the wild-type. Moreover, rpsL
mutations that confer semi error-restrictive phenotype
were also shown to cause impaired peptide chain elongation and alterations in the efficiency and specificity of
protein chain initiation [20,22,23,55]. These findings
suggest that there are some negative factors that are
more pertinent than the benefit that would arise from
increased accuracy, otherwise these mutations would be
fixed in many bacterial species. Accordingly, it can be
suggested that the accuracy of translation and the speed
of translation evolved to be in the right balance
required for optimal growth. In conclusion, our findings reinforce the view that the intermediate accuracy
of the ribosome is a compromise between a higher efficiency of error-free protein expression and the cost of
fitness in maintaining higher levels of accuracy [82].
Lateral gene transfer is a major source of genetic
innovation in microbial evolution allowing bacteria to
acquire novel functions that can improve their fitness in
a given environment. Recently acquired genes typically
use a different subset of codons than that of the recipient genome [82], generally using AT-rich codons [83],
which could impede their translation. Since the usefulness of a gene relies on its translation into active protein, codon usage compatibility between exogenous
genes and recipient genomes may increase the fixation
probability of lateral gene transfer events [84,85]. In
cases where the exogenous genes are incompatible with
the codon usage of the host, inefficient translation can
be overcome by different mechanisms, such as gradual
amelioration of the coding sequence [86]. However, evidence from experimental evolution approaches has not
shown this codon-by-codon optimization, but rather
found compensatory mutations in the regulatory
sequences leading to increased transcription [51], or
increase in gene copy number [87], which have a quicker
effect on expression. Nevertheless, this solution is highly
risky to the bacterium in question, as high expression of
a gene with non-optimal codons has been shown to
result in substantial growth inhibition [57]. Here we
observed an additional and novel molecular mechanism
FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS
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that improves the translation of non-optimal genes. We
have demonstrated that some ribosome mutations
resulted in an increase in expression of AT-rich genes
which contain non-optimal codons, and that this can
increase antibiotic resistance conferred by these genes.
One may speculate that under stressful conditions,
especially when cells are exposed to antibiotics that
affect translation, such as STR, resistant mutants with
altered ribosomal functionality will spontaneously arise
and will express some exogenous genes better than the
wild-type bacteria. When these genes are highly beneficial (conferring additional resistance, for example), the
chances of fixation of resistance genes will be higher in
these mutants. Thus, mutant ribosomes that arise by a
single point mutation and are maintained by antibiotic
pressure can increase the chances of acquiring additional resistance determinants and other exogenous
genes, such as virulence genes. This mechanism can augment the effects of transcription-enhancing mutations
that promote expression of laterally acquired genes [51].

Materials and methods
Strains and plasmids used in this work
The bacterial strains and plasmids used in this study are
listed in Tables 5 and 6 respectively.

Growth medium
Lysogeny broth (LB) medium was composed of 1% tryptone, 0.5% yeast extract, 0.5% NaCl and solidified by addition of 1.5% agar.

Growth and maintenance of bacterial strains
Generally, overnight liquid cultures were prepared by inoculation of a single colony into LB medium and incubation
at 37 °C in a gyratory shaker (New Brunswick Scientific,
Edison, NJ, USA), model G-25 at 270 r.p.m. For long-term
storage, overnight cultures were mixed with 25% (v/v) glycerol and stored at 70 °C.

Generation of ribosome mutants in E. coli K-12
MG1655
The rpsL (K42T, K87R) and rpsE (G28D) mutations (Table
1) were introduced into the rpsL and rpsE genes of E. coli
K-12 MG1655 strain by the one-step allele exchange
method [90] using the double-stranded DNAs listed in
Table 7. In order to generate the K42T mutation, a point
mutation AAA to ACA was introduced into the rpsL gene
using
the
double-stranded
DNA
oligonucleotides
RpsL_K42T_sense and RpsL_K42T_antisense (Table 7).
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To generate the K87R mutation, an AAA to AGA point
mutation was introduced into the rpsL gene, using the double-stranded DNA oligonucleotides RpsL_K87R_sense and
RpsL_K87R_antisense (Table 7). Candidates for rpsL
mutations were selected using LB 1.5% agar plates supplemented with 100 lgmL1 of STR. The G28D mutation
was generated by inserting the point mutation GGT to
GAT in the 28th codon of the rpsE gene by using the double-stranded DNA oligonucleotides RpsE_G28D_sense and
RpsE_G28D_antisense (Table 7). Candidates for rpsE
mutations were selected using LB 1.5% agar plates supplemented with 100 lgmL1 of SPEC.
To verify that these mutations are the only source of
resistance, they were transferred by transduction with the
phage P1 to a wild-type MG1655 strain (as described
below) and the respective region was amplified and
sequenced using the primers RpsL_F and RpsL_R or
RpsE_F and RpsE_R (Table 7).

P1 phage transduction
An overnight culture of E. coli K-12 MG1655 carrying the
genetic modification (donor strain) was diluted 1 : 100 in
2.5 mL of LB supplemented with 5 mM CaCl2. After 1 h of
growth with aeration at 37 °C (D595 of 0.1–0.2), 100 lL of
P1 phage lysate was added to the culture. Growth continued at 37 °C for another 1–3 h until the culture was completely lysed. Three microliters of chloroform were added
to the lysate and vortexed to eliminate any intact donor
bacteria. The cell debris was centrifuged away at 13000 g
for 2 min and the supernatant was kept at 4 °C. In order
to transfer the mutation to recipient strains, an overnight
culture of E. coli K-12 MG1655 was harvested by centrifugation (2500 g for 2 min) and resuspended in the original
culture volume in fresh LB with 100 mM MgSO4 and 5 mM
CaCl2. Several 100 lL aliquots containing serial dilutions
of the P1 lysate were incubated with 100 lL of recipient
cells for 30 min at 37 °C without aeration and then for 1 h
at 37 °C with aeration. Selection for putative transductants
was performed with 100 lgmL1 of STR, selecting for
K42T or K87R mutants, or with 100 lgmL1 of SPEC,
selecting for the G28D mutant.

