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ABSTRACT

Translational quality control is monitored at several steps, including substrate selection by aminoacyl-tRNA synthetases (aaRSs),
and discrimination of aminoacyl-tRNAs by elongation factor Tu (EF-Tu) and the ribosome. Phenylalanyl-tRNA synthetase
(PheRS) misactivates Tyr but is able to correct the mistake using a proofreading activity named editing. Previously we found that
overproduction of editing-defective PheRS resulted in Tyr incorporation at Phe-encoded positions in vivo, although the
misreading efficiency could not be estimated. This raised the question as to whether or not EF-Tu and the ribosome provide
further proofreading mechanisms to prevent mistranslation of Phe codons by Tyr. Here we show that, after evading editing by
PheRS, Tyr-tRNAPhe is recognized by EF-Tu as efficiently as the cognate Phe-tRNAPhe. Kinetic decoding studies using full-length
Tyr-tRNAPhe and Phe-tRNAPhe, as well as a poly(U)-directed polyTyr/polyPhe synthesis assay, indicate that the ribosome lacks
discrimination between Tyr-tRNAPhe and Phe-tRNAPhe. Taken together, these data suggest that PheRS editing is the major
proofreading step that prevents infiltration of Tyr into Phe codons during translation.
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INTRODUCTION

As a central process of biology, translation utilizes a
conserved machinery throughout the three domains of life.
Passage of genetic information from mRNA to protein can
be separated into several steps, with transfer RNAs (tRNA)
playing an adaptor role to pair amino acids with their
cognate codons during translation. Amino acids are first
attached to their cognate tRNAs by aminoacyl-tRNA
synthetases (aaRSs); the resulting aminoacyl-tRNAs (aa-
tRNAs) are subsequently delivered by elongation factors
(EF-Tu in bacteria and EF-1a in archaea and eukarya) to
ribosomes, where codon–anticodon recognition programs
incorporation of amino acids into the elongating peptides.
It is critical for organisms to maintain translational
accuracy, as several studies have suggested that increased
translational error rates can slow growth in bacteria
(Nangle et al. 2002; Roy et al. 2004; Bacher et al. 2005)
and cause neurodegeneration in mammals (Lee et al. 2006).
To ensure quality control during translation the cell utilizes

several strategies, including aaRS editing, EF-Tu discrimi-
nation, and ribosomal selection (Ibba and Söll 1999; Dale
and Uhlenbeck 2005a).

aaRSs usually selectively activate their cognate amino
acids during aminoacylation. However, errors in amino-
acylation can occur when synthetases encounter noncog-
nate amino acids or analogs that are structurally similar to
their cognate substrates. For example, phenylalanyl-tRNA
synthetase (PheRS) misactivates tyrosine at a rate signifi-
cantly higher than the overall translational error rate (Roy
et al. 2005). To maintain accuracy during translation,
PheRS uses an editing domain that hydrolyzes misacylated
tRNAPhe (Lin et al. 1984; Roy et al. 2004, 2005). Similar
activities are found in many other aaRSs (Nureki et al.
1998; Silvian et al. 1999; Beuning and Musier-Forsyth 2000;
Dock-Bregeon et al. 2000, 2004; Fukai et al. 2000; Ahel et al.
2003; Beebe et al. 2003, 2004; Lincecum et al. 2003; Wong
et al. 2003; Korencic et al. 2004), suggesting that editing is
widely used to proofread mistakes made in aminoacylation.
Such editing activities are critical for the cell. It has been
reported that a partial loss of alanyl-tRNA synthetase
(AlaRS) editing function in mice results in protein mis-
folding and neurodegeneration (Lee et al. 2006), demon-
strating the significance of maintaining a full editing
activity.
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EF-Tu was long considered to bind all aa-tRNAs with
roughly equal efficiencies, the only exceptions being fMet-
tRNAfMet, Ser/Sec-tRNAsec, Glu-tRNAGln, and Asp-
tRNAAsn (Stanzel et al. 1994; Becker and Kern 1998; Dale
and Uhlenbeck 2005a; Ambrogelly et al. 2007; Roy et al.
2007). The weak affinity of EF-Tu for Glu-tRNAGln and
Asp-tRNAAsn prevents genetic ambiguity that would result
from misincorporating Glu and Asp at Gln and Asn
codons, respectively, while fMet-tRNAfMet and Sec-tRNASec

