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ABSTRACT: The genetic code depends on amino acid fine structure discrimination by aminoacyl-tRNA
synthetases. For isoleucyl- (IleRS) and valyl-tRNA synthetases (ValRS), reactions that hydrolyze misac-
tivated noncognate amino acids help to achieve high accuracy in aminoacylation. Two editing pathways
contribute to aminoacylation fidelity: pretransfer and post-transfer. In pretransfer editing, the misactivated
amino acid is hydrolyzed as an aminoacyl adenylate, while in post-transfer editing a misacylated tRNA
is deacylated. Both reactions are dependent on a tRNA cofactor and require translocation to a site located
∼30 Å from the site of amino acid activation. Using a series of 3′-end modified tRNAs that are deficient
in either aminoacylation, deacylation, or both, total editing (the sum of pre- and post-transfer editing)
was shown to require both aminoacylation and deacylation activities. These and additional results with
IleRS are consistent with a post-transfer deacylation event initiating formation of an editing-active enzyme/
tRNA complex. In this state, the primed complex processively edits misactivated valyl-adenylate via the
pretransfer route. Thus, misacylated tRNA is an obligatory intermediate for editing by either pathway.

Fidelity in the transduction of biological information stored
in the genetic code depends on precise molecular recognition.
Aminoacyl-tRNA synthetases initiate this process through
the specific attachment of amino acids to the 3′-end of tRNA
(1-3). The aminoacylation of tRNA occurs in two steps.
First, an amino acid and ATP are condensed to give an
aminoacyl adenylate. Subsequently, the aminoacyl group is
transferred to the 3′-end of the tRNA. While most aminoacyl-
tRNA synthetases select their cognate amino acid with high
fidelity in the first step of the reaction, both the isoleucyl-
and valyl-tRNA synthetases mistakenly activate amino acids
that are structurally similar to their cognate amino acids.
These two enzymes achieve high fidelity in the overall
aminoacylation reaction through secondary editing reactions
(4-6).

Isoleucyl-tRNA synthetase (IleRS)1 and valyl-tRNA syn-
thetase (ValRS) are closely related, large, monomeric class
I aminoacyl-tRNA synthetases.Escherichia coliIleRS mis-
activates valine, which differs from isoleucine by a single
methylene unit, at a rate only 180-fold reduced from that
for isoleucine (7). Correspondingly,E. coli ValRS misacti-
vates threonine, an isostere of valine, 250-fold more slowly

than it activates valine (8). These error rates are significantly
higher than the error rates observed in the net aminoacylation
reaction. Editing of misactivated amino acids occurs at two
distinct points along the aminoacylation pathway. Noncog-
nate aminoacyl adenylates can be directly hydrolyzed in what
is termed pretransfer editing. Alternatively, the tRNA may
be transiently misacylated and subsequently hydrolyzed in
a post-transfer editing step (9). Both editing pathways result
in the net conversion of ATP to AMP, while regenerating
the free amino acid and tRNA.

IleRS and ValRS have a second active site where both
hydrolytic editing reactions are catalyzed. This site is located
approximately 30 Å from the site for aminoacylation, within
a large insertion (termed connective polypeptide 1, CP1) into
the conserved class I active site domain. The CP1 insertion
from both IleRS and ValRS as an isolated polypeptide
catalyzes deacylation of mischarged tRNA (10). The crystal
structure ofThermus thermophilusIleRS revealed the editing
site to be in a conserved, threonine-rich cleft of CP1 (11).
Crystal soaking experiments demonstrated that this site binds
valine, but sterically excludes isoleucine. Subsequent mu-
tagenesis analysis confirmed that this site was the editing
center (11, 12). These findings raised the issue of how the
substrates for editing might be translocated 30 Å from the
site for aminoacylation to that for editing.

A possible solution to this apparent dilemma was sug-
gested by the cocrystal structure ofStaphylococcus aureus
IleRS with its cognate tRNA (13). The 3′-end of the tRNA
(though not completely resolved) was located in the editing
domain, while the anticodon stem/loop was anchored to the
C-terminalR-helical bundle that is known to be responsible
for anticodon recognition. Thus, it seems likely that, fol-
lowing an errant aminoacylation, “flipping” of the acceptor
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stem from the aminoacylation active site to the editing site
could translocate the mischarged amino acid for editing,
while the rest of the tRNA remains bound. However, the
structure could not clarify how pretransfer editing could
occur. Crystallographic analysis of theT. thermophilus
ValRS/tRNAVal complex revealed a nearly identical mode
of tRNA binding (14). Additionally, a channel consisting of
both protein and tRNA was proposed that could allow for
the translocation of a noncognate aminoacyl adenylate.
Crystal structures of the closely related leucyl-tRNA syn-
thetase (LeuRS) revealed that the same site in CP1 can bind
analogues of both pre- and post-transfer editing substrates
(15). Thus, one site is used to hydrolyze two distinct
substrates; however, mutational analysis (of IleRS) showed
that distinct residues are needed for aminoacyl ester versus
aminoacyl adenylate hydrolysis (16).