DNA purification
Genomic DNA was purified by using Promega’s Wizard
genomic DNA purification kit (Promega Corp., Madison,
WI, USA) according to the manufacturer’s protocol.

Polymerase chain reaction (PCR)
All PCR products were amplified using Phusion DNA
Polymerase (Finnzymes Oy, Espoo, Finland) with bacterial
genomic DNA serving as a template. Reactions were cycled
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Table 5. Strains used in this study
Escherichia
coli strains
Escherichia coli
K-12 MG1655
K42T
K87R
G28D
Wild-typeaccAEc
Wild-typeaccAAg
Wild-typeaccALm
K42TaccAEc
K42TaccAAg
K42TaccALm
K87RaccAEc
K87RaccAAg
K87RaccALm
G28DaccAEc
G28DaccAAg
G28DaccALm
Wild-typesf GFP opt
Wild-typesf GFPAT rich
K87Rsf GFP opt
K87Rsf GFP AT rich
Wild-typeCATopt
Wild-typeCATATrich
K87RCATopt
K87RCATATrich

Wild-type strain
E. coli K-12 MG1655 with a point mutation in the amino acid 42, codon 128 within the rpsL gene.
This point mutation is A to C in second position, from Lys to Thr. Error-restrictive, STRR
E. coli K-12 MG1655 with a point mutation in the amino acid 28, codon 261 within the rpsL gene.
This point mutation is A to G in second position, from Lys to Arg. Semi error-restrictive, STRR
E. coli K-12 MG1655 with a point mutation in the amino acid 87, codon 84 within the rpsE gene.
This point mutation is G to A in second position, from Gly to Asp. Error-prone, SPECR
E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA gene from E. coli, ampicillin
resistance (AmpR)
E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA gene from
A. tumefaciens, AmpR
E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA gene from
L. monocytogenes, AmpR
K42T E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA E. coli gene,
Error-restrictive, STRR, AmpR
K42T E. coli K-12 MG1655 carrying the pBAD24 vector containing an AccA A. tumefaciens gene,
Error-restrictive, STRR, AmpR
K42T E. coli K-12 MG1655 carrying the pBAD24 vector containing a accA L.monocytogenes gene,
Error-restrictive, STRR, AmpR
K87R E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA E. coli gene,
Semi error-restrictive, STRR, AmpR
K87R E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA A. tumefaciens gene,
Error-restrictive, STRR, AmpR
K87R E. coli K-12 MG1655 carrying the pBAD24 vector containing a accA L.monocytogenes gene,
Error-restrictive, STRR, AmpR
K87R E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA E. coli gene,
Error-prone, SPECR, AmpR
K87R E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA A. tumefaciens gene,
Error-restrictive, STRR, AmpR
G28D E. coli K-12 MG1655 carrying the pBAD24 vector containing an accA L. monocytogenes gene,
Error-restrictive, STRR, AmpR
Wild-type E. coli K-12 MG1655 carrying the pIA vector containing a sfGFPopt gene, AmpR
Wild-type E. coli K-12 MG1655 carrying the pIA vector containing a sfGFPAT-rich, gene, AmpR
K87R E. coli K-12 MG1655 carrying the pIA vector containing an sfGFP opt.
Semi error-restrictive, STRR, AmpR
K87R E. coli K-12 MG1655 carrying the pIA vector containing an sfGFPAT-rich. Semi error-restrictive,
STRR, AmpR
Wild-type E. coli K-12 MG1655 carrying the pUC57 vector containing a CATopt gene. AmpR, CHLR
Wild-type E. coli K-12 MG1655 carrying the pUC57 vector containing a CAT AT-rich gene.
AmpR, CHLR
K87R E. coli K-12 MG1655 carrying the pUC57 vector containing a CATopt.
Semi error-restrictive, STRR, AmpR, CHLR
K87R E. coli K-12 MG1655 carrying the pUC57 vector containing a CATAT-rich gene.
Semi error-restrictive, STRR, AmpR, CHLR

31 times (denaturation at 98 °C, 10 s; annealing at varying
temperatures, 30 s; elongation at 72 °C, 30 s). Primers are
listed in Table 7.
PCR products were purified using a QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany) and were
sequenced with both primers (Table 7) to locate the genetic
alterations associated with STRR mutations at the rpsL
gene or with SPECR mutations at the rpsE gene.
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Source or
reference

Characteristics

Laboratory
collection
[104]

This study
[37]

This study

[52]

This study

Determination of parameters for the level of
optimality of codons of the model genes
Recent studies in E. coli have called into question the
link between efficient codon usage and protein levels
[4,89,90]. We therefore validated our assumption by testing whether proteins encoded by endogenous genes using
codons that are non-optimal to the E. coli genome (as
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Table 6. Plasmids used in this study.
Plasmid

Characteristics

Source

pBAD24

Cloning expression vector, under arabinose promoter araC; origin of replication,
pBR322/ColE1, M13; markers, AmpR; other features, optimized SD sequence
Cloning expression vector, under the control of the lac promoter; markers,
AmpR
Cloning expression vector, under the control of the of IPTG inducible Ptrc
promoter; markers, AmpR

Laboratory collection

pUC57
pIA160

[51]
Irina Artsimovitch Research Laboratory,
Department of Microbiology, Ohio State
University, Columbus, OH, USA

Table 7. Oligonucleotides and primers used in this work.
Name

Sequence (50 ? 30 )

Use

RpsL_K42T_sense

Allele
exchange [85]

RpsL_Forward

GTACTCGTGTATATACTACCACTCCTACAAAACCGAACTCCGCGCTGCGTAAAGTA
TGCCGTGTTCGTCT
AGACGAACACGGCATACTTTACGCAGCGCGGAGTTCGGTTTTTTAGGAGTGGTAG
TATATACACGAGTAC
CTCCGTGATCCTGATCCGTGGCGGTCGTGTTAGAGACCTCCCGGGTGTTCGTTA
CCACACCGTACGTGGT
ACCACGTACGGTGTGGTAACGAACACCCGGGAGGTCTCTAACACGACCGCCACG
GATCAGGATCACGGAG
GGTAAACCGCGTATCTAAAACCGTTAAAGGTGATCGTATTTTCTCCTTCACAGC
TCTGACTGTAGTTGG
GCCAACTACAGTCAGAGCTGTGAAGGAGAAAA TACGAGCACCTTTAACGGTTTT
AGATACGCGGTTTACC
ATGGCAACAGTTAACCAGCT

