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(Background: Error-prone aminoacyl-tRNA synthetases clear noncognate aminoacyl-adenylates and misacylated tRNAs

Results: Product release limits the rate of post-transfer editing by leucyl-tRNA synthetase.
Conclusion: Kinetic partitioning of misacylated tRNA determines the relative contribution of cis and trans editing.
Significance: In contrast to DNA polymerases, error correction in class I tRNA synthetases relies on substrate selection by the
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Comprehensive steady-state and transient kinetic studies of
the synthetic and editing activities of Escherichia coli leucyl-
tRNA synthetase (LeuRS) demonstrate that the enzyme depends
almost entirely on post-transfer editing to endow the cell with
specificity against incorporation of norvaline into protein.
Among the three class I tRNA synthetases possessing a dedi-
cated post-transfer editing domain (connective peptide 1; CP1
domain), LeuRS resembles valyl-tRNA synthetase in its reliance
on post-transfer editing, whereas isoleucyl-tRNA synthetase
differs in retaining a distinct tRNA-dependent synthetic site
pre-transfer editing activity to clear noncognate amino acids
before misacylation. Further characterization of the post-trans-
fer editing activity in LeuRS by single-turnover kinetics demon-
strates that the rate-limiting step is dissociation of deacylated
tRNA and/or amino acid product and highlights the critical role
of a conserved aspartate residue in mediating the first-order
hydrolytic steps on the enzyme. Parallel analyses of adenylate
and aminoacyl-tRNA formation reactions by wild-type and
mutant LeuRS demonstrate that the efficiency of post-transfer
editing is controlled by kinetic partitioning between hydrolysis
and dissociation of misacylated tRNA and shows that trans edit-
ing after rebinding is a competent kinetic pathway. To-
gether with prior analyses of isoleucyl-tRNA synthetase and
valyl-tRNA synthetase, these experiments provide the basis for a
comprehensive model of editing by class I tRNA synthetases, in
which kinetic partitioning plays an essential role at both pre-
transfer and post-transfer steps.
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Aminoacyl-tRNA synthetases (aaRSs)®> covalently couple
tRNAs with their cognate amino acids in a two-step aminoacyla-
tion reaction that provides the precursors for ribosomal protein
synthesis (Fig. 1) (1, 2). Activation of amino acid and transfer of the
aminoacyl moiety from an aminoacyl-adenylate (aa-AMP) inter-
mediate to tRNA each occur within the synthetic active site. aaRSs
are divided into two classes, I and II (3), with enzymes of each class
sharing the architecture of the catalytic domain and some features
of the reaction kinetics (4.

A high level of accuracy in matching the cognate aminoacyl-
tRNA (aa-tRNA) pairs is necessary to avoid ambiguity in the
genetic code. This is ensured by two mechanisms. First, many of
the aaRS discriminate among amino acids and tRNAs with suf-
ficiently high specificity manifested solely in the binding and
catalytic steps of the synthetic reaction (5). However, other
enzymes are unable to discriminate well among cognate and
noncognate amino acids of similar structure. In these cases,
noncognate amino acids are cleared by a variety of hydrolytic
editing pathways (Fig. 1) (6, 7). Hydrolysis of noncognate aa-
AMP, known as pre-transfer editing, can occur by three distinct
mechanisms: (i) selective release of aa-AMP followed by non-
enzymatic hydrolysis, (ii) enzyme-catalyzed hydrolysis, and (iii)
tRNA-stimulated enzyme-catalyzed hydrolysis. If the noncog-
nate amino acid is transferred to tRNA, the misacylated tRNA
may be subsequently hydrolyzed via a post-transfer editing
pathway (Fig. 1).

Structural (8 —10) and biochemical (11, 12) data support the
involvement of a distal domain (editing domain) in catalysis of
post-transfer editing by both class I and II aaRSs. After misac-
ylation in the synthetic site, the 3'-end of the misacylated tRNA
is translocated ~30 A to the editing domain, where hydrolysis

2The abbreviations used are: aaRS, aminoacyl-tRNA synthetase; aa-AMP,
aminoacyl-adenylate; aa-tRNA, aminoacyl-tRNA; CP1, connective peptide
1; lleRS, isoleucyl-tRNA synthetase; IPPase, inorganic pyrophosphatase;
LeuRS, leucyl-tRNA synthetase; Nva, norvaline; ThrRS, threonyl-tRNA
synthetase; PheRS, phenylalanyl-tRNA synthetase; ValRS, valyl-tRNA
synthetase.
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FIGURE 1. Schematic presentation of editing pathways. Pre-transfer editing can occur through enhanced dissociation of noncognate aminoacyl-adenylate
(pathway 2) or its enzymatic hydrolysis (pathways 1 and 3), which may be tRNA-independent (pathway 1) or tRNA-dependent (pathway 3). After transfer,

mischarged tRNA can be deacylated through post-transfer editing (pathway 4).

occurs (10, 13, 14). A trans-editing model has also been pro-
posed for class IT aaRSs. In this model, the misacylated tRNA is
released from the enzyme but then undergoes hydrolysis after
rebinding (15).

Localization of pre-transfer editing within the confines of the
synthetic active site was first proposed based on the finding that
a modified glutaminyl-tRNA synthetasetRNA®™ complex,
which lacks an editing domain, carries out the stereochemically
equivalent hydrolysis of glutaminyl-adenylate (16). A growing
body of evidence now supports this notion. (i) aaRSs that inher-
ently lack a separate post-transfer editing domain are capable of
tRNA-independent pre-transfer editing (17, 18). (ii) aaRS from
which the post-transfer domain was excised are capable of
tRNA-independent (19, 20) or tRNA-dependent editing (21).
(iii) Efficient tRNA-independent (22, 23) and tRNA-dependent
(22) editing is catalyzed by enzymes carrying single or double
mutations that inactivate the post-transfer editing site. (iv) Sub-
stitutions of amino acids located within the synthetic site influ-
ence hydrolysis of either cognate or noncognate aa-AMP (24).

