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Gene expression relies on quality control for accurate transmission
of genetic information. One mechanism that prevents amino acid
misincorporation errors during translation is editing of misacy-
lated tRNAs by aminoacyl-tRNA synthetases. In the absence of
editing, growth is limited upon exposure to excess noncognate
amino acid substrates and other stresses, but whether these physi-
ological effects result solely from mistranslation remains unclear. To
explore if translation quality control influences cellular processes
other than protein synthesis, an Escherichia coli strain defective in
Tyr-tRNAPhe editing was used. In the absence of editing, cellular
levels of aminoacylated tRNAPhe were elevated during amino acid
stress, whereas in the wild-type strain these levels declined under
the same growth conditions. In the editing-defective strain, in-
creased levels of aminoacylated tRNAPhe led to continued synthesis
of the PheL leader peptide and attenuation of pheA transcription
under amino acid stress. Consequently, in the absence of editing,
activation of the phenylalanine biosynthetic operon becomes less
responsive to phenylalanine limitation. In addition to raising amino-
acylated tRNA levels, the absence of editing lowered the amount
of deacylated tRNAPhe in the cell. This reduction in deacylated
tRNA was accompanied by decreased synthesis of the second mes-
senger guanosine tetraphosphate and limited induction of strin-
gent response-dependent gene expression in editing-defective
cells during amino acid stress. These data show that a single quality-
control mechanism, the editing of misacylated aminoacyl-tRNAs,
provides a critical checkpoint both for maintaining the accuracy of
translation and for determining the sensitivity of transcriptional
responses to amino acid stress.
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Accurate translation of mRNA into the corresponding amino
acid sequence is an essential step during gene expression.

Translational fidelity depends on correct tRNA–codon pairing
by the ribosome as well as attachment of the proper amino acids
to their respective tRNAs by aminoacyl-tRNA synthetases (aaRSs).
The ability of aaRS enzymes to distinguish between cognate and
noncognate amino acids is a major determinant of the fidelity
with which the genetic code is translated (1). Discrimination
against noncognate amino acid substrates is particularly chal-
lenging for aaRSs, because a near-cognate amino acid may differ
from the cognate substrate by as little as a single methyl or hy-
droxyl group. Generally, highly specific aaRS enzymes and the
widespread existence of editing mechanisms that proofread
noncognate amino acids prevent errors in amino acid recognition
from compromising the overall accuracy of translation (2). For
example, in the class I isoleucyl-tRNA synthetase a posttransfer
editing site for deacylation of misacylated Val-tRNAIle exists 35 Å
from the active site. Similarly, the class II phenylalanine-tRNA
synthetase (PheRS) edits misacylated Tyr-tRNAPhe at a hydro-
lytic editing site ∼30 Å from the synthetic active site. Bacterial
PheRS editing prevents meta-tyrosine (m-Tyr), a readily acti-
vated nonprotein amino acid and product of Phe oxidation, from
being misincorporated into the proteome (3). These and other
aaRS proofreading activities provide quality-control checkpoints
against noncognate amino acid incorporation during translation
and thereby help prevent the formation of an aberrant proteome.

Despite their role in accurately translating the genetic code,
aaRS editing pathways are not conserved, and their activities
have varying effects on cell viability. Mycoplasma mobile, for
example, tolerates relatively high error rates during translation
and apparently has lost both PheRS and leucyl-tRNA synthetase
proofreading activities (4). Similarly, the editing activity of
Streptococcus pneumoniae IleRS is not robust enough to com-
pensate for its weak substrate specificity, leading to the formation
of misacylated Leu-tRNAIle and Val-tRNAIle species (5). Also, in
contrast to its cytoplasmic and bacterial counterparts, Saccha-
romyces cerevisiae mitochondrial PheRS completely lacks an
editing domain and instead appears to rely solely on stringent
Phe/Tyr discrimination to maintain specificity (6). The divergent
range of mechanisms used to discriminate against noncognate
amino acids illustrates how the requirements for translation
quality control vary with cellular physiology and among envi-
ronmental niches (7). Although translation quality control by
aaRS editing has not been shown to be essential in any organ-
isms, both its presence and absence can be critical for optimal
growth and cellular fitness under various stress conditions in
different organisms (2). These highly varied effects on cellular
physiology suggest that quality control of misacylated tRNA syn-
thesis may play other important roles in the cell in addition to
maintaining proteome integrity.
In addition to acting as substrates for protein synthesis, ami-