instead bind specialized translation factors (Ambrogelly
et al. 2007). Recently, Uhlenbeck and colleagues found that
EF-Tu displays selectivity for both the amino acid and the
tRNA body (LaRiviere et al. 2001; Asahara and Uhlenbeck
2002, 2005; Dale et al. 2004). It was proposed that, since
EF-Tu binds amino acids with various affinities, their
corresponding tRNAs have evolved to compensate for the
differences in affinity thermodynamically, so that EF-Tu
binds all cognate aa-tRNAs uniformly (Dale and Uhlenbeck
2005a). In contrast to cognate aa-tRNAs, EF-Tu binds their
noncognate counterparts with a wide range of affinities,
which may lead to reduced incorporation efficiencies for
some mischarged amino acids.

The last step at which translational fidelity can be
monitored is ribosomal decoding. Proper matching of
codons and anticodons is a prerequisite for efficient
decoding, and the ribosome utilizes both thermodynamic
and kinetic discrimination mechanisms to reject aa-tRNAs
with near-cognate or noncognate anticodons (Gromadski
and Rodnina 2004a; Cochella and Green 2005). It is less
clear, however, whether ribosomes are able to discriminate
against misacylated tRNAs with cognate codons. Misacyl-
ated tRNAs have been shown to be utilized in translation of
peptides in vitro and in vivo (Chapeville et al. 1962; Döring
et al. 2001; Nangle et al. 2002; Bacher et al. 2005; Lee et al.
2006; Wang et al. 2006; Xie and Schultz 2006), although the
decoding rates for these species are unknown. Several lines
of evidence suggest that the ribosome may discriminate the
side chains of amino acids. In a study by Bhuta and
colleagues several amino acids were ligated to the C–A
dinucleotide. The resulting aminoacyl-dinucleotides (C–A-
aa) displayed a broad range of affinities for the ribosomal A
site in a peptidyl transferase assay (Bhuta et al. 1981).
Translation inhibition experiments using various puromy-
cin derivatives also indicated that the ribosomal A site
specifically recognizes the amino acid side chains of
aa-tRNAs (Starck et al. 2003). Conversely, nonenzymatic
binding studies using full-length aa-tRNAs showed that
misacylated and correctly acylated tRNAs bind to the
ribosomal A site with similar affinities (Fahlman et al.
2004; Dale and Uhlenbeck 2005b). To provide some
insights into the discrepancy, we investigated the effect
on decoding kinetics of full-length misacylated tRNAs, as
part of a broader study of the quality control mechanisms
that prevent misincorporation of Tyr at Phe codons. We
found that EF-Tu efficiently recognizes Tyr-tRNAPhe syn-

thesized by an editing-defective PheRS, and that the
ribosome does not discriminate Tyr-tRNAPhe from the
cognate Phe-tRNAPhe, as revealed by a fast-kinetic decoding
experiment and poly(U)-directed polyPhe or polyTyr
synthesis assays. Together, our data suggest that PheRS
editing is the major proofreading step that prevents infil-
tration of Tyr into Phe codons during translation.