The respective contributions of particular pathways to over-
all editing vary among different aaRSs (25, 26). Using the class I
isoleucyl- and valyl-tRNA synthetases (IleRS; ValRS) from
Escherichia coli as model editing enzymes, we observed that the
extent to which pre-transfer editing is utilized is inversely
related to the rate at which the amino acid is transferred to
tRNA (22). Fast transfer by ValRS prevented efficient tRNA-de-
pendent pre-transfer editing of threonine; in contrast, the slow
transfer by IleRS allowed water to compete for the nucleophilic
attack on Val-AMP. These data provided the basis for a syn-
thetic site-based pre-transfer editing model whereby kinetic
partitioning of noncognate aa-AMP between transfer and
hydrolysis determines the balance between pre- and post-
transfer editing (22). In parallel work on class II threonyl-tRNA
synthetase (ThrRS), tRNA-dependent pre-transfer editing was
induced by slowing of the aminoacyl transfer step by a designed
mutation (19). Thus, a close interconnection between the rate
of amino acid transfer to tRNA and the utilization of tRNA-de-
pendent pre-transfer editing has been established for aaRSs of
both classes.

Leucyl-tRNA synthetase (LeuRS) is a class I enzyme closely
related to IleRS and ValRS by the presence of a common large
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insertion (connective peptide 1; CP1) in the Rossmann fold
(27), which forms the post-transfer editing domain (8, 9, 14, 28,
29). E. coli (Ec) LeuRS activates several noncognate amino acids
in vitro, including isoleucine, valine, methionine, and norvaline
(Nva) (21, 30-33). Among these, norvaline is a nonproteino-
genic amino acid that is of particular importance because it can
be incorporated into recombinant proteins in place of leucine
(34). It was recently demonstrated that the in vivo concentra-
tion of norvaline in the cell may rise to 1 mm under anaerobic
growth conditions (35). Accumulation of norvaline to such high
levels may pose a serious threat to the fidelity of protein biosyn-
thesis under these conditions. Among proteinogenic noncog-
nate amino acids that may be misactivated by EcLeuRS, the best
studied is isoleucine (21, 36 —39). However, its iz vivo concen-
tration is only about 0.1 mm (40), and this level is not elevated by
a shift to anaerobic growth conditions (35). Although excesses
of either isoleucine or norvaline inhibit the growth of an E. coli
strain that relies on an editing-deficient LeuRS, norvaline was
recognized as the more potent inhibitor (41). Misincorporation
into proteins produced in such strain was also observed (33).

Although the importance of hydrolytic editing of Nva-AMP
and Nva-tRNA™" thus appears clear, most mechanistic studies
of LeuRS have instead focused on isoleucine as the noncognate
amino acid. Several recent studies have included norvaline as an
editing substrate but have combined measurements of the pre-
transfer and total editing activities toward norvaline, with post-
transfer editing of isoleucine (9, 42). Such studies incorporate the
untested assumption that the mechanism of editing is identical
regardless of the identity of the noncognate amino acid. Reported
literature values of the kinetic constants for many aspects of LeuRS
synthetic and editing reactions also vary by up to 100-fold or more
(21, 30-33), making critical evaluations difficult because some of
these data are presumably unreliable.

To address these shortcomings, we have comprehensively
measured kinetic parameters for cognate and noncognate syn-
thetic and editing reactions by EcLeuRS, employing a combina-
tion of steady-state and pre-steady-state methodologies that we
have previously developed in studies of IleRS and ValRS,
including new approaches for parallel measurements of AMP
and aminoacyl-tRNA formation. In sharp contrast with prior
conclusions, these data demonstrate to a high degree of confi-
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dence that LeuRS clears noncognate norvaline almost entirely
by post-transfer editing and that tRNA"*" does not significantly
enhance pre-transfer editing. Additional experiments provide
significant further mechanistic insight, as follows. (i) The post-
transfer editing active site of LeuRS possesses substantial
intrinsic substrate preference for norvaline as compared with
isoleucine. (ii) The rate-limiting step in editing is product
release. Furthermore, by employing a post-transfer editing
domain mutant that is partially but not fully disabled in its
capacity to clear Nva-tRNA™", we demonstrate that the CP1-
based post-transfer editing active site functions by kinetic
partitioning between hydrolysis and dissociation of misac-
ylated tRNA, and that the dissociated misacylated tRNA is
capable of rebinding and subsequent hydrolysis. Finally, ana-
lyzing synthesis and subsequent hydrolysis of misacylated
tRNA by the wild-type (WT) enzyme allows the first reliable
estimate of the rate of aminoacyl-tRNA translocation on any
editing tRNA synthetase.

EXPERIMENTAL PROCEDURES

Expression and Purification of LeuRS and tRNA**“—The
E. coli leuS gene was PCR-amplified from E. coli genomic DNA
and cloned as an Nhel-EcoRI cassette into expression vector
pET28b. The construct was used as a template for site-directed
mutagenesis using QuikChange (Stratagene), and the muta-
tions were confirmed by DNA sequencing. Enzyme overexpres-
sion and purification procedures were performed as described
previously for IleRS (22). We have shown that LeuRS copurifies
with Leu-AMP bound in the active site (supplemental Fig. 1),
and we designed an additional purification step for its removal
(see supplemental Experimental Procedures). The purification
procedure is necessary for assays in which enzyme concentra-
tion is comparable with or higher than tRNA concentration.