noacyl-tRNAs have numerous other functions in the cell, e.g., as
amino acid donors in processes including lipid and protein mod-
ification, antibiotic biosynthesis, and heme metabolism (8). An-
other key role of aminoacyl-tRNA is to serve as signaling
molecules for a number of starvation sensors (9). The levels of
aminoacyl-tRNA and deacylated tRNA are, respectively, signals
for stimulating and limiting translation in response to amino acid
stress. Most bacteria contain transcriptional attenuation mecha-
nisms or translational controls that monitor the aminoacylation
state of tRNA as the signal for regulating the expression of genes
required for amino acid biosynthesis and import. These mechanisms
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include ribosomal attenuation, T-box riboswitches, and occlusion
of the ribosome binding site, such as the feedback regulation of
the E. coli threonyl-tRNA synthetase gene (thrS) leader se-
quence that resembles tRNAThr (10–12). An example of ri-
bosome attenuation occurs during translation of the E. coli
leader peptide encoded by pheL when ribosome stalling stimu-
lates the transcription of pheA, which encodes the chorismate
mutase required for phenylalanine biosynthesis.
Deacylated tRNA is an important signaling molecule in bacte-

ria, most notably during activation of the highly conserved strin-
gent response pathway (13). The stringent response in E. coli is
activated under a number of stresses, including nutrient depri-
vation, and helps promote cell survival under unfavorable growth
conditions. The paralogous enzymes RelA and SpoT both mediate
the stringent response through the synthesis of the alarmones
guanosine tetraphosphate (ppGpp) and guanosine pentaphos-
phate (pppGpp) collectively known as “(p)ppGpp.” SpoT has
been proposed to be responsible for synthesis of (p)ppGpp as
part of the general cellular stress response to conditions in-
cluding fatty acid starvation, carbon starvation, and osmotic
shock. Alternatively amino acid starvation also may lead to ri-
bosome stalling and binding of deacylated tRNA in the ribo-
somal A site, resulting in the release of RelA and production of
(p)ppGpp. Therefore, levels of deacylated tRNA are critical for
regulating the activation of the stringent response under condi-
tions of amino acid limitation in E. coli. The rise in alarmone
levels in the cell is rapid and inhibits transcription initiation at
the promoters of genes needed for the transcription and trans-
lation machineries, including rRNAs, aaRSs, and tRNAs, through
direct binding to the β′–Ω subunit interface of E. coli RNA poly-
merase (14–16). The initiation of the transcription of some ribo-
somal protein operons is regulated via ppGpp, although regulation
of these genes largely occurs through translational feedback
(17, 18). At the same time the transcription of genes required
for stress survival, virulence, and antibiotic resistance and those
encoding metabolic enzymes, particularly glycolytic and amino
acid biosynthesis enzymes, is up-regulated upon activation of
the stringent response (19). Given that tRNA aminoacylation
levels directly regulate both transcriptional attenuation of pheA
and the stringent response, we investigated the possible role of
misacylated tRNA editing in determining the responsiveness of
cellular responses to amino acid stress. The sensitivities to amino
acid stress of both transcription attenuation and the stringent
response were significantly reduced in the absence of editing,
revealing an important physiological role for this translation
quality-control pathway.

Results
Ablation of PheRS Editing Alters the Cellular Ratio of Aminoacylated
to Deacylated tRNAPhe. To investigate possible roles of editing
outside translation, we first assessed the degree to which mis-
aminoacylation by PheRS alters the overall intracellular levels of
deacylated and aminoacylated tRNAPhe (aa-tRNAPhe). Our pre-
viously constructed PheRS editing-deficient strain in a MG1655
background was used to misacylate tRNAPhe in vivo (3). This
strain contains a βG318W substitution in the editing site of
PheRS, which blocks aa-tRNA access and abolishes posttransfer
editing. Using acid-urea polyacrylamide gel separation and
Northern blotting, we assessed the in vivo levels of aminoacylated
tRNAPhe relative to deacylated tRNAPhe in E. coli in the presence
and absence of PheRS editing. In M9 minimal medium the per-
centage of aminoacylated tRNAPhe is ∼65% for the wild-type and
editing-deficient strains, and the addition of 0.1 mM Phe to the
culture increased this percentage to ∼80% in both cases (Fig. 1).
These tRNA aminoacylation levels are comparable to those pre-
viously reported in other bacterial systems using similar methods,
as is the observed increase in deacylated tRNA upon starvation
(20–22). When the strains were grown under amino acid stress
conditions in the presence of physiologically relevant levels of the
natural noncognate PheRS substrate m-Tyr (3, 23, 24), levels of
aa-tRNAPhe were 23% higher in the editing-deficient strain than

in the wild type. These results also revealed that the cellular ratio
of aminoacylated to deacylated tRNA increases significantly in the
absence of PheRS editing, particularly under amino acid stress
conditions (Fig. 1). This result, in turn, suggests that regulation
of the stress response pathways for which aminoacylated and
deacylated-tRNAs serve as signaling molecules also may be per-
turbed in the absence of editing.