RESULTS AND DISCUSSION

Misacylation of tRNAPhe by editing-defective PheRSs

Previously we have shown that Escherichia coli PheRS
possesses an editing activity against Tyr (Roy et al. 2004).
PheRS editing site residues are mainly involved in substrate
binding, and mutations of the conserved residues resulted
in, at best, only a few fold decrease in editing (Ling et al.
2007). A question that arose is why the editing site residues
are so conserved even though they do not contribute
significantly to activity. Traditionally, editing experiments
are performed in the absence of nonsynthetase cellular
factors such as EF-Tu. Nevertheless, it has been shown that
EF-Tu significantly increases the steady-state levels of
cognate and misacylated tRNAs (Wolfson and Uhlenbeck
2002; Lee et al. 2006), which prompted us to further
investigate the mischarging activities of PheRS variants in
the presence and absence of EF-Tu. The wild-type (WT)
PheRS did not produce accumulated Tyr-tRNAPhe irre-
spective of EF-Tu addition (Fig. 1). As the WT and editing
defective PheRSs display similar aminoacylation activities
(Ling et al. 2007), it is likely that the WT PheRS hydrolyzes
Tyr-tRNAPhe before it is trapped by EF-Tu. In contrast,
editing-defective PheRS variants displayed significantly

FIGURE 1. Tyrosylation of E. coli tRNAPhe (5 mM) by PheRS variants
(0.5 mM each) in the presence (filled bars) and absence (open bars) of
EF-Tu (5 mM). The Y-axis represents the end levels of Tyr-tRNAPhe

synthesized after 6 min. PheRS variants contain either a wild-type
editing site (WT) or mutations in the b subunit that reduce the
editing activity (Ling et al. 2007). Relative post-transfer editing
activities determined previously are shown in the figure. Data sets
are the average of three independent experiments.
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increased tyrosylation levels in the presence of EF-Tu, likely
through EF-Tu protection of synthesized Tyr-tRNAPhe

from hydrolysis. The bH265A variant, which has a three-
fold reduced post-transfer editing activity, misacylated
tRNAPhe very weakly in the absence of EF-Tu. Addition
of EF-Tu dramatically increased the Tyr-tRNAPhe level,
suggesting a critical role of bH265 for editing in vivo. It
appears that the PheRS editing site has evolved to maintain
a minimal editing efficiency while preventing ‘‘misediting’’
of the cognate Phe (Ling et al. 2007). Current views on the
roles of aaRS editing site residues may need to be revisited
in the context of in vivo conditions, as it now seems likely
that aaRS editing sites have been fine-tuned to avoid uptake
of misacylated tRNAs by elongation factors. This is con-
sistent with the observation that a trans-editing factor,
YbaK, associates with ProRS to compete with EF-Tu for
mischarged Cys-tRNAPro (An and Musier-Forsyth 2005).

EF-Tu efficiently recognizes Tyr-tRNAPhe

EF-Tu increased the tyrosylation level of tRNAPhe by
PheRS, suggesting that Tyr-tRNAPhe might be protected
by EF-Tu. To directly address this possibility, we tested the
dissociation rates of Tyr-tRNAPhe and Phe-tRNAPhe from
E. coli EF-Tu using an RNase A protection assay as
previously described (LaRiviere et al. 2001; Asahara and
Uhlenbeck 2002). The koff rates of Tyr-tRNAPhe and Phe-
tRNAPhe were very similar at 2°C (Fig. 2A), comparable to
values for cognate aa-tRNAs determined using Thermus
thermophilus EF-Tu (LaRiviere et al. 2001; Dale et al. 2004).
The koff values of both Tyr-tRNAPhe and Phe-tRNAPhe were
increased by z30-fold when the reaction temperature was
raised to 37°C (Fig. 2B), consistent with previous observa-
tions (Vorstenbosch et al. 2000). It has been predicted that
some misacylated tRNAs bind EF-Tu either too tightly or
too weakly to allow efficient delivery to the ribosome
(LaRiviere et al. 2001; Asahara and Uhlenbeck 2005).
However, many noncognate aa-tRNAs bind to EF-Tu with
affinities similar to their cognate counterparts (Asahara and
Uhlenbeck 2005). The data collected here show that E. coli
EF-Tu does not discriminate Tyr-tRNAPhe from Phe-
tRNAPhe. A cocrystal structure of EF-Tu complexed with
Phe-tRNAPhe and a GTP analog revealed that the Phe side
chain is stacked by a His residue (Nissen et al. 1995). Thus,
it is likely that Tyr and Phe interact with the amino acid
binding site of EF-Tu in the same manner, and that the
presence of the p-hydroxyl group in Tyr does not hinder
EF-Tu binding.