A synthetic gene for E. coli tRNATA” under control of the
inducible T7 promoter was inserted as a Sall-BamHI cassette
into the pET3a vector upstream of the T7 RNA polymerase
terminator site. Overexpression of tRNA™" was achieved as
described previously for tRNAY (22). Plateau aminoacylation
assays established that the sample contains 85-90% functional
tRNA™", Prior to use, tRNA™" was denatured by heating for 3
min at 80 °C, followed by addition of MgCl, to a final concen-
tration of 10 mm. The tRNA"™" sample was then renatured by
slow-cooling to ambient temperature.

ATP-PP, Exchange Assay—The ATP-PP; exchange assay was
performed as described previously (16). Briefly, reactions were
conducted at 37 °C in 50 mm Hepes (pH 7.5), 20 mm MgCl,, 100
wg/ml BSA, 5 mm DTT, 4 mm ATP, and 1 mm [**P]PP,. WT
LeuRS was present at 10 nM, and the concentration of amino
acids was varied over the range 0.1-10 times the K, value to
determine steady-state parameters.

Aminoacyl-adenylate Synthesis Assay—The reactions (16,
22) were conducted at 37 °C in a buffer containing 100 mm
Tris-Cl (pH 7.5), 10 mm MgCl,, 150 mm KC, 0.3 mm DTT, 100
pg/ml BSA, 0.004 units/ul inorganic pyrophosphatase
(IPPase), and 0.5 mMm [a-*?P]ATP (0.01-0.1 mCi/ml) with
(tRNA-dependent) or without (tRNA-independent editing) 15
uM tRNA™", Enzyme concentrations are provided in Table 4.
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Steady-state parameters were obtained by varying the concen-
tration of Nva over the range 0.1-10 times the K, value.

Nonenzymatic Hydrolysis of aa-AMP—The aa-AMP stability
assay was adapted from previously published procedures (16,
22). Briefly, 4 um WT LeuRS was incubated with 50 um
[@-*?P]ATP (0.01-0.1 mCi/ml) for 5 min at 37 °C in 100 mm
Tris-Cl (pH 7.5), 10 mm MgCl,, 150 mm KCl, 1 mm DTT, and 10
wg/ml BSA. Enzymatic synthesis of aa-[>*’P]JAMP was then ini-
tiated by addition of 50 mm Nva or 10 mm Leu. Reactions that
assessed Leu-AMP stability were supplemented with 0.004
units/ul IPPase to permit accumulation of Leu-[**P]AMP. Syn-
thesis of Nva- or Leu-[>**P]AMP was allowed to proceed for 15
or 30 min, respectively, after which unlabeled Mg>*-ATP was
added in 2000-fold molar excess, and aliquots were taken in
subsequent time courses.

Preparation and Analysis of [P°PJtRNA for Use in Kinetic
Assays—[>*P]tRNA"" was prepared using tRNA nucleotidyl-
transferase as described previously (43, 44). Based on compar-
isons with reactions conducted with unlabeled tRNA in which
formation of [**C]Leu-tRNA™" was followed, a decrease in
tRNA™" plateau aminoacylation from 90 to 60% was detected
after the radiolabeling reaction with tRNA nucleotidyltrans-
ferase. Similar decreases in aminoacylation efficiencies were
previously observed for tRNA"™* (45) and tRNAS" (46). Steady-
state rate constants for aa-[>>PJtRNA™" formation were there-
fore adjusted by a factor (0.6) that takes into account the pro-
portion of [**P]tRNA™" that is functional. After correction, the
aminoacylation rate constants obtained with [*?PJtRNA™"
were identical to those obtained with *C-labeled amino acid,
indicating that the nonfunctional tRNA does not function as an
inhibitor.

In all assays where radiolabeled tRNA was followed, the reac-
tions were quenched, and tRNA was hydrolyzed using P1
nuclease and TLC analysis performed as described previously
(22).

Determination of AMP/aa-tRNA Ratios—[>**P]AMP and
aa-[**P]tRNA™" formations were followed in parallel steady-
state assays performed in a buffer containing 100 mm Hepes-
KOH (pH 7.5), 10 mm MgCL,, 150 mm KCl, 1 mm DTT, 100
wg/mlBSA, 0.004 units/ul IPPase, and 15 um tRNA™", with the
further addition of either 5 mm Leu or 30 mMm Nva (saturating
concentrations). Two hundred um ATP supplemented with
trace quantities of [a->’P]JATP was also added to reactions
when AMP formation was followed. When aa-tRNA was fol-
lowed, [**P]JtRNA™" was present at 20 —50 nm. WT and mutant
LeuRS enzymes were used at 5 or 10 nM concentrations in reac-
tions containing Leu or Nva, respectively. In these reactions,
use of a lower concentration of ATP as compared with that
employed in the aminoacyl-adenylate synthesis assay ensures a
better signal to noise ratio, enabling reliable quantitation. Reac-
tion time points were quenched in either formic acid (1 M final
concentration) or in a mixture of NaOAc (pH 4.5, 0.5 M final
concentration) and SDS (final 0.1%) when AMP or aa-tRNA™"
formation was followed, respectively.