PheRS Editing Is Required for Proper Regulation of Phenylalanine
Biosynthesis in E. coli. To decipher the transcription regulatory
effects of noncognate aa-tRNAPhe accumulation under amino
acid stress conditions, regulation of the pheA leader region was
examined. Expression of the pheA phenylalanine biosynthesis
operon in E. coli is regulated by transcription attenuation via
synthesis of the leader peptide PheL (25). Here, pheA′-lacZ re-
porter strains were constructed using a λ vector (Materials and
Methods). A markerless deletion of the endogenous lacIZYA
operon was made in the wild-type pheT and pheT(G318W)
PheRS editing-deficient E. coli strains, and the lacZ fusion re-
porter was integrated into the attB site of these lac− strains. Both
strains showed similar levels of lacZ expression upon Phe star-
vation and comparable down-regulation of pheA′ upon the ad-
dition of 0.2 mM cognate Phe to the growth medium, indicating
that regulation by the cognate amino acid Phe is identical in the
two strains (Fig. 2). Growth in the presence of limiting Phe and
increasing concentrations of the noncognate amino acid m-Tyr,
the natural substrate for PheRS editing, had substantially dif-
ferent effects on pheA′-lacZ expression in the two strains. The
wild-type pheT strain showed increased expression of pheA′-lacZ
in the presence of m-Tyr (Fig. 2), suggesting that aa-tRNAPhe

levels are reduced upon m-Tyr addition, although the changes
were not sufficient to be detected by conventional analyses (Fig. 1).
m-Tyr is readily activated by PheRS (3); thus its addition leads to
competition with cognate Phe for binding to the active site,
which in turn reduces the rate of cognate Phe-tRNAPhe synthesis.

A

B

Fig. 1. Aminoacylated and deacylated tRNA levels are altered in the ab-
sence of quality control by PheRS editing. (A) Representative Northern blot
probed with a 32P-5′-end–labeled tRNAPhe probe in which aminoacylated
and nonaminoacylated species are separated by an acid urea gel before
transfer. (B) Percent tRNA charging levels in vivo in wild-type cells (solid bars)
and in editing-deficient pheT(G318W) PheRS cells (checkered bars) grown to
late log in M9 minimal medium containing no Phe, 100 μM Phe, or 10 μM
m-Tyr. Error bars represent the SD from three independent experiments.
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For the pheT(G318W) strain the addition of noncognate m-Tyr
shut off expression of lacZ from the pheA′ reporter, indicating that
in the absence of PheRS editing misacylated aa-tRNAPhe accumu-
lates to a level that leads to transcription attenuation despite Phe
limitation (Fig. 2). Given that attenuation of pheA′ transcription
via formation of a terminator hairpin first requires synthesis of
the PheL leader peptide, our data indicate that EF-Tu and the
ribosome can use misacylated m-Tyr-tRNAPhe efficiently for
translation of PheL. This finding is consistent both with previous
in vitro translation data and with detection of m-Tyr in the
proteome of E. coli deficient in PheRS editing (3). The con-
centration of m-Tyr that leads to detectable attenuation of the
pheA transcriptional switch is about 10-fold lower than seen for
cognate Phe. Consistent with these findings, higher concentra-
tions of p-Tyr, a poorer PheRS substrate than m-Tyr, were re-
quired to attenuate pheA′ transcription (Fig. S1).
To ensure that the reduced pheA′-lacZ expression in the ab-

sence of PheRS editing was not caused by nonspecific perturba-
tion of transcription arising from protein mistranslation or indirect
regulation of another tRNA sensor, a pheA reporter was con-
structed in which a stop codon was inserted at the sixth residue of
PheL (F6/stop). The insertion of a stop codon in pheL leads to
constitutive pheA expression regardless of growth conditions by
preventing completion of PheL synthesis and the subsequent
formation of a transcription terminator (25). β-Galactosidase ac-
tivity for the F6/stop reporter was found to independent of amino
acid addition or pheT mutation, indicating that the repression of
pheA in the editing-deficient strain is specifically caused by mis-
translation of the pheL leader peptide. (Fig. S2).