Editing via either the pretransfer or post-transfer pathway
is dependent on a tRNA cofactor (4, 6). Thus, in the absence
of their cognate tRNAs, IleRS and ValRS activate amino
acids to the corresponding adenylates, stably sequestering
the adenylates within their active site. Upon addition of tRNA
to a cognate aminoacyl adenylate/enzyme complex, the
properly charged tRNA is generated. But addition of tRNA
to a noncognate aminoacyl adenylate/enzyme complex results
in rapid hydrolytic editing.

The 3′-end of tRNA is critical for editing by both enzymes
(17-19). Thus, replacement of the 3′-OH group of the
terminal A76 of tRNAIle yields a tRNA that is mischarged
with valine and resistant to post-transfer deacylation. This
result raised the possibility that the 3′-end was critical for
the overall mechanism of editing. Using a variety of tRNA
substrates with single atom substitutions of the ribose moiety
at the terminal adenosine, we examined the role of the
3′-end of tRNAIle and tRNAVal in aminoacylation, deacyla-
tion, and overall editing. Substrates were identified that were
either completely or partially deficient in aminoacylation,
deacylation, or total editing. Through analysis of substrates
that were deficient in deacylation (post-transfer editing), for
example, we attempted to decipher the separate role of the
pretransfer pathway in the overall fidelity of these enzymes.
These and other data gave insight into the relative contribu-
tions of the two editing pathways and to a mechanistic
connection between pre- and post-transfer editing.

MATERIALS AND METHODS

Protein Expression and Purification. Overexpression of
wild-type Escherichia coliIleRS was done inE. coli strain
MV1184 from plasmid pKS21, which contains the gene for
IleRS under control of thelac promoter (20). An editing site
mutant ofE. coli IleRS, T242P, was overexpressed inE.
coli strain PS2766 (∆ ilV, ∆ ileS203::kan+) from plasmid
pVDC434, a derivative of plasmid pBAD18 containing the
gene for T242P IleRS under the control of an arabinose-
inducible promoter (16). Purification of the wild-type and
mutant IleRS was as described previously. IleRS concentra-
tions were determined by active site titration (21).

Wild-type E. coli ValRS was overexpressed as a C-ter-
minally His6-tagged protein inE. coli strain BL21(DE3) from
a pET-21b (Novagen, Madison, WI) derivative containing
the gene for ValRS (22). Standard protocols were used
for purification. The editing-deficient T222P mutant ofE.

coli ValRS was overexpressed inE. coli strain PS2801 (∆
ValS::kan+) from plasmid pVDC447, a pBAD18 derivative
containing the gene for T222P ValRS (23). The protocol for
purification was essentially the same as used for IleRS.
ValRS concentrations were determined by the Bradford dye-
binding assay.

The plasmid pET-22-CCA, which encodes a C-terminally
His6-tagged E. coli tRNA nucleotidyltransferase (tRNA
NTase), was a generous gift from the laboratory of Nancy
Maizels and Alan Weiner (24). This plasmid was transformed
into E. coli BL21(DE3) cells, and the resulting strain was
used for overexpression and purification. Protein concentra-
tion was determined by the Bradford assay.

RNA Substrates. Mature E. coli tRNAIle (GAU) was
isolated fromE. coli strain MV1184 containing the plasmid
pES300, which allows for the IPTG-inducible overexpression
of tRNAIle (25). Purification was as described previously (26).
The tRNAIle could generally be isolated at a purity level of
50-70% with the remainder being other cellular tRNAs.
Mature tRNAVal was purchased from Sigma. The concentra-
tion of tRNA solutions was determined in aminoacylation
assays from the extent of maximal charging.

tRNA 3′-End Modification Reactions.The 3′-end modified
tRNAs were prepared using the tRNA NTase catalyzed
pyrophosphorolysis and nucleotide exchange procedure
developed in the Hecht laboratory (27). The E. coli tRNA
NTase was found to be as effective as they reported with
the yeast enzyme. The exchange reactions were performed
in 20 mM Tris-HCl (pH 8.5), 20 mM MgCl2, 1 mM sodium
pyrophosphate, 6 mM ATP (or analogue), 15µM tRNA, and
5 µM tRNA NTase. The 3′-deoxy-ATP (3′-dA) was pur-
chased from Sigma (St. Louis, MO) and 2′-deoxy-ATP
(2′-dA) was from Pharmacia (Piscataway, NJ). The 2′-fluoro-
2′-deoxy- (2′-F-A) and 3′-fluoro-3′-deoxy-ATP (3′-F-A) and
2′-amino-2′-deoxy- (2′-NH2-A) and 3′-deoxy-3′-amino-ATP
(3′-NH2-A) were purchased from Purimex (Go¨ttingen, Ger-
many). In all assays where A76 tRNAIle is reported as the
substrate, the tRNA was prepared by the tRNA NTase
nucleotide exchange procedure using ATP (as opposed to
an analogue) to regenerate the wild-type 3′-end. The reactions
were allowed to proceed for 4 h at 37°C. The products were
purified by ethanol precipitation, resuspension, and then
electrophoresis on a 10% polyacrylamide, 8 M urea gel. Final
products were generally found to be between 98 and 99%
modified with an ATP analogue, as judged by aminoacylation
assays. Concentrations of 3′-end modified tRNAs were
determined (where possible) from their plateau levels of
aminoacylation with cognate amino acid.