RpsL_Reverse
RpsE_Forward
RpsE_Reverse
pUC57_Forward
pUC57_Reverse
pBAD_Forward
pBAD_Reverse
k1
k
GFP_Forward
GFP_Reverse
accAEc_Forward
accAEc_Reverse
AccAAg_Forward
AccAAg_Reverse
AccALm_Forward
AccALm_Reverse
CATopt_Forward
CATopt_Reverse
CATAT-rich_Forward
CATAT-rich_Reverse
sfGFP_Forward
sfGFP_Reverse
Bla_Forward
Bla_Reverse
OmpA_Forward
OmpA_Reverse

CCTTAGGACGCTTCACGC
ATGGCTCACATCGAAAAACA
TTCCCCAGAATTTCTTCAAC
GTAAAACGACGGCCAGTC
GGAAACAGCTATGACCATG
ATGCCATAGCATTTTTATCC
GATTTAATCTGTATCAGG
CAGTCATAGCCGAATAGCCT
CGGTGCCCTGAATGAACTGC
CACGAACAGACCGAAACCTT
GGAAGTACGCCAGGTTTT
ATCTCGGTGCATGGCAGA
AAATGCCAGGCGAACGTA
GGAGATCAACCGCCTGGA
GCGTTTTCTGCCAAGCAT
CCATCCGGAGAGACCTAC
ATGTACGATCCCCGTGAA
CACGAACAGACCGAAACCTTC
CGGGAAGTACGCCAGGTTTT
TCTTATGCCACTAGGAATACA
TCTTTGGTGTCAGCTCCTCCT
CACGAACAGACCGAAACCTT
GGAAGTACGCCAGGTTTT
CGGTCGCCGCATACACTATT
CATGCCATCCGTAAGATGCT
GGCTGCTCTGGATCAGCTGTA
TCGGACAGACCCTGGTTGTAA

RpsL_K42T_antisense
RpsL_K87R_sense
RpsL_K87R_antisense
RpsE_G28D_sense
RpsE_G28D_antisense
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PCR and
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RT-PCR
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opposed to totally exogenous genes) are indeed below the
level of detection when their respective genes are transcribed. For that purpose, we obtained data from three
independent proteome analyses, performed by Gevaert
et al. [91], Corbin et al. [92] and Taoka et al. [93], and
divided all coding genes of E. coli K-12 into two groups:
genes that were transcribed and translated (referred to as
detectable) and genes that were transcribed but no protein could be detected (referred to as non-detectable). In
order to focus on high-confidence data, only genes whose
products were either present in all three studies or absent
in all of them were analysed. For each group of genes
we then calculated the average values of the tAI, the
CAI [94] and the deoptimized codon percentage. The tAI
takes into account both tRNA content and codon–anticodon interactions, making it a useful measure for translational accuracy [95,96]. The tAI value is gene-specific and
ranges from 0 to 1, where a high tAI value of a particular gene indicates a high number of optimal codons in
this gene [95,96]. In our analysis, the tAI was calculated
as described in [97] by using the equation described in
[96]. The CAI measures the deviation of a given protein
coding gene sequence with respect to a reference set of
genes, which is composed of highly expressed genes
[98,99]. Hence, the CAI provides an indication of gene
expression levels under the assumption that there is
translational selection to optimize gene sequences according to their expression levels [98,99]. Like tAI, the CAI
value is gene-specific and ranges from 0 to 1. A high
CAI value of a particular gene indicates a high number
of optimal codons in the gene [98,99]. The CAI has been
calculated according to the codon usage of E. coli K-12
and based on known highly expressed genes of E. coli K12, as defined by Puigb
o et al. [100]. Examination of
codon usage in all 4290 E. coli genes reveals a number
of codons that are underrepresented [101], in particular
the codons for arginine, AGA, AGG and CGA; the
codon for isoleucine, AUA; and the codon for leucine,
CUA [101]. All these codons represent < 8% of the corresponding population of codons for that amino acid
[101]. The codon usage of highly expressed genes demonstrates a more extreme bias in which arginine codons
AGA, AGG, CGG and CGA, isoleucine codon AUA,
leucine codon CUA, glycine codon GGA and proline
codon CCC fall to < 2% of their respective populations
[101]. Therefore, an additional and novel way to compare
the codon usages of genes is by examining the distribution of non-optimal codons within them.
As shown in Table 8, proteins that were not detectable
despite transcription of their respective genes had significantly lower tAI and CAI values and a higher non-optimal
codon fraction than genes that produced detectable levels
of protein (P < 0.001, Mann–Whitney test for each of the
three comparisons). Hence, for the purpose of this study
we defined a gene as having non-optimal codons for expres-
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sion in E. coli if it met the following criteria: tAI ≤ 0.26,
CAI ≤ 0.55, percentage non-optimal codons ≥ 4%, with
respect to the E. coli genome.

Transformation of plasmids
All plasmids carrying the model genes (Table 6) were transformed into wild-type and ribosome mutant strains by standard electroporation and were selected on LB agar plates
supplemented with 50 lgmL1 of ampicillin (Amp) at
37 °C. Following selection, the sequences of the model
genes were confirmed by sequencing using the primers listed
in Table 7.

Extraction of soluble proteins
For extraction of soluble proteins for western blot analysis,
cultures of bacteria carrying the plasmids encoding the
model genes were grown overnight in LB containing
50 lgmL1 Amp and 0.2% glucose at 37 °C. On the next
day all cells were diluted 1 : 100 and were grown in LB
containing 20 lgmL1 Amp and 0.2% glucose at 37 °C.
When the culture reached an D595 of 0.4, 1% of arabinose
or 1 mM isopropyl thio-b-D-galactoside (IPTG) was added
to the medium in order to induce expression of the genes.
After the cells reached an D595 of 1 (mid log phase), the
total soluble proteins were extracted using BugBuster protein extraction reagent (Novagene, Merck Millipore, USA).
Three milliliters of culture were pelleted and resuspended in
150 lL of Bug Buster protein extraction reagent containing 1.4 mM phenylmethanesulfonyl fluoride. Cells were
vortexed for 20 min at room temperature and then centrifuged for 10 min at 14 000 g at 4 °C. The supernatant containing the total soluble protein fraction was analysed by a
Bradford assay.