PheRS Editing Is Required for Activation of the Stringent Response in
E. coli. To explore how misacylated tRNA levels affect other
cellular stress responses, we monitored the regulation of the
stringent response, which depends on the accumulation of deacy-
lated tRNA in the cell for proper activation during nutrient dep-
rivation. Activation of the stringent response during amino acid
starvation in E. coli strains lacking PheRS editing was investigated
by measuring in vivo levels of 32P-labeled ppGpp. In the wild-type
strain background only low levels of ppGpp could be detected using
32P labeling, presumably as a result of endogenous Phe bio-
synthesis. To address this issue, auxotrophic strains (ΔpheA::kan)
were constructed using the wild-type pheT and pheT(G318W)
editing-deficient E. coli strains. In the auxotrophic strains, the
level of ppGpp increased significantly in conditions of low Phe

(10 μM) relative to conditions with a high Phe concentration
(0.2 mM). For wild-type strain a 10-fold increase in ppGpp
synthesis was observed under Phe limitation, whereas only a
sevenfold increase was observed for the PheRS editing-defective
strain (Fig. 3). The lower level of ppGpp in the editing-defective
strain indicates a reduction in deacylated tRNA accumulation in
this strain compared with the wild-type strain; however, this re-
duction was not detected in our Northern analysis (Fig. 1). This
inconsistency may be caused by the absence of endogenous Phe
biosynthesis or may indicate that the Northern analyses are not
sensitive enough to detect small differences that nevertheless lead
to changes in RelA activity. With increasing concentrations of
m-Tyr the levels of ppGpp in the PheRS mutant strain are re-
duced even further to less than half that seen in the wild-type
strain under the same growth conditions (Fig. 3). To determine if
the observed changes in ppGpp synthesis are dependent on RelA
activity, relA also was deleted from our strains (Materials and
Methods). The production of ppGpp could not be detected in ei-
ther relA− strain under any of the conditions tested, including Phe
starvation (Fig. S3). These results indicate that in the experiment
shown in Fig. 3 ppGpp synthesis and its suppression by m-Tyr-
tRNAPhe misacylation are dependent on the activity of RelA.
These data indicate that in the absence of editing, the accumu-
lation of misacylated m-Tyr-tRNAPhe, as seen in Fig. 1, is ac-
companied by significantly reduced levels of deacylated tRNA,
leading to suppression of the stringent response under conditions
in which the cell is starving for phenylalanine.
To investigate further the effects of translation quality control

on the bacterial stringent response, the regulation of down-
stream transcriptional targets of ppGpp was investigated using
quantitative RT-PCR (qRT-PCR). The relative abundance of
rrsB P1 and iraP transcripts was determined and compared in our
mutants and under varying concentrations of Phe and m-Tyr.
The qPCR primers used were complementary to the rrsB P1
leader and were within the iraP mRNA (Table S1). These stress-
response genes are direct targets of ppGpp-regulated transcrip-
tion and are responsible for the expression of rRNAs and tRNAs
and RpoS accumulation, respectively (26, 27). Expression of iraP
has been shown to increase in response to increased ppGpp
levels, whereas expression from the rrsB P1 promoter decreases
during the stringent response (27–29). When normalized to

Fig. 2. Transcription of the pheA leader under amino acid stress is reduced
in the absence of quality control by PheRS editing. β-Galactosidase activity
from an E. coli pheA leader-lacZ expression transcriptional reporter was
monitored in wild-type PheT and editing-defective PheT(G318W) strains.
β-Gal activity is reported as rate (Δ absorbance at 420 nm time) as a function
of OD600 and was determined for both wild-type PheT (solid bars) and
PheT(G318W) (checkered bars) strains at late log phase. Activity from cul-
tures grown in M9 minimal medium containing no Phe, 50 μM and 100 μM Phe,
and 4 μM and 10 μM m-Tyr are shown. Error bars represent the SD from three
independent experiments.

Fig. 3. ppGpp synthesis is reduced in the absence of quality control by
PheRS editing. ppGpp levels were normalized to OD600 in pheA auxotrophic
strains with either wild-type PheT (solid bars) or editing-deficient PheT(G318W)
(checkered bars) strains grown to early log phase in dropout medium con-
taining high Phe (0.5mM), low Phe (10 μM), or low Phe andm-Tyr (0.2 or 0.4mM).
Error bars represent the SD from three independent experiments.
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levels of ompA, a transcript unaffected by the stringent response
(30), iraP expression increased in both the wild-type and editing-
deficient PheRS strains grown at low concentrations of Phe
relative to the levels in strains grown at high Phe concentrations
(Fig. 4). In contrast, in the presence of the noncognate substrate
m-Tyr, the editing-deficient PheRS strain showed 30-fold lower
expression of iraP relative to wild type. As expected, levels of rrsB
P1 transcript are lower in both wild-type and editing-deficient
PheRS strains grown in low-Phe medium than in these strains
grown in high-Phe medium. However, in the presence of m-Tyr,
levels of the rrsB P1 transcript are almost fourfold higher in the
editing-deficient PheRS strain than in wild type. These findings,
together with the ppGpp data (Fig. 3), further support the con-
clusion that the stringent response is suppressed in the presence of
substantial tRNA misacylation and the accompanying reduction in
deacylated tRNA levels.