The ribosome does not discriminate Tyr-tRNAPhe

from Phe-tRNAPhe

In a previously established in vivo assay using an amber
suppressor tRNAPhe

CUA, we observed that Tyr was misincor-
parated into UAG amber codons upon expression of an

editing-defective PheRS (Roy et al. 2004), suggesting that
the ribosome is able to use Tyr-tRNAPhe

CUA as a substrate.
What remained unknown, however, was how efficiently the
ribosome recognizes the mischarged Tyr-tRNAPhe. To test
decoding efficiency, we prepared 70S ribosomal initiation
complexes with formyl-[35S]-Met-tRNAfMet in the P site
and codon UUU, UUC, or CUU in the A site. Next, EF-Tu
bound Tyr-tRNAPhe or Phe-tRNAPhe was added to the
initiation complexes in a quenched-flow apparatus and the
formation of dipeptides monitored. Fully modified native
tRNAPhe was used to exclude potential impacts of mod-
ifications on decoding. The near-cognate CUU codon was
decoded very poorly by Phe-tRNAPhe, while Tyr-tRNAPhe

read UUU and UUC Phe codons as efficiently as Phe-
tRNAPhe (Fig. 3A; Table 1), suggesting that the ribosomal A
site recognizes Tyr-tRNAPhe and Phe-tRNAPhe equally well.
To further test if the ribosome might discriminate Tyr-
tRNAPhe at other steps in elongation, we performed
poly(U)-directed polyTyr and polyPhe synthesis. The
synthesis rates of polyTyr and polyPhe were almost
identical (Fig. 3B), confirming that the ribosome lacks
discrimination between Tyr and Phe side chains in the

FIGURE 2. Determination of koff rates of Phe- and Tyr-tRNAPhe

from EF-Tu. The dissociation rates are (A) 0.21 6 0.06 min�1 (Phe-
tRNAPhe), 0.29 6 0.19 min�1 (Tyr-tRNAPhe) at 2°C and (B) 7.7 6 0.2
min�1 (Phe-tRNAPhe) and 6.8 6 1.2 min�1 (Tyr-tRNAPhe) at 37°C.
Data sets are the average of three independent experiments.
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context of tRNAPhe. Previous studies showed that the
ribosomal A site has different affinities for various amino-
acyl-dinucleotide and puromycin derivatives (Bhuta et al.
1981; Starck et al. 2003), while nonenzymatic binding
experiments suggested that the A site binds all tested
misacylated tRNAs and cognate aa-tRNAs uniformly
(Fahlman et al. 2004; Dale and Uhlenbeck 2005b). Upon
codon–anticodon recognition, the ribosome undergoes a
series of conformational changes (Pape et al. 1998, 1999,
2000; Ogle et al. 2002; Blanchard et al. 2004; Gromadski

and Rodnina 2004a,b; Cochella and Green 2005). It is
possible that, in nonenzymatic binding experiments, some
rate-limiting induced-fit steps cannot be detected (Dale and
Uhlenbeck 2005a). Alternatively, the aminoacyl-dinucleo-
tide and puromycin derivatives may not bind to the
ribosomal A site exactly as full-length aa-tRNAs do, as it
has been suggested that the ribosomal active site adopts
different conformations upon binding of puromycin deriv-
atives or full-length aa-tRNAs (Youngman et al. 2004;
Schmeing et al. 2005). The kinetic experiments demonstrate
that Tyr-tRNAPhe is not discriminated by the ribosome;
whether or not this conclusion is valid for other misacylated
tRNAs now requires further systematic kinetic analyses.