Extraction of protein aggregates
Wild-type or ribosome mutant cells were grown as
described above. The extraction of aggregated proteins was
performed in two steps. First, in order to extract the total
fraction, 1 mL of cells was centrifuged for 3 min at
20 000 g at room temperature. Then, cells were resuspended in 1 mL of Tris EDTA/phenylmethylsulfonyl fluoride solution. Sonication was performed to lyse the cells,

Table 8. Average of tAI, CAI and rare codons percentage.
Numbers indicate the mean  standard deviation.
Parameter

Detectable

Non-detectable

tAI
CAI
Rare codons percentage

0.26  0.02
0.55  0.1
2%  1.7%

0.23  0.02
0.44  0.07
4.18%  2.34%
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and cells were then centrifuged for 30 min at 20 000 g at
4 °C. Subsequently, the pellet containing total protein
extraction was resuspended in 8 M urea, vortexed for
20 min and centrifuged for 30 min at 20 000 g at 4 °C to
precipitate non-soluble membrane proteins. The supernatant, containing aggregated proteins, was transferred to a
fresh micro-centrifuge tube and analysed by Bradford assay
[102]. Equal amounts of aggregated proteins were analysed
by western blotting and densitometry (EZQuant, Tel-Aviv,
Israel).

Mutations increasing translation of foreign genes

Chloramphenicol acetyltransferase activity assay
CAT assay was performed by using the FAST CAT
Assay Kit F-2900 (Molecular Probes) that utilizes a fluorescent CHL substrate to measure CAT activity. The assay
was performed at 37 °C according to the manufacturer
with the following modification. To facilitate comparisons,
we used the same soluble protein extraction protocol as
that described above for western blots.

Growth experiments
Protein gels
10% polyacrylamide gels containing 0.2% SDS were used
to separate protein samples at a constant voltage of 180 V
per gel.

Western blot analysis
To analyse the differences of the soluble proteins between
the wild-type and the ribosome mutants, western blot
analysis was performed as previously described [38]. Briefly,
following SDS/PAGE of cell extracts, the proteins were
transferred onto nitrocellulose membranes using a Mini
Protean Tetra system (Bio-Rad); the membranes were
blocked with 5% (wt/vol) non-fat milk in NaCl/Pi and
incubated for 1 h at room temperature. Then, for detection
of proteins, primary antibodies were diluted in the blocking
buffer and incubated with blots overnight at 4 °C. The
nitrocellulose membranes were washed three times for
20 min each with NaCl/Pi containing 0.05% Tween-20
before the addition of a secondary antibody conjugate in
blocking buffer for 3 h.
For detection of AccA proteins, we used mouse monoclonal anti-FLAG (R) M2 (dilution 1 : 1000, catalog number F1804 5MG; Sigma, Rehovoth, Israel) as a primary
antibody and a horseradish peroxidase conjugated goat
anti-mouse as a secondary antibody (dilution 1 : 5000, catalog number 115-035-003; Anko, Israel). For detection of
CAT and sfGFP genes we used a rabbit polyclonal antibody
anti-AU1 (dilution 1 : 1000, catalog number AB-ab3401;
Abcom, Israel) against the N-terminus of the CAT protein
[52] and a horseradish peroxidase conjugated goat anti-rabbit IgG (dilution 1 : 5000, catalog number 111-035-003;
Jackson, Israel) as a secondary antibody. Detection was
performed with EZ-ECL chemiluminescence detection kit
(Biological Industries, Israel).

Predictions of mRNA secondary structure
minimum free energy
The first 40 nucleotides in each open reading frame were
performed by UNAFold: software for nucleic acid folding
and hybridization (RNA3 and RNA2.3) [103].
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To determine the generation times of all strains in the
absence of plasmids, cultures that were grown in LB at
37 °C for 10–14 h were diluted 1 : 100 in LB and grown at
37 °C to an D595 of 0.8. Subsequently, cultures were diluted
to an D595 of 0.05. All growth measurements were performed in a 96-well plate, with 200 lL medium per well,
incubated for 24 h at 37 °C, with automatic shaking, in a
thermostatted plate reader (ELX808 IU-PC– Biotek, BioTek Instruments Inc., USA), and absorbance was monitored at 595 nm (D595) every 20 min. Every growth
experiment was performed at least three times.

Liquid culture whole-cell fluorescence
measurements
To compare the expression level of different sfGFP genes,
individual cultures of bacteria carrying the pIA plasmids
(Table 6) encoding a specific sfGFP were grown in 3 mL
LB medium containing 50 lgmL1 Amp and 0.2% glucose
at 37 °C for 1014 h. After 12 h, all cells were diluted
1 : 100 and grown in 3 mL LB containing 20 lgmL1
Amp and 0.2% glucose at 37 °C. When cultures reached an
D595 of 0.4, 1 mM of IPTG was added to the medium to
induce the expression of the sfGFP until an D595 of 1. Subsequently, cultures were diluted to an D595 of 0.05 in
200 lL LB containing 20 lgmL1 Amp and 1 mM IPTG.
All measurements were performed in a thermostatted
plate reader (synergy HT-Biotek, BioTek Instruments Inc.,
Winooski, USA), in a 96-well plate with 200 lL medium
per well, with automatic shaking, at 37 °C for 8 h. Growth
was monitored by measuring absorbance at 595 nm every
20 min. Fluorescence was measured (488 nm excitation,
510 nm emission, 10 nm band pass for sfGFP). In addition
we compared the fluorescence ratio to the D595. Every
experiment was performed in at least three replicates.