Steady-state Deacylation Assay—>>P-Labeled aa-tRNAs
were prepared by incubation of 20 um D345A EcLeuRS (from
which the Leu-AMP copurifying intermediate was removed;
see supplemental Fig. 1 and supplemental Experimental Proce-
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dures) with 20 um tRNA"" and ~50 nM [**PJtRNA"" for 40
min at 37 °C, in a buffer containing 100 mm Hepes-KOH (pH
7.5), 150 mm KCI, 10 pg/ml BSA, 10 mm MgCl,, 0.008 units/ul
IPPase, 1 mm DTT, and 2 mM ATP. Nva, Ile, or Leu were present
at 10, 0.25, or 5 mM, respectively. aa-tRNA was recovered by
phenol extraction and ethanol precipitation. The tRNA pellet
was dissolved in 50 mm NaOAc (pH 4.5), and the sample then
purified by gel filtration on a Micro Bio-Spin P30 column (Bio-
Rad), followed by dialysis against 15 mm NaOAc (pH 5.0). The
amount of tRNA was estimated by comparison of radioactivity
present in the aminoacylation mixture prior to phenol extrac-
tion, with radioactivity present in the sample after the dialysis
step. Loss of radioactivity then corresponds to loss of tRNA
during the purification procedure. The percentage of aa-
tRNA was established through P1 nuclease digestion of the
tRNA sample followed by TLC analysis. On average, aa-tRNA
included 50-60% of total tRNA. The aa-tRNA was stored at
—20 °C and renatured prior to use, as described above.

The steady-state deacylation assay was performed in 100 mm
Hepes-KOH (pH 7.5), 10 mm MgCl,, 150 mm KCl, 1 mm DTT,
and 100 pwg/ml BSA. aa-tRNA was generally present at 6—8 um
concentrations; higher aa-tRNA™" concentrations (up to 15
uM) were employed in some experiments. The LeuRS concen-
trations used in each reaction are provided in Table 2. Reactions
were initiated by addition of aa-tRNA™" and stopped by adding
2-ul aliquots of reaction mixture to 4 ul of a quench solution
containing 0.75 M NaOAc (pH 4.5) and 0.15% SDS. Reaction
rates were corrected for nonenzymatic hydrolysis of aa-tRNAs
measured under the same reaction conditions, with enzyme
omitted from the reaction mixture (for further details see sup-
plemental Fig. 2).

Single-turnover Deacylation Assay—aa-tRNAs were pre-
pared similarly as described for the steady-state assay. Briefly,
both D345A LeuRS and tRNA™" were present at 25 um, and
[**P]tRNA"™" was present at roughly a 300 nM concentration.
tRNA was recovered by phenol extraction and subjected to two
subsequent gel filtration steps (Micro Bio-Spin P30 columns),
followed by dialysis against 15 mm NaOAc (pH 5.0).

Single-turnover deacylations were performed with a KinTek
RQF-3 instrument or by hand sampling for longer reactions.
Equal volumes of 20 um LeuRS (in a solution consisting of 200
mwm Hepes-KOH (pH 7.5), 150 mm KCI, 10 ug/ml BSA, 10 mm
MgCl, and 1 mm DTT) and 200-500 nm aa-[**P]tRNA were
combined to initiate the reactions. The reactions were
quenched with a buffer containing 0.8 M NaOAc (pH 4.5) (final
concentration); the collection tubes also contained SDS (final
w/v 0.1%). Data were fit to the single exponential equation y =
Y, + A X e K=t X £ where Y, is the y intercept; A is the ampli-
tude; Kyeqey1 is the apparent deacylation rate constant, and ¢ is
time.

Single-turnover Transfer Step—The transfer step in the ami-
noacylation reaction was measured by mixing LeuRS-aa-AMP
preformed in situ with [**PJtRNA"", by a procedure similar to
that described for IleRS and ValRS (22). The LeuRS-aa-AMP
complexes were preformed by incubation of 20 um LeuRS with
5 mm Leu or 30 mm Nva in 100 mMm Tris-Cl (pH 7.5), 10 mm
MgCl,, 150 mm KCl, 1 mm DTT, 10 pg/ml BSA, 0.008 units/ul
IPPase, and 8 mm ATP for 5 min at 37 °C. The single-turnover
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transfer reactions were then performed with the KinTek RQF-3
instrument by mixing equal volumes of 20 um LeuRS-aa-AMP
incubated in one syringe with 2 pum **P-labeled tRNA incubated
in the second syringe. Reactions were quenched with NaOAc
(pH 4.5, final concentration 0.8 M), and the collection tubes
contained SDS (final w/v 0.1%).