Aminoacylation Assays.Aminoacylation of tRNA sub-
strates was followed by measuring the trichloroacetic acid
precipitable radioactivity produced by the attachment of [3H]
amino acid to tRNA (28). Assays were performed at room
temperature in 20 mM HEPES (pH 7.5), 150 mM NH4Cl,
100 µM EDTA, 10 mM MgCl2, 2 mM ATP, and 10 nM
inorganic pyrophosphatase. Assays of IleRS aminoacylation
activity used 500 nM enzyme, 2µM tRNA, and 15µM of
either [3H] isoleucine (1.67 mCi/µmol) or [3H] valine (1.65
mCi/µmol). Assays of ValRS were performed with 1µM
enzyme, 5µM tRNA, and 15µM of either [3H] valine (1.65
mCi/µmol) or [3H] threonine (1.65 mCi/µmol). Stoichiomet-
ric mischarging of 2′-NH2-A76 tRNAVal was accomplished
with 5 µM ValRS and 1µM tRNA. For all tRNA 3′-end
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variants, a range of assay conditions were examined. As the
intent of the aminoacylation assays was primarily to char-
acterize whether a given tRNA could be aminoacylated or
not, the reported conditions were selected empirically to reach
rapidly the maximal extent of aminoacylation.

Mischarging Reactions.Mischarged tRNAIle and its re-
spective 3′-end variants were produced using the editing-
deficient T242P IleRS as previously described (29). Enzyme
(20 µM) was in excess of tRNA (5µM) and reactions
were generally incubated for 30 min. The mischarging of
2′-NH2-A76 tRNAIle progressed more slowly, and, therefore,
the reaction was allowed to proceed for 60 min. The ana-
logous editing mutant of ValRS, T222P, was used for mis-
charging tRNAVal and its variants with threonine. Reaction
conditions and incubation lengths were described previously
(29). The 2′-NH2-A76 tRNAVal charging (and mischarging)
activity was significantly reduced relative to that of other
3′-end variants, such that a 6-h incubation was necessary to
give high yields of Thr-2′-NH2-A76 tRNAVal.

Deacylation Assays.Deacylation was followed by measur-
ing the loss of TCA-precipitatable [3H] from [3H]aa-tRNA.
Deacylation of mischarged tRNAIle was at room temperature
in 150 mM Tris-HCl (pH 7.5), 20 mM MgCl2, using 1µM
mischarged tRNA and 50 nM IleRS. Identical conditions
were used for determining ValRS deacylation except that
the concentration of ValRS was 10 nM.

Editing Assays. The tRNA-dependent hydrolysis of mis-
activated amino acids was measured by following the
consumption [γ-32P]ATP as described in detail elsewhere
(30). Assays of IleRS editing activity were done with 1 mM
valine, 1µM enzyme, and 5µM tRNAIle or 3′-end variant.
ValRS editing activity was measured using 1 mM threonine,
1 µM enzyme, and 5µM tRNAVal or 3′-end variant. Higher
enzyme (5µM) and tRNA (15 µM) concentrations were
required to observe editing stimulated by 3′-F-A76 tRNAVal.
This assay measures ATP consumption that occurs from
either pre- or post-transfer editing. All assays were corrected
for a very small background rate of ATP consumption in
the absence of tRNA.

RESULTS

The 3′-End of tRNAIle Is Critical for Fidelity in Amino-
acylation.To investigate how tRNAIle controls the partition-
ing between two editing pathways, many 3′-end variants of
tRNAIle were characterized for both aminoacylation and
deacylation. Those activities were then related to the overall
editing activities. Previous studies showed that IleRS initially
aminoacylates the 2′-OH of tRNAIle, so that tRNAs lacking
an appropriate nucleophile at the 2′-position are not ami-
noacylated (31). Accordingly, 2′-dA76 tRNAIle was not
charged by IleRS (Figure 1A). Substrates with an intact
2′-OH (A76 tRNAIle, 3′-dA76 tRNAIle, and 3′-NH2-A76
tRNAIle) were all rapidly aminoacylated by IleRS. In contrast
to 2′-dA76 tRNAIle, 2′-NH2-A76 tRNAIle was quantitatively
charged with isoleucine at a rate somewhat reduced from
that of “wild-type” A76 tRNAIle (Figure 1A). Despite the
modest rate reduction, the charging of 2′-NH2-A76 tRNAIle

is far too rapid (in comparison to the complete lack of
charging of 2′-dA76 tRNAIle) to represent charging of the
3′-OH. Thus, IleRS directly charges the 2′-NH2 group to give
an amide-linked amino acid moiety.