Quantitative real-time PCR analysis
Transcription levels of all tested genes were analysed using
real-time quantitative PCR. RNA was harvested from cells
grown using the same conditions as used for soluble protein extraction using the RNEasy kit (Qiagen), according
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to the manufacturer’s protocol. In all cases 2 lg of RNA
was reverse transcribed to cDNA using the High Capacity
Reverse Transcription Kit (Applied Biosystems, Jerusalem, Israel), which uses random oligomers. Real-time PCR
was performed on 10 ng of cDNA using SYBER Green,
in a Step-one Plus real time PCR system (Applied Biosystems). As reference genes we used both bla and omp genes.
The bla mRNA was encoded by pUC57 and the omp gene
is a chromosomal gene. Statistical analysis was performed
using the STEPONETM V2.1 software. All primers are listed in
Table 7.

Acknowledgements
GP was supported by a David and Paulina Trotsky
scholarship and the Rachel and Salim Benin scholarship. UG is supported by the James S. McDonnell
Foundation and the German-Israeli Project Cooperation (DIP). IGB was funded by the Spanish Ministry
for Science and Innovation, grant BFU2009-06702-E/
BMC. The authors thank Gilad Grinberg and Laura
Bigio for their help in the experiments. The authors
thank Leah Reshef and Ron Feiner for critical reading
of the manuscript and for their helpful suggestions.

Author contributions
Conceived and designed the experiments: GP, IB and
UG. Performed the experiments: GP and NS. Analysed the data: GP, AD, TT and UG. Contributed
reagents/materials/analysis tools: IGB and TT. Wrote
the manuscript: GP and UG.

References
1 Ermolaeva MD (2001) Synonymous codon usage in
bacteria. Curr Issues Mol Biol 3, 91–97.
2 Hartl DL, Moriyama EN & Sawyer SA (1994)
Selection intensity for codon bias. Genetics 138,
227–234.
3 Ikemura T (1985) Codon usage and tRNA content in
unicellular and multicellular organisms. Mol Biol Evol
2, 13–34.
4 Lee SF, Li YJ & Halperin SA (2009) Overcoming
codon-usage bias in heterologous protein expression in
Streptococcus gordonii. Microbiology 155, 3581–3588.
5 Barciszewska MZ, Erdmann VA & Barciszewski J
(1994) A new type of RNA editing. 5S ribosomal
DNA transcripts are edited to mature 5S rRNA.
Biochem Mol Biol Int 34, 437–448.
6 Andersson SG & Kurland CG (1990) Codon
preferences in free-living microorganisms. Microbiol
Rev 54, 198–210.

3714

G. Pelchovich et al.

7 Sorensen MA, Kurland CG & Pedersen S (1989)
Codon usage determines translation rate in Escherichia
coli. J Mol Biol 207, 365–377.
8 Kurland C & Gallant J (1996) Errors of heterologous
protein expression. Curr Opin Biotechnol 7, 489–493.
9 Kane JF (1995) Effects of rare codon clusters on highlevel expression of heterologous proteins in Escherichia
coli. Curr Opin Biotechnol 6, 494–500.
10 Bucciantini M, Giannoni E, Chiti F, Baroni F,
Formigli L, Zurdo JS, Taddei N, Ramponi G, Dobson
CM & Stefani M (2002) Inherent toxicity of aggregates
implies a common mechanism for protein misfolding
diseases. Nature 416, 507–511.
11 Stefani M & Dobson CM (2003) Protein aggregation
and aggregate toxicity: new insights into protein
folding, misfolding diseases and biological evolution.
J Mol Med 81, 678–699.
12 Gregersen N (2006) Protein misfolding disorders:
pathogenesis and intervention. J Inherit Metab Dis 29,
456–470.
13 Kurland C. G., Hughes, D. & Ehrenberg M (1996) In
Limitations of translational accuracy, pp. 979–1004. in
F. C. Neidhardt (ed.) Escherichia coli and Salmonella,
Cellular and Molecular Biology, 2nd edition. ASM
Press, Washington, DC.
14 Bjare U & Gorini L (1971) Drug dependence reversed
by a ribosomal ambiguity mutation, ram, in
Escherichia coli. J Mol Biol 57, 423–435.
15 Momose H & Gorini L (1971) Genetic analysis of
streptomycin dependence in Escherichia coli. Genetics
67, 19–38.
16 Zimmermann RA, Garvin RT & Gorini L (1971)
Alteration of a 30S ribosomal protein accompanying
the ram mutation in Escherichia coli. Proc Natl Acad
Sci USA 68, 2263–2267.
17 Chumpolkulwong N, Hori-Tkemoto C, Hosaka T,
Inaoka T, Kigawa T, Shirouzu M, Ochi K &
Yokoyama S (2004) Effects of Escherichia coli
ribosomal protein S12 mutations on cell-free protein
synthesis. Eur J Biochem 271, 1127–1134.
18 Karimi R & Ehrenberg M (1994) Dissociation rate of
cognate peptidyl-transfer-RNA from the A-site of
hyper-accurate and error-prone ribosomes. Eur J
Biochem 226, 355–360.
19 Bilgin N & Ehrenberg M (1994) Mutations in 23S
ribosomal RNA perturb transfer RNA selection and
can lead to streptomycin dependence. J Mol Biol 235,
813–824.
20 Bohman K, Ruusala T, Jelenc PC & Kurland CG
(1984) Kinetic impairment of restrictive streptomycinresistant ribosomes. Mol Gen Genet 198, 90–99.
21 Ruusala T, Andersson D, Ehrenberg M & Kurland
CG (1984) Hyper-accurate ribosomes inhibit growth.
EMBO J 3, 2575–2580.