Transient Formation of Nva-tRNA"**—Accumulation and
subsequent deacylation of Nva-[**PJtRNA"*" by T252R LeuRS
was followed using the KinTek RQF-3 instrument under single-
turnover conditions at 37 °C. As use of T252R allows the tRNA
to undergo multiple rounds of transfer and deacylation, obser-
vation of a single cycle of aminoacylation and deacylation was
ensured by using limiting the amounts of ATP. First, 30 um
T252R LeuRS was incubated with 200 um Nva for 10 min at
37 °Cin 100 mMm Hepes (pH 7.5), 150 mm KCl, 10 pg/ml BSA, 10
mM MgCl,, and 1 mm DTT. The mixture was placed on ice and
cooled prior to addition of ATP and IPPase (final concentra-
tions of 10 um and 0.008 units/ul, respectively). The low tem-
perature was maintained at this stage to limit tRNA-indepen-
dent hydrolysis of Nva-AMP. Furthermore, the syringe used for
loading the mixture was cooled in ice prior to use, and a con-
struction was made that enables ice cooling of the syringe
mounted on the sample port throughout data collection. Nva-
AMP formation was allowed only during a 2-min preincubation
in the RQF-3 instrument at 37 °C. In the subsequent reaction,
the preincubated T252R enzyme in one syringe was reacted
with an equal volume of 2 um [**P[tRNA™" added from the
second syringe. Reactions were quenched with NaOAc (pH 4.5,
final concentration 0.8 M), and the collection tubes contained
SDS (final w/v 0.1%). As T252R LeuRS was not saturated with
Nva-AMP preformed in situ, the rate of Nva-[*?P]tRNA"" for-
mation (k,,,,) in this assay does not represent the rate of the
isolated transfer step. Data were fit to a minimal kinetic scheme
that describes Nva-tRNA"*" formation with a rate k;,,,, and its
subsequent hydrolysis with a rate ky.,., as two consecutive
irreversible reactions as follows: y = Ay X kgpm/(Kgeacyr —
Kiope) X (& Ktomm X — @~ kament X 1) ywhere A, represents the ini-
tial concentration of tRNA™", and ¢ is time (47). The parame-
ters obtained from this fit were corroborated by the use of
kinetic modeling and the curve fit function in Berkeley
Madonna (Version 8.3.14; Macey and Oster, University of Cal-
ifornia, Berkeley, data not shown). We have attempted isolation
of the T252R LeuRS:Nva-AMP complex preformed with milli-
molar levels of ATP and Nva by gel filtration on Sephadex G-25.
However, because of tRNA-independent hydrolysis of Nva-
AMP, the isolated complex was not stable at 37 °C in the RQF-3
instrument during the course of data collection (data not
shown).

RESULTS

Amino Acid Discrimination in Activation via Ground State
Binding—Norvaline is a nonproteinogenic amino acid that at
least partially evades proofreading mechanisms and is thus
incorporated into proteins under some conditions in vivo (34,
35). It is efficiently activated by LeuRS; turnover numbers for
leucine and norvaline activations are comparable, although the
K, for the noncognate substrate is increased 100-fold (Table 1).
This results in a low discrimination factor (116) and implicates
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TABLE 1

Steady-state parameters for amino acid activation by wild-type
EcLeuRS

Data were measured by the ATP-PP; exchange assay.

TABLE 2
Steady-state deacylation of aminoacyl-tRNAs

The values represent the mean value * S.E. of at least two independent experiments.
Aminoacyl-tRNA was present at 6 —8 uMm concentration.

Amino K, Discrimination
acids (amino acids) k., ko /K,, (k. /K,).« factor”
mm st mm 5!
Leu 0.05 = 0.01 66 2 1320 1 1
Nva 49 *04 56+1 114 86 xX10°* 116

“ Discrimination factor is defined as 1/(k ,/K,,,);e- The values represent the best
fit value = S.E. of at least two independent experiments. WT LeuRS was present
at 10 nMm, and concentrations of Leu and Nva were varied over the range 0.1-10
times the K, value.

the need for hydrolytic editing to prevent mistranslation (42).
Similar observations were made in the case of valine and thre-
onine activation by IleRS and ValRS, respectively (22, 25, 48,
49). For all three enzymes, specificity at the activation step is
manifested through a significantly increased K,,, parameter for
the noncognate amino acid, suggesting that the synthetic site
(in the absence of tRNA) predominantly discriminates against
noncognate amino acids based on ground state binding. The
need for editing then arises because there is little to no discrim-
ination at the level of k_,,.

Specificity of the CP1 Domain in Post-transfer Editing—Post-
transfer editing by EcLeuRS can be independently studied by a
deacylation assay in which preformed aminoacylated tRNA (aa-
tRNA) is used as substrate. Because radiolabeled norvaline is
not commercially available, to permit comparative studies we
employed [**P]JtRNA™" prepared using tRNA nucleotidyl-
transferase (43, 44) in reactions monitoring deacylation of
either Nva-tRNA™" or Ile-tRNA™", Use of [**P]tRNA results
in much higher sensitivity and broader applicability of the
assay, as compared with labeled amino acid. Despite these
advantages, only a few prior studies report use of [**P]tRNA to
measure deacylation, and this approach has not been employed
for any LeuRS (16, 50-53). Nva-[**P]tRNA"" and Ile-
[**P]tRNA"™" (each at 60% misacylation level) were produced
using D345A LeuRS, which is inactive in post-transfer editing
(9). D345A LeuRS purified from cells contains bound Leu-AMP
necessitating additional controls and purification steps to
ensure that the misacylated tRNA is not contaminated with
cognate Leu-tRNA™" (see supplemental Experimental Proce-
dures and supplemental Fig. 1). These are the first measure-
ments of Nva-tRNA"*" hydrolysis catalyzed by the CP1 domain
of any LeuRS.

The specificity of the CP1-editing site was first examined in
steady-state deacylation reactions using WT LeuRS and satu-
rating concentrations of misacylated tRNAs (8 um Nva-
[P?PItRNA™" or Ile-[*’PJtRNA™"). Steady-state rates were
corrected by subtracting the rate of nonenzymatic deacylation
obtained at the same concentration of aa-[**P]tRNA™" and in
the same time window (supplemental Fig. 2). Inspection of the
corrected rate constants (Table 2) establishes that LeuRS
hydrolyzes Ile-[**PJtRNA"" (2.07 s~ ') about 3-fold more
slowly than Nva-[**P[tRNA"™" (5.8 s ).

To investigate if discrimination resides in the first-order
hydrolytic step on the enzyme, the hydrolysis of Nva-tRNA™"
and Ile-tRNA"™" was studied under single-turnover conditions.
Twenty um LeuRS was mixed with a limiting amount of either
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a
Kobs

EcLeuRS Nva-tRNALe® Ile-tRNALe" Leu-tRNAe"
S*I
WwWT 5.8 + 0.5” 2.07 + 0.05%¢ (10 = 3) X 107 3¢
D345A (1.4 +01) X 10°¥ NDf ~ND »
T252R 0.38 = 0.02" (33*03)x107¥ (3.8x0.1)x10 ¥
T252R/D345A (0.6 + 0.1) X 10°¥ ND ND

“ kops values were corrected for nonenzymatic hydrolysis of aminoacyl-tRNA.