As expected, 3′-dA76 tRNAIle was completely mischarged
with valine by IleRS (Figure 1B). Also consistent with
early work (32), we observed complete mischarging of
3′-NH2-A76 tRNAIle (Figure 1B). Although 2′-NH2-A76
tRNAIle has an intact 3′-OH, the amino group at the
2′-position disrupts both pre- and post-transfer editing. Direct
charging of the 2′-NH2 group with valine by IleRS led to
complete mischarging of this substrate (Figure 1B). To
contrast, neither A76 tRNAIle nor 2′-dA76 tRNAIle were
mischarged to any detectable degree (Figure 1B).

(The results demonstrated the integrity of the 3′-ends of
the substrates used throughout the current study. As seen in
Figure 1A,B, mischarging plateaus for 3′-dA76, 2′-NH2-A76,
and 3′-NH2-A76 tRNAIle are identical to the respective
plateaus for aminoacylation with isoleucine. Thus, the
nucleotide exchange reactions successfully converted nearly
100% of the 3′-ends to the desired modified adenosine. The
complete lack of aminoacylation of 2′-dA76 tRNAIle also
showed that it has entirely 2′-dA76 at its 3′-end.)

FIGURE 1: Aminoacylation of tRNAIle 3′-end variants. (A) Charging
with isoleucine. With the exception of the 2′-dA76 tRNAIle, all
3′-end variants are charged to a level equivalent to that of A76
tRNAIle. Even the more slowly charged 2′-NH2-A76 tRNAIle is
completely charged. (B) Mischarging with valine. IleRS does not
mischarge A76 tRNAIle. The two tRNAs containing amino substitu-
tions are completely mischarged with valine, as is 3′-dA76 tRNAIle.
(Dashed lines represent results reported in ref29.)
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Post-Transfer Editing by IleRS. Of the two editing
pathways, post-transfer editing is the only one amenable to
direct measurement. Exogenously mischarged tRNAIle is
easily isolated and assayed for deacylation activity in the
absence of AMP or other products of aminoacylation. (The
absence of AMP ensures that deacylation does not occur via
the reversal of the aminoacyl transfer step.) Deacylation is
sensitive to subtle changes in both the aminoacyl side chain
and 3′-end of the tRNA. For example, Val-tRNAIle is rapidly
hydrolyzed, while the hydrolysis of Ile-tRNAIle proceeds
slowly. A mischarged aminoacyl group is only properly
oriented for deacylation within the editing active site while
esterified to the 3′-OH (29). Thus, mischarged tRNAs lacking
a 3′-OH are resistant to deacylation. Following aminoacy-
lation on the 2′-OH, the 3′-O-aminoacyl species can arise
rapidly through a facile 2′- to 3′-transacylation (33).

Figure 2 displays the activity of various 3′-end variants
of tRNAIle in post-transfer editing. Whereas a mischarged
A76 tRNAIle is immediately deacylated, all mischarged tRNA
substrates with modified 3′-ends are resistant to deacylation.
The Val-3′-dA76 and Val-3′-F-A76 tRNAIle have a fixed
2′-O-aminoacyl group that prevents proper positioning of the
scissile ester bond within the editing site. Valine is attached
to the two amino-containing tRNAs through an amide
linkage. (The 2′-NH2-A76 tRNAIle is directly valylated on
its 2′-NH2 group, while an irreversible 2′- to 3′-transacylation
generates an amide-linked valyl group on the 3′-NH2 group
of 3′-NH2-A76 tRNAIle, after aminoacylation on the 2′-OH
(34).) The editing site, evolved to hydrolyze ester bonds, is
unable to hydrolyze the more stable amide linkages.

OVerall Editing by IleRS. The combined activity of pre-
and post-transfer editing can be followed by measuring the
tRNA-dependent ATPase activity in the presence of valine.
This assay potentially offers a unique way to investigate
pretransfer editing. By assaying the overall ATPase activity

using a tRNA cofactor shown to be inactive in post-transfer
editing the contribution of pretransfer can in principle be
estimated. Figure 3A,B shows that only A76 tRNAIle is
effective in stimulating ATPase activity in the presence of
valine. Substrates that were aminoacylated but resistant to
deacylation, such as 3′-dA76, 3′-F-A76, 2′-NH2-A76, and
3′-NH2-A76 tRNAIle, showed no ATPase activity. (Early
work by others reported significant ATP hydrolysis stimu-
lated by tRNAs such as 3′-dA76 tRNAIle and 3′-NH2-A76
tRNAIle (35).) In our experiments, no such hydrolysis was
observed. Additionally, 2′-dA76 and 2′-F-A76 tRNAIle, which
are unable to be aminoacylated by IleRS, were both inactive
in ATP hydrolysis.