The Integrity of Protein Synthesis Is Reduced in the Absence of PheRS
Editing. To assess further how increased cellular levels of m-Tyr-
tRNAPhe affect the global integrity of the proteome, transcript
levels of several components of the sigma 32-(rpoH)– and sigma
E-(rpoE)–dependent protein stress regulons were measured
(Table 1). Consistent with increased levels of misfolded proteins,
genes encoding components of the general heat shock response
(rpoH, dnaK, and mopA) were up-regulated in the presence of
m-Tyr in the PheRS editing-deficient strain (31). In contrast,
transcript levels of two components of the sigma E envelope
stress response (rpoE and ptr) were unchanged under the con-
ditions studied, but a third Sigma E-dependent transcript, htrA,
was 32-fold higher in the editing-deficient strain in the presence
of m-Tyr (32). Taken together these data indicate that in the
absence of PheRS editing of misacylated tRNAPhe the structure
and function of the cellular proteome is significantly compro-
mised under amino acid stress conditions.

Discussion
Misacylated tRNA Editing Increases the Sensitivity and Specificity of
tRNA-Dependent Stress Responses. The editing of misacylated
tRNAs prevents the accumulation of noncognate substrates that
otherwise could lead to miscoding errors during mRNA trans-
lation. In the absence of misacylated tRNA editing, the frequency
of errors in protein synthesis increases significantly and can lead to
substantial losses in cellular viability (4, 33, 34). Additionally, the
production of abnormal proteins in general leads to induction of
the heat shock responses in E. coli (reviewed in ref. 35). The data

reported above support the assertion that in the absence of aaRS-
dependent editing misfolded proteins accumulate readily under
amino acid stress, leading to the increased expression of several
genes involved in the E. coli protein stress response. Although the
detrimental effects of aaRS-induced decoding errors on proteome
integrity are well documented, far less is known about how the
failure to eliminate misacylated tRNAs might affect other cellular
processes. In particular, the accumulation of misacylated tRNAs
has the potential to disrupt the regulation of stress responses that
monitor changes in either acylated or deacylated tRNA levels as
measures of cellular fitness (9). Our results demonstrate that
under amino acid stress, and in the absence of editing, the ac-
cumulation of misacylated species such as m-Tyr-tRNAPhe can
significantly impact the total levels of both acylated and deacy-
lated tRNAPhe. This impact, in turn, shuts down the expression
of genes encoding the biosynthetic pathway for Phe, further re-
ducing levels of cognate Phe-tRNAPhe species in the cell and
increasing mistranslation of the proteome under amino acid
stress. These data show that editing helps minimize mistransla-
tion in two ways: directly, by eliminating noncognate aminoacyl-
tRNAs before they reach the ribosome, and indirectly, by
ensuring that amino acid biosynthesis responds to the correct
physiological cues and thereby maintains substrate pools in the
cell. In addition to limiting errors in protein synthesis, the editing
of misacylated tRNA is integral to the down-regulation of global
translation in response to amino acid stress. Reduction in total
deacylated tRNA levels in the editing-deficient mutant pre-
vented proper activation of the stringent response, resulting in
reduced ppGpp synthesis and widespread changes in gene ex-
pression. It is unclear if reduced ppGpp synthesis also led to
downstream translational effects that helped activate protein
stress responses or if this activation resulted solely from mis-
incorporation of m-Tyr at Phe codons. Although in most in-
stances the observed changes in transcript levels were consistent
with previous studies, htrA behaved atypically, suggesting that
editing contributes to the control of a specific, and not yet fully
defined, stress-response regulon. More detailed investigations
are now underway into the global effects on gene expression of
tRNA misacylation and mistranslation and the broader roles
editing plays in the corresponding stress responses.
Overall our findings show that efficient editing of misacylated

tRNAs is critical to ensure that tRNA-dependent cellular re-
sponses to amino acid stress are both sensitive, as exemplified by
the stringent response, and substrate specific, as demonstrated
for Phe synthesis. In addition to uncovering the role of editing in
bacterial stress responses, this study provides some insights into
the potential advantages of detecting amino acid stress via
tRNAs compared with direct receptor binding of amino acids.
One possible advantage is the ability to increase substrate
specificity by exploiting an existing translational proofreading