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

G. Pelchovich et al.

22 Carter AP, Clemons WM, Brodersen DE, MorganWarren RJ, Wimberly BT & Ramakrishnan V (2000)
Functional insights from the structure of the 30S
ribosomal subunit and its interactions with antibiotics.
Nature 407, 340–348.
23 Birge EA & Kurland CG (1969) Altered ribosomal
protein in streptomycin-dependent Escherichia coli.
Science 166, 1282–1284.
24 Zengel JM, Young R, Dennis PP & Nomura M (1977)
Role of ribosomal protein-S12 in peptide chain
elongation – analysis of pleiotropic, streptomycinresistant mutants of Escherichia coli. J Bacteriol 129,
1320–1329.
25 Karimi R & Ehrenberg M (1996) Dissociation rates of
peptidyl-tRNA from the P-site of E. coli ribosomes.
EMBO J 15, 1149–1154.
26 Yates JL, Gette WR, Furth ME & Nomura M (1977)
Effects of ribosomal mutations on the read-through of
a chain termination signal: studies on the synthesis of
bacteriophage lambda O gene protein in vitro. Proc
Natl Acad Sci USA 74, 689–693.
27 Bilgin N, Claesens F, Pahverk H & Ehrenberg M
(1992) Kinetic properties of Escherichia coli ribosomes
with altered forms of S12. J Mol Biol 224, 1011–1027.
28 Bilgin N, Richter AA, Ehrenberg M, Dahlberg AE &
Kurland CG (1990) Ribosomal-RNA and protein
mutants resistant to spectinomycin. EMBO J 9,
735–739.
29 Hopfield JJ (1974) Kinetic proofreading: a new
mechanism for reducing errors in biosynthetic
processes requiring high specificity. Proc Natl Acad Sci
USA 71, 4135–4139.
30 Noller HF (1991) Ribosomal RNA and translation.
Annu Rev Biochem 60, 191–227.
31 Funatsu G & Wittmann HG (1972) Ribosomal
proteins 33. Location of amino-acid replacements in
protein S12 isolated from Escherichia coli mutants
resistant to streptomycin. J Mol Biol 68, 547–550.
32 Kirthi N, Roy-Chaudhuri B, Kelley T & Culver GM
(2006) A novel single amino acid change in small
subunit ribosomal protein S5 has profound effects on
translational fidelity. RNA 12, 2080–2091.
33 Chen C, Blumentritt CA, Curtis MM, Sperandio V,
Torres AG & Dudley EG (2013) Restrictive
streptomycin-resistant mutations decrease the
formation of attaching and effacing lesions in
Escherichia coli O157:H7 strains. Antimicrob Agents
Chemother 57, 4260–4266.
34 Mehta R & Champney WS (2003) Neomycin and
paromomycin inhibit 30S ribosomal subunit
assembly in Staphylococcus aureus. Curr Microbiol 47,
237–243.
35 Jagannathan I & Culver GM (2003) Assembly of the
central domain of the 30S ribosomal subunit: roles for

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

Mutations increasing translation of foreign genes

36
37

38

39

40

41

42

43

44

45

46

47

the primary binding ribosomal proteins S15 and S8.
J Mol Biol 330, 373–383.
Culver GM (2003) Assembly of the 30S ribosomal
subunit. Biopolymers 68, 234–249.
Wellner A & Gophna U (2008) Neutrality of foreign
complex subunits in an experimental model of lateral
gene transfer. Mol Biol Evol 25, 1835–1840.
Lan T, Rao A, Haywood J, Davis CB, Han C, Garver
E & Dawson PA (2009) Interaction of macrolide
antibiotics with intestinally expressed human and rat
organic anion-transporting polypeptides. Drug Metab
Dispos 37, 2375–2382.
Childs KL, Lu JL, Mullet JE & Morgan PW (1995)
Genetic-regulation of development in sorghum-bicolor
10. Greatly attenuated photoperiod sensitivity in a
phytochrome-deficient sorghum possessing a biological
clock but lacking a red light-high irradiance response.
Plant Physiol 108, 345–351.
Langridge WHR, Escher A, Baga M, Koncz C, Olsson
O, Legocki R, Okane D, Wampler J, Schell J & Szalay
AA (1988) Use of biological light-emitting systems for
monitoring gene-regulation in living cells and gene
activation throughout the development of transgenic
organisms. J Biolumin Chemilumin 2, 225–225.
Rodnina MV, Savelsbergh A, Matassova NB, Katunin
VI, Semenkov YP & Wintermeyer W (1999)
Thiostrepton inhibits the turnover but not the GTPase
of elongation factor G on the ribosome. Proc Natl
Acad Sci USA 96, 9586–9590.
Dekel E & Alon U (2005) Optimality and evolutionary
tuning of the expression level of a protein. Nature 436,
588–592.
Guillory R. J. (1969) Action of uncouplers and
antibiotics in oxidative phosphorylation: prospectives
for pi-interaction, Annals of the New York Academy of
Sciences. 153, 815–826.
Gruschke S & Ott M (2010) The polypeptide tunnel
exit of the mitochondrial ribosome is tailored to meet
the specific requirements of the organelle. BioEssays
32, 1050–1057.
Sutherland R (1991) Beta-lactamase inhibitors and
reversal of antibiotic resistance. Trends Pharmacol Sci
12, 227–232.
Park K, Lee H, Seo J, Kim H, Kang M, Kwon J,
Song Y, Kim B, Lee S & Hong S (2012) Gene–
environment interaction between cluster of
differentiation 14/Toll-like receptor 4 polymorphisms
and the use of antibiotics in infancy increases the risk
of allergic diseases. Allergy 67, 201–202.
Tiwari V, Nagpal I, Subbarao N & Moganty RR
(2012) In-silico modeling of a novel OXA-51 from
beta-lactam-resistant Acinetobacter baumannii and its
interaction with various antibiotics. J Mol Model 18,
3351–3361.