The lack of ATPase activity stimulated by these modified
tRNAs does not arise from the lack of binding to IleRS.
Those tRNAs that are mischarged with valine must bind
productively. Both 2′-dA76 and 2′-F-A76 tRNAIle inhibited
aminoacylation and editing stimulated by A76 tRNAIle (data

FIGURE 2: Deacylation of mischarged tRNAIle variants. Although
IleRS rapidly deacylates mischarged A76 tRNAIle, all the 3′-end
modified tRNAs are resistant to deacylation. The 2′- and 3′-NH2-
containing tRNAs form amide bonds upon aminoacylation. The
esterase activity of the editing site is unable to hydrolyze the
stronger amide bonds. Because deacylation normally occurs from
the 3′-OH, tRNAs with a 3′-hydrogen or fluorine substitution
(3′-dA76 and 3′-F-A76 tRNAIle) are also inactive for deacylation.
(Dashed lines represent results reported in ref29.)

FIGURE 3: IleRS/tRNAIle-dependent editing of misactivated valine.
(A, B) In the presence of valine, ATP, and tRNAIle, IleRS acts as
an ATPase through the futile cycle of misactivating valine and Val-
AMP or Val-tRNAIle (In both cases, ATP is consumed). Only A76
tRNAIle, which is active in both aminoacylation and deacylation,
stimulates editing of misactivated valine. Neither the tRNAs that
are resistant to deacylation (3′-dA76, 2′-NH2-A76, 3′-NH2-A76, and
3′-F-A76 tRNAIle), nor the tRNAs that cannot be aminoacylated
(2′-dA76 and 2′-F-A76 tRNAIle) catalyze any editing of misactivated
valine. (Panels A and B contain data from distinct protein and RNA
preparations.)
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not shown). Variability in the completeness of the tRNA
NTase exchange reactions for some 3′-end modified tRNA
preparations also provided evidence that only A76 tRNAIle

is capable of stimulating editing (see Materials and Methods).
For example, some preparations of 2′-dA76 or 2′-F-A76
tRNAIle retained 5-10% of the original aminoacylation
activity with isoleucine. This residual activity was presumed
to be the result of A76-containing tRNAIle remaining in the
preparations due to incomplete exchange. Such preparations
also retained 5-10% of the original overall editing activity.
Treatment of these tRNA samples with sodium periodate
followed by lysine (to destroy any remaining A76-containing
tRNAIle) yielded tRNA preparations devoid of both amino-
acylation and editing activity (data not shown). Thus, acis-
diol at the 3′-end of the tRNA is strongly correlated with
ATPase activity.

ValRS Mischarges tRNAs with Altered 3′-Ends. To com-
pare the editing of misactivated threonine by the closely
related ValRS, we characterized a number of tRNAVal

3′-end variants in the same battery of assays used to test
3′-end variants of tRNAIle. Like IleRS, ValRS uses the
2′-OH of its cognate tRNA as the initial site of aminoacy-
lation (31). Correspondingly, no aminoacylation of 2′-dA76
tRNAVal was observed (Figure 4A). Both 3′-dA76 and
3′-NH2-A76 tRNAVal were aminoacylated rapidly by ValRS,
as anticipated (Figure 4A). These two substrates were also
mischarged by ValRS. However, only mischarging of
3′-NH2-A76 tRNAVal proceeded to completion under the
conditions of Figure 4A,B (5µM tRNA, 1 µM ValRS). As
seen previously, A76 tRNAVal and 2′-dA76 tRNAVal were
not mischarged at all (Figure 4B).

Under the conditions of Figure 4A, the aminoacylation
of 2′-NH2-A76 was not complete within 10 min. The
2′-NH2-A76 substitution causes a more significant loss of
aminoacylation with ValRS, as compared to IleRS. However,
under conditions of a higher ValRS concentration (5µM
ValRS, 1µM tRNA), 2′-NH2-A76 tRNAVal was effectively
and completely aminoacylated by ValRS (Figure 4C).
Considering the complete lack of charging 2′-dA76 tRNAVal,
the charging of 2′-NH2-A76 tRNAVal must be due to direct
charging of the 2′-amino group. The direct formation of an
amide linked amino acid blocked editing and, as seen in
Figure 4C, ValRS quantitatively mischarged 2′-NH2-A76
tRNAVal with threonine. Under conditions of a high ValRS/
tRNAVal ratio, mischarging of 3′-dA76 tRNAVal proceeds to
completion as well (29). Cumulatively, the data of Figure 4
demonstrate that the 3′-end modified tRNAVal variants used
in this work have homogeneous 3′-ends.

Post-Transfer Editing by ValRS. ValRS was active in post-
transfer editing with a broader range of substrates than was
IleRS. Previous work demonstrated that ValRS does not
require an intact 3′-OH to hydrolyze mischarged tRNA (19,
29). ValRS deacylates both Thr-3′-dA76 tRNAVal and Thr-
3′-F-A76 tRNAVal with rates reduced 10- and 100-fold,
respectively, relative to the deacylation rate of Thr-A76
tRNAVal (29). Figure 5 compares the deacylation activity of
Thr-A76 tRNAVal and Thr-3′-dA76 tRNAVal to the two
NH2-group-containing tRNAs. The threonyl moieties of both
Thr-2′-NH2-A76 tRNAVal and Thr-3′-NH2-A76 tRNAVal are
bound to the tRNA through fixed amide linkages. ValRS
was unable to hydrolyze these more stable linkages.