Fig. 4. Downstream transcriptional effects of the stringent response are
repressed by tRNA mischarging. qRT-PCR analyses of iraP and rrnB P1 tran-
scripts are normalized to ompA levels and are shown relative to levels in the
wild-type pheT strain in high-Phe conditions. Cultures of pheA auxotrophic
strains with either wild-type PheT (solid bars) or editing-deficient PheT(G318W)
(checkered bars) strains grown to early log phase in Mops minimal medium
containing high Phe (0.5 mM) (green bars), low Phe (10 μM) (blue bars), or
low Phe and m-Tyr (0.4 mM) (red bars). Errors bars represent the SD of three
independent biological replicates.

Table 1. Transcriptional responses to protein stress are altered
in the absence of PheRS quality control

Gene

Wild-type pheT pheT(G318W)

HF LF +m-Tyr HF LF +m-Tyr

rpoH 1.3 ± 0.2 1.5 ± 0.4 1.3 ± 0.4 1.5 ± 0.4 2.6 ± 0.4 7.3 ± 0.9
dnaK 1.3 ± 0.1 0.5 ± 0.2 0.6 ± 0.3 1.0 ± 0.2 0.6 ± 0.2 8.9 ± 2.3
mopA 1.3 ± 0.1 0.6 ± 0.1 0.7 ± 0.3 1.1 ± 0.3 0.6 ± 0.1 3.8 ± 0.5
rpoE 1.3 ± 0.2 1.3 ± 0.5 1.9 ± 0.6 0.9 ± 0.1 1.6 ± 0.5 0.7 ± 0.2
ptr 1.3 ± 0.4 1.9 ± 0.3 3.0 ± 0.7 0.6 ± 0.1 1.7 ± 0.5 2.7 ± 1.1
htrA 1.3 ± 0.4 1.6 ± 0.5 1.8 ± 0.9 1.2 ± 0.3 1.4 ± 0.4 32 ± 7.6

Listed are relative transcript levels for representative genes of the sigma
32 and sigma E regulons measured by qPCR and normalized to ompA levels
for either wild-type pheT or editing-deficient pheT (G318W) grown to early
log phase in Mops minimal medium containing high Phe (HF, 0.5 mM), low
Phe (LF, 10 μM), or low Phe andm-Tyr (+m-Tyr, 0.4 mM). Results are shown as
mean ± SD of three independent biological replicates.
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mechanism, as seen here where editing prevents misregulation of
pheA by near-cognate amino acids. In addition, controlling Phe
biosynthesis via changes in Phe-tRNAPhe rather than by detect-
ing the free amino acid ensures that regulation is adjusted to
maintain an adequate supply of Phe specifically for protein
synthesis. Perhaps the greatest benefit of tRNA-dependent sig-
naling is the ability to detect amino acid starvation positively via
the accumulation of deacylated tRNAs, a strategy also used in
eukaryotes (36). Monitoring deacylated tRNA levels provides
both a highly sensitive mechanism to detect amino acid depletion
and also an indication that the supply of amino acids is not
sufficient to meet the demands of protein synthesis. Overall the
use of tRNA-dependent rather than free amino acid sensing
provides the cell with a means to accurately match substrate
supply and demand during protein synthesis under different
growth conditions.

Increased tRNA Misacylation Provides a Possible Mechanism to
Promote Survival Independent of Mistranslation. In addition to
the numerous examples of lost or reduced cellular viability that
often accompany mistranslation, several studies have ascribed
beneficial effects to protein synthesis errors. In the pathogenic
yeast Candida albicans an ambiguity in the genetic code results in
the systematic miscoding of ∼3% of all Leu codons as Ser. This
programmed miscoding event generates an array of proteins
originating from a single gene that can be beneficial in some
cases, for example by generating increased cell surface variation
(37, 38). Similar potential mistranslation benefits have been
proposed in mammalian and bacterial cells in which errors in
protein synthesis have been linked with increased diversity of
antigen presentation (4, 39, 40). Recently, the broader notion
that adaptive mistranslation can provide a potentially beneficial
stress response has been proposed (41) and is based in part on
observations of stress-induced loss of editing and increased tRNA
misacylation (42–44). For example, enhanced misacylation of
tRNA with Met has been suggested to provide cells with transient
protection against oxidative and other stresses by increasing the
structural and functional diversity of the proteome (41). In the
case of oxidative stress, increased Met incorporation may be
beneficial by protecting proteins against damage from excess re-
active oxygen species, but how nongenetic diversification of the
proteome could provide other benefits is not yet known. Although
increases in misacylated tRNA levels have been correlated with
stress under various conditions, in most cases the subsequent re-
sponses that promote growth and survival have been linked only
indirectly to adaptive mistranslation. Our findings now suggest
that, in addition to mistranslation, other mechanisms exist by
which decreased accuracy of tRNA aminoacylation under stress
conditions can help to promote survival.