3715

Mutations increasing translation of foreign genes

48 Stoletzki N & Eyre-Walker A (2007) Synonymous
codon usage in Escherichia coli: selection for
translational accuracy. Mol Biol Evol 24, 374–381.
49 Drummond DA & Wilke CO (2008) Mistranslationinduced protein misfolding as a dominant constraint
on coding-sequence evolution. Cell 134, 341–352.
50 Suzuki E, Nakai D, Yamamura N, Kobayashi N,
Okazaki O & Izumi T (2011) Inhibition mechanism of
carbapenem antibiotics on acylpeptide hydrolase, a key
enzyme in the interaction with valproic acid.
Xenobiotica 41, 958–963.
51 Amoros-Moya D, Bedhomme S, Hermann M & Bravo
IG (2010) Evolution in regulatory regions rapidly
compensates the cost of nonoptimal codon usage. Mol
Biol Evol 27, 2141–2151.
52 Pedelacq JD, Cabantous S, Tran T, Terwilliger TC &
Waldo GS (2006) Engineering and characterization of
a superfolder green fluorescent protein. Nat Biotechnol
24, 79–88.
53 Borges MN & Figueroa-Villar JD (2001) NMR
interaction studies of aromatic guanyl hydrazones with
micelles: model for mechanism of action of cationic
antibiotics. Biopolymers 62, 9–14.
54 Proshkin S, Rahmouni AR, Mironov A & Nudler E
(2010) Cooperation between translating ribosomes and
RNA polymerase in transcription elongation. Science
328, 504–508.
55 Zaher HS & Green R (2010) Hyperaccurate and errorprone ribosomes exploit distinct mechanisms during
tRNA selection. Mol Cell 39, 110–120.
56 Kaji A, Teyssier E & Hirokawa G (1998) Disassembly
of the post-termination complex and reduction of
translational error by ribosome recycling factor (RRF)
– a possible new target for antibacterial agents.
Biochem Biophys Res Commun 250, 1–4.
57 Kudla G, Murray AW, Tollervey D & Plotkin JB
(2009) Coding-sequence determinants of gene
expression in Escherichia coli. Science 324, 255–258.
58 Bashan A & Yonath A (2008) Correlating ribosome
function with high-resolution structures. Trends
Microbiol 16, 326–335.
59 Ogle JM & Ramakrishnan V (2005) Structural insights
into translational fidelity. Annu Rev Biochem 74,
129–177.
60 Nerurkar VA & Yanagihara R (1992) Specificity of an
oligonucleotide primer pair and of a single-base
substitution in the amplification and detection of env
gene sequences of HTLV-I variants from Papua New
Guinea and the Solomon Islands. AIDS Res Hum
Retroviruses 8, 1199–1200.
61 Valle M, Zavialov A, Li W, Stagg SM, Sengupta J,
Nielsen RC, Nissen P, Harvey SC, Ehrenberg M &
Frank J (2003) Incorporation of aminoacyl-tRNA into
the ribosome as seen by cryo-electron microscopy. Nat
Struct Biol 10, 899–906.

3716

G. Pelchovich et al.

62 Ogle JM, Carter AP & Ramakrishnan V (2003)
Insights into the decoding mechanism from recent
ribosome structures. Trends Biochem Sci 28, 259–266.
63 Blanchard SC, Gonzalez RL, Kim HD, Chu S &
Puglisi JD (2004) tRNA selection and kinetic
proofreading in translation. Nat Struct Mol Biol 11,
1008–1014.
64 Brot N & Weissbach H (1972) The enzymatic
acetylation of E.coli ribosomal protein L12. Biochem
Biophys Res Commun 49, 673–679.
65 Rodnina MV (2009) Long-range signalling in
activation of the translational GTPase EF-Tu. EMBO
J 28, 619–620.
66 von Ahsen U (1998) Translational fidelity: error-prone
versus hyper-accurate ribosomes. Chem Biol 5, R3–R6.
67 Aravind, L., de Souza, R. F. & Iyer, L. M. (2010)
Predicted class-I aminoacyl tRNA synthetase-like
proteins in non-ribosomal peptide synthesis. Biol
Direct 5, 48–59.
68 Janosi L, Hara H, Zhang SJ & Kaji A (1996)
Ribosome recycling by ribosome recycling factor
(RRF) – an important but overlooked step of protein
biosynthesis. Adv Biophys 32, 121–201.
69 Wilson DN & Nierhaus KH (2007) The weird and
wonderful world of bacterial ribosome regulation. Crit
Rev Biochem Mol Biol 42, 187–219.
70 Sauguet L, Moutiez M, Li Y, Belin P, Seguin J, Le Du
MH, Thai R, Masson C, Fonvielle M, Pernodet JL
et al. (2011) Cyclodipeptide synthases, a family of
class-I aminoacyl-tRNA synthetase-like enzymes
involved in non-ribosomal peptide synthesis. Nucleic
Acids Res 39, 4475–4489.
71 Gophna U & Ofran Y (2011) Lateral acquisition of
genes is affected by the friendliness of their products.
Proc Natl Acad Sci USA 108, 343–348.
72 Daubin V & Ochman H (2004) Bacterial genomes as
new gene homes: the genealogy of ORFans in E. coli.
Genome Res 14, 1036–1042.
73 Varshavsky AJ, Nedospasov SA, Bakayev VV,
Bakayeva TG & Georgiev GP (1977) Histone-like
proteins in the purified Escherichia coli
deoxyribonucleoprotein. Nucleic Acids Res 4,
2725–2745.
74 Paci M, Pon CL, Losso MA & Gualerzi C (1984)
Proteins from the prokaryotic nucleoid. Highresolution 1H NMR spectroscopic study of Escherichia
coli DNA-binding proteins NS1 and NS2. Eur J
Biochem 138, 193–200.
75 Navarre WW, McClelland M, Libby SJ & Fang FC
(2007) Silencing of xenogeneic DNA by H-NSfacilitation of lateral gene transfer in bacteria by a
defense system that recognizes foreign DNA. Genes
Dev 21, 1456–1471.
76 Lucchini S, Rowley G, Goldberg MD, Hurd D,
Harrison M & Hinton JC (2006) H-NS mediates the