OVerall Editing by ValRS. ValRS has a potent ATPase
activity in the presence of tRNAVal and threonine (Figure

FIGURE 4: Aminoacylation of tRNAVal 3′-end variants. (A) Ami-
noacylation with valine. ValRS efficiently aminoacylates tRNAs
with an intact 2′-OH. Like IleRS, it is unable to aminoacylate a
2′-dA76 tRNAVal. Under these conditions, aminoacylation of 2′-
NH2-A76 tRNAVal is slow and not complete within 10 min (data
not shown). (B) Aminoacylation with threonine. Both 3′-NH2-A76
and 3′-dA76 tRNAVal are mischarged with threonine by ValRS.
While 3′-dA76 is only mischarged to approximately 50% comple-
tion, 3′-NH2-A76 tRNAVal is completely mischarged under these
conditions. ValRS does not mischarge A76 tRNAVal or 2′-dA76
tRNAVal to any extent. (C) Mischarging of 2′-NH2-A76 tRNAVal

under high enzyme conditions. ValRS directly charges the 2′-NH2
group of 2′-NH2-A76 tRNAVal, though the rate is significantly
reduced from that of charging A76 tRNAVal. In time the level of
mischarging with threonine is nearly equivalent to the level of
charging with valine. (Dashed lines represent results reported in
ref 29.)
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6A). ATPase activity could arise through either hydrolysis
of threonyl-adenylate or of transiently mischarged tRNAVal.
Whereas under the conditions of Figure 6A,B (5µM tRNA,
1 µM ValRS), 3′-dA76 tRNAVal clearly displayed ATPase
activity, the 3′-F-A76 tRNAVal was essentially inactive
(Figure 6B). The rate of overall editing stimulated by
3′-dA76 tRNAVal was approximately 10-fold reduced from
that of A76 tRNAVal. Interestingly, roughly the same reduc-
tion in rate was shown by 3′-dA76 tRNAVal in deacylation
relative to A76 tRNAVal. Like IleRS, those tRNAs that
are resistant to deacylation (2′-NH2-A76 tRNAVal and
3′-NH2-A76 tRNAVal) were inactive in overall editing assays
(Figure 6A). Likewise, those tRNAs that cannot be amino-
acylated (2′-dA76 tRNAVal and 2′-F-A76 tRNAVal) were also
devoid of overall editing (Figure 6A,B).

Because only tRNAs capable of stimulating editing by
ValRS were also substrates for deacylation by ValRS, a
closer look was taken at 3′-F-A76 tRNAVal. This tRNA is a
substrate for deacylation, although its activity is reduced 100-
fold relative to A76 tRNAVal. By increasing both the tRNA
and ValRS concentrations (15µM tRNA, 5 µM ValRS),
editing of misactivated threonine stimulated by 3′-F-A76
tRNAVal was observed (Figure 6C). While the magnitude of
the rate differences in ATP hydrolysis between A76, 3′-dA76
and 3′-F-A76 tRNAVal was less than for their rate differences
in deacylation, their relative rank in activity is the same.
(Likely, the rate of ATP hydrolysis with A76 tRNAVal was
at its limit under these conditions.) However, even in the
presence of elevated concentrations, 2′-NH2-A76 tRNAVal

was unable to trigger editing (Figure 6C). Thus, as for IleRS,
only tRNAs that participate in both aminoacylation and
deacylation can stimulate editing of misactivated threonine
by ValRS.

DISCUSSION

Because both pre- and post-transfer editing require the
presence of cognate tRNA, direct analysis of the pretransfer
pathway is precluded. Recently, we reported the results of a

FIGURE 5: Deacylation of mischarged tRNAVal variants. ValRS
rapidly deacylates mischarged A76 tRNAVal. In contrast to IleRS,
ValRS has a potent deacylation activity toward a mischarged
3′-dA76 tRNAVal. Both of the amino-containing tRNAs, which form
amide bonds to the threonyl moiety, are resistant to deacylation.

FIGURE 6: ValRS catalyzed editing of misactivated threonine. (A)
ValRS editing with 5µM tRNA, 1 µM ValRS. Both A76 and
3′-dA76 tRNAVal are active in the editing of misactivated threonine,
though 3′-dA76 tRNAVal shows an approximate 10-fold reduction
in rate. Both of these tRNAs are active in aminoacylation and
deacylation (Figures 4 and 5). In contrast, the 2′-dA76 tRNAVal,
which cannot be aminoacylated, and the 2′- and 3′-NH2-A76
tRNAVals, which cannot be deacylated, are unable to catalyze the
overall editing of misactivated threonine. (B) Editing as in (A).
Under these conditions, there is no apparent editing stimulated by
either 2′-F-A76 or 3′-F-A76 tRNAVal. While 3′-F-A76 tRNAVal can
be both aminoacylated and deacylated, its deacylation rate is around
100-fold reduced from that of A76 tRNAVal. The 2′-F-A76 tRNAVal