Because saturation was established for aminoacyl-tRNA, these values are equiv-
alent to &,

cat*
® The enzymes were assayed at 2.5 nM concentration.

¢ The enzymes were assayed at 3 nM concentration.

@ A similar value was obtained with a separate preparation of ['*C]Ile-tRNAM",
¢ The enzymes were assayed at 100 nm concentration.

/The enzymes were assayed at 500 nm concentration.

¢ ND means not determined because activity was too low for reliable detection.
" The enzymes were assayed at 20 nm concentration.

Nva-[>?P]tRNA"" or Ile-[**P]tRNA"*" using a rapid chemical
quench instrument. Decay of Nva-[**P]tRNA™" fit well to a
single exponential equation with a rate constant of 310 s~ * (Fig.
2A and Table 3). Thus, hydrolysis of Nva-tRNA"*" within the
CP1-editing site is a very fast process. Interestingly, hydrolysis
of Ile-tRNA™" by LeuRS proceeds an order of magnitude more
slowly (Fig. 2A and Table 3). This demonstrates that the effi-
ciency of the CP1-editing site varies significantly between dif-
ferent editing substrates. There were no changes in the single-
turnover hydrolytic rates when measured under conditions of
doubled enzyme concentration, indicating that aa-tRNA bind-
ing was not rate-limiting in these experiments.

Because of fast Nva-tRNA"*" hydrolysis at 37 °C (310 s 1),
more than half of the reaction took place within the dead time
of the instrument (¢, is 2.2 ms;, Fig. 24). Therefore, to observe
the missing part of the curve, the same experiment was per-
formed at 10 °C. Data were again well fit to a single exponential
equation; the extracted rate constant was 22 s~ ' (Fig. 2C and
Table 3). The low amplitude obtained at 10 °C prompted us to
monitor the process on a longer time scale, revealing a second
phase with a significantly lower rate constant (1.8 X 10 3s™%;
Fig. 2C, inset). The biphasic nature of deacylation was previ-
ously observed for Val-tRNA" hydrolysis by IleRS (48, 54),
although the significance of the slower phase remains unclear.

Comparison of the single-turnover and steady-state rate
constants shows that the former are 53- and 20-fold greater for
Nva-tRNA"*" and Ile-tRNA"*" hydrolysis, respectively. Thus,
either product release or a conformational change preceding
product release is rate-limiting for CP1-based post-transfer
editing of either substrate by EcLeuRS. Prior conclusions
regarding the mechanism of post-transfer editing by LeuRS,
which were based entirely on steady-state deacylation (36 —38),
should be reconsidered in light of these findings. Our data dem-
onstrate that the catalytic mechanism of post-transfer editing
by the CP1 domain can only be definitively established by sin-
gle-turnover kinetics.

We confirmed the crucial role of Asp-345 in the EcLeuRS
CP1 domain by incubating 20 um D345A LeuRS with a limiting
amount of aa-[>’P]tRNA"*" followed by manual sampling.
D345A LeuRS displayed 10°-fold decreases in single-turn-
over deacylation rates for both Nva-[*’P]tRNA"" and Ile-
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FIGURE 2. Single-turnover deacylation of lle-, Nva-, or Leu-tRNA"*" by WT EcLeuRS. A, single-turnover deacylation of lle-[>**P]tRNA"*" (@) or Nva-
[*2PItRNA" (O) by WT LeuRsS at 37 °C (pH 7.5). B, single-turnover deacylation of Leu-[>PItRNA"®" by WT LeuRS at 37 °C (pH 7.5). Note the much longer time
scale on the abscissa as compared with A. C, single-turnover deacylation of Nva-[*?PItRNA"*" by WT LeuRS at 10 °C (pH 7.0). The inset shows the data over an
extended time course and thus depicts the biphasic nature of Nva-tRNA"®" deacylation. The rate constant of the slow phase (1.8 X 10~3s™") is distinguished
from the nonenzymatic hydrolysis that proceeds with a rate constant of 3.3 X 10~ *s~ " (supplemental Fig. 2).

TABLE 3

Single-turnover deacylation of aminoacyl-tRNAs at 37 °C

The values represent the best fit value = S.E. of at least three independent experi-
ments. Aminoacyl-tRNAs were present at 100—-500 nm and enzymes at 10—20 uMm
concentration. The rate constant for Nva-tRNA"" deacylation by WT EcLeuRS is
22 +4s 'at10°C.

kdeacyl
EcLeuRS Nva-tRNAL<* Ile-tRNALe" Leu-tRNA'*"
871
WT (31 £2) %10 42+7 0.098 +0.003
D345A (62+0.7)X 1072 (0.30+0.02) X 10~* (2.1+0.1) X 1073
T252R 2.5+02 (13.2*£06) X102 (17=1)x 103

T252R/D345A (1.5 +0.2) X 1073 (0.63 = 0.03) X 103 (0.4 = 0.2) X 103

[**P]tRNA™" (Table 3). This provides the first direct proof of
the prominent role of Asp-345 in the hydrolytic chemistry of
post-transfer editing. Crystallographic models suggest that
Asp-345 participates in a salt bridge with the a-amino group of
norvaline (9). The 10°-fold decrease in the rate of the hydrolytic
step by D345A suggests that this interaction plays a crucial role
in positioning the carbonyl carbon atom of the ester linkage in
Nva-tRNA“" with respect to a bound nucleophilic water
molecule.