Materials and Methods
Strains and Media.Wild-type E. coli pheT (BL4074) and a pheT(G318W) PheRS
editing-deficient strain [BL4073 (3)] were used to construct pheA′-lacZ re-
porter derivatives by P1 transduction. First, a ΔproC::kan P1 lysate (provided
by N. Ruiz, The Ohio State University, Columbus, OH) was used to make
proC− auxotrophic strains. Then the XTB28 P1 lysate (proC+ ΔlacIZYA::FRT)
was used to delete the endogenous lac operon, and proline protrophy
(growth on M9 minimal medium) was used for selection. Strain constructions
were confirmed by screening for loss of growth on X-Gal–containing plates
and via PCR and sequencing of the modified allele. The pheA′-lacZ reporter
then was constructed via PCR amplification of the pheA′ leader region from
MG1655 genomic DNA and subcloning into the EcoRI and BamHI sites of
pRS552 (Simons). Transduction into the attB site of each pheT background
strain was carried out using the lambda vector system λRS45 (45). Single
lysogens were confirmed via PCR as described (46).

The wild-type pheT and the pheT(G318W) PheRS editing-deficient E. coli
strains were converted to make phenylalanine auxotrophs (ΔpheA::kan)
using standard P1 transduction methods and the donor Keio collection strain
41-0-9 (47, 48). The kan cassette was flipped out using pCP20 (49). For the
relA deletion controls, relA782(del)::kan strains were constructed in our
wild-type pheT, ΔpheA, and pheT(G318W), ΔpheA backgrounds using P1
transduction of the Keio collection strain JW2755. All deletions were

confirmed with PCR. M9 minimal medium contains 1× M9 salts, 2 g/L glu-
cose,1 mg/L thiamine,1 mM MgSO4, and 0.1 mM CaCl2 (50). The 3-(N-mor-
pholino)propanesulfonic acid (Mops) Phe and Tyr drop-out medium contains
1× Mops Mixture, 0.8% glucose, 0.2 mM K2HPO4, and 3× amino acids mix
(University of Wisconsin Genome Project protocol minus Phe and Tyr).

Quantification of Aminoacylated and Deacylated tRNAPhe. Total RNA was iso-
lated from E. coli cells under acidic conditions on ice as described (51). Cells
were harvested at late log phase (OD600 ∼1.2), the same point used for
β-galactosidase assays, by centrifugation (5,000 × g for 10 min at 4 °C). The
cell pellet was suspended in 0.5 mL cold lysis buffer [0.3 M sodium acetate
(pH 4.5), 10 mM EDTA]. Suspended cells were mixed with an equal volume of
phenol:chloroform:isoamyl-alcohol (1:1:1) (pH 4.5) and were vortexed vig-
orously three times for 30 s each, followed by centrifugation at 18,600 × g
for 20 min at 4 °C. The aqueous phase was removed and placed into a new
tube, and the extraction step was repeated. The final aqueous phase was
transferred to a new tube, and RNA was precipitated by the addition of
2.7 volumes of cold 100% ethanol followed by incubation at −20 °C for 1 h.
RNA was pelleted by centrifugation at 18,600 × g for 30 min at 4 °C and
then was suspended in 20 L of cold 10 mM NaOAc (pH 4.5). The stability
of 14C-Phe-tRNAPhe (native) was assessed following incubation for 4 h at
room temperature under the same buffer conditions; after 4 h incubation
the aminoacylation level of the tRNA was not affected.

Northern blotting and acid/urea gel electrophoresis were performed es-
sentially as follows. Loading dye [7 M urea, 0.3 M sodium acetate (pH 5.2),
0.5 μg/mL bromophenol blue] was added to isolated aminoacylated-tRNA
(10 μg) and to a deacylated control [isolated aminoacylated-tRNA incubated
at 42 °C in Tris·HCl (pH 9.0) for 1 h]. Samples were loaded on 20-cm gels [11%
acrylamide, 8 M urea, 0.1 M sodium acetate (pH 5.2)] and then were run at
12 W for 20 h at 4 °C. Electrophoretic transfer of RNA to Zeta-probe cat-
ionized nylon membrane (Bio-Rad) was performed in transfer buffer [10 mM
Tris-acetate (pH 7.8), 5 mM sodium acetate, 0.5 mM EDTA] for 2 h at 44 V at
4 °C. RNA then was UV cross-linked to the membrane followed by prehy-
bridization for 2–4 h and hybridization for 16 h at 50 °C with a [32P]-5′-end–
labeled probe (5′-AATCGAACCAAGGACACGGGG) and finally was washed
according to the manufacturer’s instructions. Visualization and quantifica-
tion were performed by phosphor imaging.