is never aminoacylated. (C) Editing under high ValRS/tRNAVal

conditions (15 µM tRNA, 5 µM ValRS). Here, the editing
stimulated by 3′-F-A76 tRNAVal is well above background levels.
Even at these elevated concentrations, a tRNA that cannot support
both aminoacylation and deacylation (2′-NH2-A76 tRNAVal) has
no editing activity.
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focused investigation of the post-transfer editing reaction
using a variety of 3′-end modified tRNAs (29). To provide
more insight into the relative importance of the two editing
pathways, we report here on investigations of earlier and
additional 3′-end modified tRNAs (amino-containing deriva-
tives) with assays that measure post-transfer and, separately,
the combination of post-transfer and pretransfer editing (total
editing). The mechanism by which a cognate tRNA can
trigger translocation of a noncognate aminoacyl adenylate
30 Å across the surface of the enzyme during pretransfer
editing is not well understood. Pretransfer editing was first
suggested by Fersht in his analysis of the kinetic parameters
involved in the editing of valine by IleRS (36). Fersht’s
kinetic data is consistent with the majority of editing (by
IleRS) proceeding through the pretransfer route. A mutation
(T243R) in the editing site of IleRS was recently described
that lowers the overall editing rate, yet does not affect amino-
acylation, deacylation, or translocation (16). The reduced
editing rate is thought to be due to a defect specifically in
pretransfer editing.

Post-transfer editing requires first aminoacylation and
then deacylation of tRNA. Thus, careful testing of tRNAIle

3′-end variants for aminoacylation and deacylation activity
allowed for the categorization of tRNAs as those that support
post-transfer editing and those that do not. When those
tRNAs that were completely inactive in either aminoacylation
or deacylation were evaluated in ATPase assays, no activity
was detected. Wild-type A76 tRNAIle, the only tRNA active
in post-transfer editing, was also the only tRNA that could
stimulate ATPase activity. This striking correlation suggests
that transiently misacylated tRNA is a crucial intermediate
in the editing process.

The correlation between a tRNA cofactor that is active in
both aminoacylation and deacylation with a tRNA that
supports ATPase activity also held true for all tRNAVal

3′-end variants tested. Accordingly, a recent study of base
substitutions (i.e., A to C) at position A76 of tRNAVal showed
that disruption of deacylation always resulted in loss of
ATPase activity (37). Thus, the requirement for a transiently
misacylated tRNA during editing is conserved between IleRS
and ValRS. In contrast to IleRS, Fersht found that post-
transfer hydrolysis of misacylated tRNAVal by ValRS was
rapid enough to account for the majority of editing (6). The
relative activities of tRNAVal 3′-end variants in deacylation
and overall editing found here further strengthen the link
between post-transfer editing and ATPase activity for ValRS.
In both deacylation and ATPase assays, 3′-dA76 tRNAVal

showed about a 10-fold rate decrease relative to A76
tRNAVal. A 3′-F-A76 tRNAVal was the least active in both
assays. Thus, the rate of deacylation directly affects the rate
of total editing.

The requirement of post-transfer editing for ATPase
activity has held true when studying mutants of IleRS. For
example, mutants such as T242P or D342A, which are unable
to deacylate mischarged tRNA, showed no ATPase activity.
The recent characterization of D342A IleRS led to the editing
model shown in Figure 7A (38). This model, based on results
with the single mutant, highlights the critical role that
transiently misacylated tRNAIle plays during editing. Data
presented here with the 3′-end variants of the tRNA cofactor
strongly support this model. Following misactivation of
valine and binding of tRNAIle, misacylation is obligatory.

Initially, there is no pretransfer editing. The Val-tRNAIle/
enzyme complex then undergoes a conformational change,
translocating the mischarged amino acid to the editing site,
where it is immediately hydrolyzed. [Without hydrolysis, the
“editing active” conformation (vida infra, lighter gray shading
in Figure 7A) needed for pretransfer editing cannot be
obtained, explaining why deacylation resistant tRNAs, such
as 2′- and 3′-NH2-A76 and 3′-dA76 tRNAIle, are completely
inactive in editing.] Thus, after the initial post-transfer editing
step, the tRNA remains bound to the enzyme in an “editing
active” conformation. Possibly, this conformation resembles
the conformation observed in the cocrystal structure of IleRS
and tRNAIle, where the uncharged 3′-end of the tRNA is
bound in the CP1 domain (11). Interestingly, both the IleRS/
tRNAIle complex and the ValRS/tRNAVal complex (14)
assumed this conformation, suggesting that the editing active
complex is thermodynamically stable (Figure 7B, left,
middle, respectively). However, the “editing active” complex
would presumably have the 3′-end of the tRNA in a different
orientation than observed in the structure of LeuRS com-
plexed with an analogue of mischarged tRNA, as it would
block binding of the adenylate to the editing site (15). In
this state, the complex is primed for pretransfer editing should
another misactivation event occur. Likely, the RNA-protein
complex only returns to an aminoacylation active state
(darker gray shading) upon activation of a cognate amino
acid. The aminoacylation active state conformation may
resemble the conformation of GlnRS bound to tRNAGln in
which the 3′-end of the tRNA assumes a hairpinned
conformation to enter the active site (Figure 7B, right) (39).
While in the editing active state, the tRNA may form one
wall of a channel that helps direct the noncognate aminoacyl-
adenylate translocate to the editing site (14).