IRNA-independent Hydrolytic Editing within the Synthetic
Site—Because D345A LeuRS is disabled in post-transfer edit-
ing, this enzyme allows analysis of pre-transfer hydrolytic reac-
tions using approaches we have described for IleRS and ValRS,
which permit separate measurement of aa-[**P]JAMP (if it accu-
mulates) and [>>P]JAMP formation rates (16, 22). In tRNA-in-
dependent reactions, LeuRS produces more [**P]AMP in the
presence of norvaline as compared with cognate leucine, imply-
ing the existence of editing correction as observed previously
(Fig. 3A) (42). Because a detailed steady-state kinetic analysis
was not previously reported, we further determined K, and k.,
for this reaction (Table 4).

The AMP produced may originate from enzymatic aa-AMP
hydrolysis (tRNA-independent editing) or from nonenzymatic
hydrolysis of aa-AMP after its dissociation from the enzyme
(Fig. 1, pathways 1 and 2, respectively). To distinguish these
possibilities, the nonenzymatic hydrolysis of Nva-AMP was fol-
lowed by the cold chase assay (16). LeuRS was incubated with
Nva and [a-*?P]ATP to accumulate Nva-[*?P]AMP in solution.
A large molar excess of unlabeled ATP was then added, and
reaction time points were taken. The rate of Nva-[>’P]JAMP
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nonenzymatic hydrolysis was found to be 140-fold lower than
the rate of [**P]JAMP production in the presence of Nva (14 X
10™*s™ ! versus 0.2 s, see supplemental Table 1 and Table 4,
respectively). Thus, nearly all of the AMP observed in tRNA-
independent pre-transfer editing originates from LeuRS-cata-
lyzed Nva-AMP hydrolysis. It appears that tRNA-independent
hydrolytic editing is a universal feature of LeuRS, because anal-
ogous findings were made in the case of Aquifex aeolicus (23)
and human LeuRS enzymes (55). Very similar k_,,/K,,, parame-
ters were found to characterize tRNA-independent editing of
valine by IleRS and of threonine by ValRS (22). Thus, all three
class I editing enzymes are similarly efficient at this level of
proofreading.

In addition to [*>P]JAMP, Nva-[*?P]AMP accumulation was
also observed and independently quantified. Steady-state
parameters were extracted (supplemental Table 2) establishing
similar K, and 4-fold lower k_,, values than in [**P]JAMP for-
mation. Because Nva-AMP is hydrolyzed slowly in solution, the
lower accumulation of Nva-AMP with respect to AMP sup-
ports the notion that nonenzymatic hydrolysis is a minor
LeuRS-editing pathway.

To address the location of tRNA-independent editing in
EcLeuRS, the AMP formation activity was also studied in the
D345A mutant. Steady-state parameters in aa-AMP synthesis
assay revealed no difference between the WT LeuRS and
D345A variant (0.2 s~ * versus 0.17 s~ !, respectively, see Table
4). Thus, inactivation of the CP1-editing site by replacement of
the essential Asp-345 did not influence tRNA-independent
editing. This strongly suggests that tRNA-independent hydro-
lysis of Nva-AMP does not occur within the CP1-editing site,
indicating instead that this reaction occurs within the synthetic
editing site.

Post-transfer Editing Dominates Error Correction by EcLeuRS—
Addition of tRNA™" stimulates norvaline-dependent AMP
production by LeuRS (Fig. 34). At the level of &, /K,,,, AMP
formation is 25-fold more efficient in the presence than in the
absence of tRNA, indicating predominance of the tRNA-de-
pendent pathway in LeuRS editing (Table 4). Similarly, 12- and
30-fold stimulation of threonine and valine editing by ValRS
and IleRS, respectively, was observed in the presence of cognate
tRNA (22). In the presence of tRNA, both aminoacyl transfer
and deacylation of aa-tRNA may also occur. Thus, the observed
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FIGURE 3. Editing by WT and D345A EcLeuRS. A, [*2P]JAMP formation by 500 nm WT LeuRS in the absence of amino acid (X), in the presence of 15 mm Leu and
absence of tRNA™" (O), and in the presence of 30 mm Nva and presence (4 ) or absence () of 15 um tRNA™". B, [*?PJAMP formation by 500 nm D345A LeuRS
in the absence of amino acid (X), in the presence of 15 mm Leu and absence of tRNA®" (O), and in the presence of 30 mm Nva and presence (4 ) or absence (<)
of 15 um tRNA'", The inset shows [>2P]JAMP formation in the absence (X) or presence of 15 mm Leu (O) on a plot with a narrower y axis scale to more clearly

depict the existence of tRNA-independent editing of cognate Leu.

TABLE 4
Steady-state parameters for AMP formation in the presence of norvaline
Data were measured by aminoacyl-adenylate synthesis assay. The values represent the best fit value = S.E. of three independent experiments.