Measurement of β-Galactosidase Activity. E. coli cultures were grown to sat-
uration, pelleted, and washed two times in M9 minimal medium and were
used to inoculate the assay medium. For assays cultures were inoculated to
an OD600 of 0.02 in M9 minimal medium supplemented with varying
amounts of amino acids. Liquid cultures were grown at 37 °C, and 625-μL
samples were harvested at late log phase (OD600 of 1.2) by centrifugation
(8,000 × g for 2 min at 4 °C). Cell pellets were frozen at −20 °C. After all
samples for assaying had been collected, frozen cell pellets were suspended
in an equal volume of cold Z buffer (60 mM Na2HPO4·7H2O, 40 mM
NaH2PO4·H2O, 10 mM KCl, 1 mM MgSO4·7 H2O, 50 mM β-mercaptoethanol).
After measurement of OD600, 500-μL aliquots of the suspended cells were
permeabilized by the addition of 30 μL chloroform and 10 μL 0.1% SDS and
vortexing for 15 s followed by 15-min incubation at room temperature.
Assays were carried out in 96-well microtiter plates. To each well, 200 μL of
permeabilized cells were added to 50 μL CPRG (chlorophenol red–β-D-gal-
actopyranoside) substrate (5 mg/mL) freshly made in Z buffer. The rate of
β-gal activity at 28 °C was measured as absorbance readings at 420 nm at
1-min intervals in the linear range of activity. These rates then were nor-
malized to the OD600 of suspended cells before permeabilization.

Determination of Cellular ppGpp Levels. Levels of ppGpp were assayed as
previously described (52). Saturated E. coli cultures were first pelleted and
washed two times in prewarmed Mops dropout medium and then were used
to inoculate assay cultures. Liquid cultures (2 mL) were inoculated to an
OD600 of 0.05 in prewarmed Mops dropout medium with 50 μCi 32P (carrier
free; Perkin-Elmer) and appropriate amounts of Phe and Tyr as indicated.
Cultures were grown at 37 °C, and 50-μL samples were taken at early log
phase (OD600 ∼0.2), added to 10 μL of formic acid on ice, and frozen im-
mediately at −80 °C. Cells were lysed by freeze-thawing three times, with
vigorous vortexing after each thaw cycle. Cell debris was pelleted at 13,000 × g
for 5 min at 4 °C, and lysates were appropriately diluted (normalized by
comparison with the OD600 of the cultures upon sample collection). Equal
volumes of normalized lysate were spotted on PEI cellulose plates (EMD).
Labeled nucleotides were separated by TLC developed in 1.5 M NaOAc
(pH 3.5). The plates were dried, placed in methanol for 5 min, dried again,
and visualized by phosphor imaging. Unlabeled nucleotides (0.5 μL, 100 mM)
were used as TLC migration standards and were detected using UV light.
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Total RNA Purification, Reverse Transcription, and qPCR. Purification of total
RNA from early log-phase cells was done using Trizole (Ambion) as described
in the manufacturer’s protocol. Genomic DNA was removed using the Turbo
DNA-free Kit (Life Technologies), and total RNA was assessed and quantified
using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit. Reverse
transcription of 100 ng of total RNA was carried out using 300 nM of random
hexamer primer (Promega) and SuperScript III reverse transcriptase (Invi-
trogen). The reaction was performed as directed by the manufacturer using
reaction parameters of 50 °C for 60 min. qPCR was carried out using gene-
specific primers (Table S1) and IQ SYBR Green Supermix (Bio-Rad). Equal
volumes of the reverse-transcription reactions were used for each sample
(1:400 final dilution) in 20-μL reaction volumes. qPCR reactions were per-
formed on a Bio-Rad CFX real-time PCR detection system with cycling

parameters as follows: 95 °C for 2 min, followed by 40 cycles of 95 °C for 20 s,
55 °C for 20 s, (read) 72 °C for 20 s. Negative controls including no reverse
transcriptase and no template, as well as standard curves of cDNA dilutions
used to determine the PCR efficiency, were included in each set of experi-
ments. Two technical replicates for each of three biological replicates were
performed. Data analysis was performed by the Pfaffl method of relative
quantification using Bio-Rad CFX Manager 3.0 software (53).
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