The editing activity of PheRS is essential
for translational quality control

Our data demonstrated that, once Tyr-tRNAPhe evades
editing by PheRS, incorporation of Tyr at Phe codons is
inevitable. EF-Tu and the ribosome, which are downstream
from aa-tRNA synthesis, do not provide further proofread-
ing mechanisms to avoid Tyr misincorporation. This is
distinct from some naturally misacylated tRNAs, such as
Glu-tRNAGln and Asp-tRNAAsn, which are discriminated
by EF-Tu (Stanzel et al. 1994; Becker and Kern 1998).
Uhlenbeck and coworkers proposed that, since EF-Tu and
possibly the ribosome display selectivity for different amino
acids, their cognate tRNAs might have evolved to compen-
sate for the binding affinities thermodynamically, so that all
cognate aa-tRNAs can be translated uniformly (Dale and
Uhlenbeck 2005a). Our findings support this hypothesis, as
Tyr-tRNAPhe accumulation is normally prevented by the
PheRS editing activity and as a result there is no selective
pressure to drive further evolution of tRNAPhe. This
hypothesis also explains why unnatural amino acids are
usually efficiently incorporated into proteins in vivo, as
the necessary orthogonal aaRSs do not exist in nature.

MATERIALS AND METHODS

Strains, plasmids, site-directed mutagenesis,
and general methods

E. coli JM109/pKECA-Tu producing His6-tagged E. coli EF-Tu was
a gift from B. Kraal (Leiden University, Leiden, The Netherlands).

FIGURE 3. Decoding of Phe codons by Tyr-tRNAPhe and Phe-
tRNAPhe. (A) fMet-Tyr and fMet-Phe dipeptide formation upon
decoding of cognate (UUU and UUC) and near-cognate (CUU)
Phe codons. Reactions contain 100 nM ribosomal initiation complex
and 50 nM aa-tRNAPhe. The Y-axis shows the fraction of aa-tRNAPhe

converted to dipeptide. Solid symbols, Tyr-tRNAPhe; open symbols,
Phe-tRNAPhe. (B) Poly(U)-directed polyPhe and polyTyr synthesis.
The reaction mixture contains 200 nM 70S ribosomes, 1 mM EF-G,
5 mM EF-Tu, 0.3 mg/mL poly(U) mRNA, and 1 mM [14C] Phe-
tRNAPhe or [3H] Tyr-tRNAPhe synthesized with native E. coli tRNAPhe. As
controls, 1 mM [14C] Phe or [3H] Tyr are added instead of [14C]
Phe-tRNAPhe or [3H] Tyr-tRNAPhe. Data sets are the average of three
independent experiments.

TABLE 1. Kinetics of dipeptide bond formation at different mRNA A site codons using native tRNAPhe aminoacylated with either Tyr or Phe.

Aminoacyl-tRNAPhe Tyr-tRNA Tyr-tRNA Phe-tRNA Phe-tRNA Phe-tRNA

A site codon UUU UUC UUU UUC CUU
kobs (sec�1) 1.1 6 0.5 1.4 6 0.1 1.8 6 0.4 1.5 6 0.2 0.03 6 0.02
Final fMet-Phe fraction 0.32 6 0.01 0.38 6 0.08 0.38 6 0.08 0.42 6 0.16 0.05 6 0.01
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E. coli strain XL1-Blue/pQE31-FRS expressing the WT E. coli
PheRS was a gift from D.A. Tirrell (California Institute of
Technology). PheRS variants were previously obtained by site-
directed mutagenesis in our laboratory (Roy et al. 2004). E. coli
tRNAPhe and mRNA transcripts were prepared using in vitro T7
RNA polymerase runoff transcription as described (Roy et al.
2004). Native E. coli tRNAPhe, tRNAfMet, and poly(U) were
purchased from Sigma-Aldrich.