This post-transfer initiated pretransfer model explains both
the complete loss of overall editing observed with tRNAIle

3′-end variants and the relevance of pre-transfer editing as
seen in the studies of T243R IleRS. Other potential models
fail to account for all available data on the system. For exam-
ple, it could be argued that pretransfer editing activity is
dependent on the 3′-end of the tRNAIle and that the modi-
fications have disrupted a critical RNA-protein interaction
involved in pretransfer editing. Yet, as the variants are all
single atom substitutions, the set of noncovalent RNA-pro-
tein interactions that can be made should be virtually identical
to the ones made between IleRS and A76 tRNAIle. Any of
the interactions that are disrupted in a given tRNAIle 3′-end
variant are left intact in other 3′-end variants tested during
this study. As all of the variants lacked pretransfer editing
activity, no single interaction could be pinpointed as critical
for pretransfer editing. While it remains possible that a spe-
cific combination of interactions between IleRS and thecis-
diol of A76 tRNAIle stimulates pretransfer editing, it seems
unlikely because the combination of interactions made by
either 2′-NH2-A76 or 3′-NH2-A76 tRNAIle is nearly identical
to those made by A76 tRNAIle. Additionally, these tRNAIle

3′-end variants do not display any partial activity, which
might be expected due to the loss of a single hydrogen bond.

For editing by IleRS under in vitro conditions, pretransfer
editing has been estimated to account for 75% of the overall
ATPase activity (36). On the basis of the model of Figure
7A, three rounds of processive pretransfer editing would
occur before the tRNA dissociated and a new cycle of editing
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was initiated. In contrast, for ValRS little processivity is seen,
because most of the editing proceeds by the post-transfer
route. The post-transfer initiated pretransfer model empha-
sizes the importance of deacylation to initiate formation of
an editing active complex. While post-transfer editing is more
critical within a cellular environment, this notion has largely
been ignored. Mischarged tRNA has more potential for harm
than does a misactivated adenylate. If a mischarged tRNA
dissociates from an aminoacyl-tRNA synthetase it can di-
rectly participate in protein synthesis, generating an errant
protein. A misactivated adenylate blocks the active site; yet,
it is relatively harmless if it dissociates. For example, the
half-life of Phe-AMP at 0°C and neutral pH is only 12 min
(40).

The editing sites of IleRS and ValRS may have first
evolved the capability for post-transfer editing, as destruction

of mischarged tRNA is vital to the fidelity of protein syn-
thesis. As protein synthesis required higher and higher
fidelity, a pretransfer mechanism appeared, but required an
initial post-transfer event. Because the likelihood of two
consecutive misactivation events is low, post-transfer editing
must be the dominant editing mechanism in a cellular en-
vironment. In vitro, where only noncognate amino acid is
presented to the synthetase, processive pretransfer editing
becomes more prominent. Multiple editing pathways likely
offered a selective advantage under a more diverse range of
conditions throughout evolution. Under typical conditions
post-transfer editing was vital, whereas during periods of ex-
posure to high noncognate amino acid concentrations (per-
haps due to the environment or poor metabolite regulation)
the combination of pre- and post-transfer editing was essen-
tial. Higher overall editing may have also been more im-

FIGURE 7: Post-transfer initiated pretransfer editing. (A) This editing model illustrates the dependence of all editing on deacylation of
mischarged tRNA. Following the initial misactivation of valine, misacylation of tRNAIle and translocation of the valyl group to the editing
site is obligatory (I ). Deacylation (II ) without dissociation of the tRNA triggers the formation of an “editing active” complex (lighter gray
shading). In this state the enzyme/tRNA complex is primed for pretransfer editing should another misactivation event (III ) occur. Direct
translocation of Val-AMP from the active site to the editing site (IV ), followed by hydrolysis (V), and further misactivation (VIa ) can
occur processively while the tRNA remains bound. The “aminoacylation active” state (darker gray shading) is regenerated upon dissociation
of the tRNA (VIb ). (B) Left: Cocrystal structure ofT. thermophilusIleRS bound to tRNAIle (11). Middle: Cocrystal structure ofT.
thermophilusValRS bound to tRNAVal (14). Right: Cocrystal structure ofE. coli GlnRS bound to tRNAGln. The dotted line indicates the
position of the editing domain (lacking in GlnRS) in the other two complexes.
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portant if the synthetic active sites of ancestral synthetases
were not yet as precise as current synthetases.
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