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

G. Pelchovich et al.

77

78

79

80

81

82

83

84

85

86

87

88

89

silencing of laterally acquired genes in bacteria. PLoS
Pathog 2, e81.
Navarre WW, Porwollik S, Wang Y, McClelland M,
Rosen H, Libby SJ & Fang FC (2006) Selective
silencing of foreign DNA with low GC content by
the H-NS protein in Salmonella. Science 313,
236–238.
Holberger LE & Hayes CS (2009) Ribosomal protein
S12 and aminoglycoside antibiotics modulate A-site
mRNA cleavage and transfer-messenger RNA
activity in Escherichia coli. J Biol Chem 284,
32188–32200.
Keiler KC, Waller PR & Sauer RT (1996) Role of a
peptide tagging system in degradation of proteins
synthesized from damaged messenger RNA. Science
271, 990–993.
Roche ED & Sauer RT (1999) SsrA-mediated peptide
tagging caused by rare codons and tRNA scarcity.
EMBO J 18, 4579–4589.
Li X, Hirano R, Tagami H & Aiba H (2006) Protein
tagging at rare codons is caused by tmRNA action at
the 30 end of nonstop mRNA generated in response to
ribosome stalling. RNA 12, 248–255.
Lawrence JG & Roth JR (1996) Selfish operons:
horizontal transfer may drive the evolution of gene
clusters. Genetics 143, 1843–1860.
Daubin V, Lerat E & Perriere G (2003) The source of
laterally transferred genes in bacterial genomes.
Genome Biol 4, R57.
Medrano-Soto A, Moreno-Hagelsieb G, Vinuesa P,
Christen JA & Collado-Vides J (2004) Successful
lateral transfer requires codon usage compatibility
between foreign genes and recipient genomes. Mol Biol
Evol 21, 1884–1894.
Reuveni S, Meilijson I, Kupiec M, Ruppin E & Tuller
T (2011) A ribosome flow model for analyzing
translation elongation. Res Comput Mol Biol 6577,
358–360.
Lawrence JG & Ochman H (1997) Amelioration of
bacterial genomes: rates of change and exchange.
J Mol Evol 44, 383–397.
Sun S, Berg OG, Roth JR & Andersson DI (2009)
Contribution of gene amplification to evolution of
increased antibiotic resistance in Salmonella
typhimurium. Genetics 182, 1183–1195.
Datsenko KA & Wanner BL (2000) One-step
inactivation of chromosomal genes in Escherichia coli
K-12 using PCR products. Proc Natl Acad Sci USA
97, 6640–6645.
Welch M, Govindarajan S, Ness JE, Villalobos A,
Gurney A, Minshull J & Gustafsson C (2009) Design
parameters to control synthetic gene expression in
Escherichia coli. PLoS One 4, e7002.

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

Mutations increasing translation of foreign genes

90 Gustafsson C, Govindarajan S & Minshull J (2004)
Codon bias and heterologous protein expression.
Trends Biotechnol 22, 346–353.
91 Gevaert K, Van Damme J, Goethals M, Thomas
GR, Hoorelbeke B, Demol H, Martens L, Puype M,
Staes A & Vandekerckhove J (2002)
Chromatographic isolation of methionine-containing
peptides for gel-free proteome analysis. Mol Cell
Proteomics 1, 896–903.
92 Corbin RW, Paliy O, Yang F, Shabanowitz J, Platt
M, Lyons CE Jr, Root K, McAuliffe J, Jordan MI,
Kustu S et al. (2003) Toward a protein profile
of Escherichia coli: comparison to its
transcription profile. Proc Natl Acad Sci USA 100,
9232–9237.
93 Taoka M, Yamauchi Y, Shinkawa T, Kaji H,
Motohashi W, Nakayama H, Takahashi N & Isobe T
(2004) Only a small subset of the horizontally
transferred chromosomal genes in Escherichia coli are
translated into proteins. Mol Cell Proteomics 3,
780–787.
94 Sharp PM & Li W-H (1987) The codon adaptation
index – a measure of directional synonymous codon
usage bias, and its potential applications. Nucleic Acids
Res 15, 1281–1295.
95 Bernier S, Akochy PM, Lapointe J & Chenevert R
(2005) Synthesis and aminoacyl-tRNA synthetase
inhibitory activity of aspartyl adenylate analogs.
Bioorg Med Chem 13, 69–75.
96 Tokishita S, Yamada H, Aiba H & Mizuno T
(1990) Transmembrane signal transduction and
osmoregulation in Escherichia coli: II. The
osmotic sensor, EnvZ, located in the isolated
cytoplasmic membrane displays its
phosphorylation and dephosphorylation abilities as
to the activator protein, OmpR. J Biochem 108,
488–493.
97 Tuller T, Waldman YY, Kupiec M & Ruppin E (2010)
Translation efficiency is determined by both codon
bias and folding energy. Proc Natl Acad Sci USA 107,
3645–3650.
98 Bowen WS, Van Dyke N, Murgola EJ, Lodmell JS &
Hill WE (2005) Interaction of thiostrepton and
elongation factor-G with the ribosomal protein L11binding domain. J Biol Chem 280, 2934–2943.
99 Brandi L, Marzi S, Fabbretti A, Fleischer C, Hill WE,
Gualerzi CO, Stephen Lodmell J (2004) The
translation initiation functions of IF2: targets for
thiostrepton inhibition. J Mol Biol 335, 881–894.
100 Puigb
o P, Guzman E, Romeu A & Garcia-Vallve S
(2007) OPTIMIZER: a web server for optimizing the
codon usage of DNA sequences. Nucleic Acids Res 35,
W126–W131.

3717

Mutations increasing translation of foreign genes

101 Novy R, Drott D, Yaeger K & Mierendorf R (2001)
Overcoming the codon bias of E. coli for enhanced
protein expression. InNovations 12, 1–3.
102 Nurbekov MK, Rasulov MM, Voronkov MG,
Bobkova SN & Belikova OA (2011) Tris-2
(hydroxyethyl)ammonium 2-methylphenoxyacetate
activates the synthesis of mRNA aminoacyltRNA synthetase. Dokl Biochem Biophys 438, 131–133.

3718

G. Pelchovich et al.

103 Markham NR & Zuker M (2008) UNAFold: software
for nucleic acid folding and hybridization. Methods
Mol Biol 453, 3–31.
104 Pelchovich G, Schreiber R, Zhuravlev A & Gophna U
(2013) The contribution of common rpsL mutations in
Escherichia coli to sensitivity to ribosome targeting
antibiotics. Int J Med Microbiol 303, 558–562.

FEBS Journal 281 (2014) 3701–3718 ª 2014 FEBS