Aminoacylation

Tyrosylation experiments were performed at 37°C as described
(Roy et al. 2004) in the presence of 0.1 M Na-HEPES pH 7.2,
30 mM KCl, 10 mM MgCl2, 2 mM ATP, 5 mM E. coli tRNAPhe

transcript, 50 mM [3H] Tyr (464 cpm/pmol), and 0.5 mM PheRS,
with or without 5 mM E. coli EF-Tu. EF-Tu was activated in
50 mM Tris-HCl, 1 mM DTT, 68 mM KCl, 6.7 mM MgCl2,
2.5 mM phosphoenolpyruvate (PEP), 0.5 mM GTP, and 30 mg/
mL pyruvate kinase (PK) at 37°C for 20 min before use.

Determination of koff values for EF-Tu

E. coli EF-Tu was activated in 50 mM Na-HEPES pH 7.2, 5 mM
DTT, 150 mM NH4Cl, 20 mM MgCl2, 3 mM PEP, 2 mM GTP,
and 30 mg/mL PK at 37°C for 20 min. A final concentration of
0.5 mM [14C] Phe-tRNAPhe or [3H] Tyr-tRNAPhe were added to
10 mM activated EF-Tu and incubated on ice for 5 min. RNase A
was added to the reaction mixture to a final concentration of 100
mg/mL and aliquots were taken at each time point, spotted on
3 MM discs presoaked with 5% trichloric acid (TCA), washed,
dried, and scintillation counted.

fMet-Phe and fMet-Tyr dipeptide formation

70S ribosomes from E. coli strain MRE600 were prepared as
described (Fredrick and Noller 2002). Decoding experiments were
performed in buffer A (50 mM Tris-HCl pH 7.5, 70 mM NH4Cl,
30 mM KCl, 3.5 mM MgCl2, 0.5 mM spermidine, 8 mM
putrescine, and 2 mM DTT), which mimics in vivo conditions
and is highly accurate for decoding. Initiation complexes were
prepared by mixing 2 mM 70S ribosomes, 4 mM mRNA, 3 mM
[35S] fMet-tRNAfMet , and 3 mM each of IF1, IF2, and IF3 in buffer
B (50 mM Tris-HCl pH 7.5, 70 mM NH4Cl, 30 mM KCl, and 7
mM MgCl2). The reaction mix was incubated at 37°C for 20 min
and purified through a Sephacryl S200 (Sigma-Aldrich) column.
The initiation complexes were then diluted to a final concentra-
tion of 0.2 mM in buffer A. E. coli ternary complex mixture
contained 0.1 mM native E. coli Phe-tRNAPhe or Tyr-tRNAPhe and
5 mM activated E. coli EF-Tu. The quench–flow experiment was
done by rapidly mixing 15 mL initiation complex and 15 mL
ternary complex at 25°C, followed by quenching with 1 M KOH at
desired time points on a KinTek quench–flow machine. Reaction
products were incubated at 37°C for 30 min to hydrolyze
peptidyl- and aminoacyl-tRNAs, and separated on glass-back
silica TLC plates (AnalTech). The solvent used was 3:1:1 (V/V/
V) butanol:acetic acid:water containing 50 mM b-mercaptoetha-
nol. Spots were visualized by phosphorimaging and quantified
using ImageQuant.

Poly(U)-directed polyPhe and polyTyr synthesis

The reaction mixture contained 5 mM Tris-HCl pH 7.5, 5 mM
MgAc2, 20 mM NH4Cl, 1 mM ATP, 30 mM GTP, 30 mM b-
mercaptoethanol, 1 mM DTT, 5 mM PEP, 20 mg/mL PK, 200 nM
70S ribosomes, 1 mM E. coli EF-G, 5 mM E. coli EF-Tu, 0.3 mg/mL
poly(U) mRNA, and 1 mM [14C] Phe-tRNAPhe or [3H] Tyr-
tRNAPhe synthesized with native E. coli tRNAPhe. Reaction was
performed at 37°C and aliquots were spotted on 3 MM discs
presoaked with 10% TCA, washed twice in 5% TCA at 90°C for
10 min each, dried, and scintillation counted.
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