—tRNA +tRNA“
EcLeuRS K, (Nva) Kot k.. /K, K, (Nva) Ko ko /K,
mm st mm s mm st mm 57!
wWT 3.6 0.6 0.20 = 0.01 0.05° 4.5 %05 6.2 +0.2 1.4¢
D345A 3.7+0.1 0.17 = 0.01 0.05" 31+08 0.23 = 0.02 0.07°
T252R/D345A 43+05 0.25 + 0.01 0.06” 29*04 0.23 = 0.01 0.08"
“ tRNA" was present at 15 um concentration.
” The enzymes were assayed at 0.5 uM concentration, and norvaline concentration was varied over the range 0.1-10 times the K, value.
¢ The enzymes were assayed at 25 nM.
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FIGURE 4. [*?PJAMP and Nva-[*?PJItRNA"" production in parallel reaction assays. Time courses following [*?PJAMP production are illustrated with filled
symbols, and time courses following Nva-[>?P]JtRNA"" production are illustrated with open symbols. Product formation was followed under conditions opti-
mized for the aa-AMP synthesis assay, except that tRNA"®" is present at higher concentration (31 uminstead of 15 um) to facilitate visualization of both products
on the same y axis scale. Nva-[>P]ItRNA"®" and [*2P]JAMP production by 500 nm D345A EcLeuRS (A). B, 25 nm T252R EcLeuRS; C, 500 nm T252R EcLeuRS. All rate

constants were obtained from three independent experiments, and the values represent the mean value = S.E.

stimulation can reflect tRNA-dependent pre-transfer editing, ~dominance as a mode of error correction. Under the conditions
post-transfer editing, or a combination of both (Fig. 1, pathways  of relatively high enzyme concentration (500 nm) required for
3and 4, respectively). The two pathways are not distinguishable ~ substantial [*P]JAMP accumulation in these experiments,
with this assay because they both accumulate the same AMP nearly all of the tRNA is rapidly misacylated (in Fig. 44, the
product (Fig. 1). To isolate the tRNA-dependent pre-transfer y-intercept of the time course corresponds to the concentration
editing step, the D345A variant inactivated in post-transfer of aminoacylable tRNA), and remains misacylated during the
editing (Tables 2 and 3) was used in the aa-AMP synthesisassay  course of the assay. The same k_,, value obtained in tRNA-de-
in the presence of tRNA"", pendent and tRNA-independent editing (Table 4) demon-

Steady-state data show that tRNA fails to stimulate AMP strates that misacylated tRNA does not stimulate pre-transfer
formation by D345A LeuRS (Fig. 3B); k_, /K, values in tRNA-  editing by LeuRS. To further examine whether any pre-transfer
independent and tRNA-dependent editing revealed no signifi- editing occurs in the presence of uncharged tRNA, formation of
cant difference (0.05 mM ™" s~ ! versus 0.07 mm~ ' s~ !, respec-  AMP and Nva-tRNA"*" by D345A LeuRS was monitored using
tively, see Table 4). Thus, disabling the post-transfer pathway either [a-*’P]ATP or [**P]tRNA, respectively, in otherwise
seems to eliminate tRNA-dependent editing, indicating its pre-  identical parallel reactions. Significantly lower enzyme concen-
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FIGURE 5. Stoichiometry of AMP and aa-tRNA"*" production in the presence of Leu or Nva in parallel steady-state reactions by WT and mutant EcLeuRS
enzymes. Time courses following [*2P]JAMP production are illustrated by filled symbols, and time courses following aa-[>PItRNA"®" production are illustrated
by open symbols. A-D represent parallel production of [*?PJAMP and Nva-[*?P]JtRNA"*" by 10 nm WT, T252R, D345A, or T252R/D345A LeuRS, respectively.
Because of the low Nva-tRNA"*" accumulation by WT LeuRS, the formation rate of 0.03 s~ ' (A) should be taken as an approximate value. E-H represent parallel
production of [32PJAMP and Leu-[>?P]tRNA"*" by 5 nm WT, T252R, D345A, or T252R/D345A LeuRS, respectively. The rate constants represent the best fit value +

S.E. of three independent experiments.

trations (10 nm) were used to extract initial rates on a time scale
that allows manual sampling. These measurements revealed
that highly similar catalytic constants characterize [**P]AMP
and Nva-[**P[tRNA™" formation (Fig. 5C), producing an
AMP/Nva-tRNA™" ratio close to 1. Therefore, Nva-AMP
hydrolysis does not take place to any considerable extent within
the confines of the D345A LeuRS-tRNA complex, and the Nva-
AMP formed in the first step yields Nva-tRNA™" quantita-
tively. These data further support the notion that tRNA-depen-
dent pre-transfer editing does not contribute significantly to
error correction by EcLeuRS.

Previously, robust tRNA-dependent pre-transfer editing of
norvaline by EcLeuRS was proposed based on kinetic analysis of
a different CP1 site mutant T252R (42). However, in this study
post-transfer editing of Nva-tRNA"" was not followed directly;
instead, conclusions about this activity were inferred from
deacylation of Ile-tRNA"*", Because we have shown that the
CP1 domain of EcLeuRS exhibits specificity among aminoacyl-
tRNA substrates (Fig. 24), we inferred that the conclusions of
the prior study might be unreliable because the measurements
on which they depended were not consistently made using the
same noncognate amino acid. We therefore produced the
T252R EcLeuRS mutant and tested its activity in the deacyla-
tion assay. The architecture of the amino acid pocket in the CP1
domain of EcLeuRS appears optimized for linear hydrophobic
side chains, because the WT enzyme preferentially deacylates
Nva-tRNA"*" as compared with Ile-tRNA"". Interestingly,
increasing steric hindrance in the pocket by introduction of
T252R further skews the substrate preference in favor of Nva.
The single-turnover rate constant toward Ile-[**PJtRNA"" was
more than 10°-fold lower compared with WT LeuRS (0.013s™ '
versus 42 s~ ', respectively; Table 3), whereas deacylation of
Nva-[**P]tRNA"" was also impaired but not to the same extent
(2.5 s ' versus 310 s~ *; Table 3). Similar results were obtained
in steady-state deacylation assays (Table 2). Thus, T252R is able
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to catalyze post-transfer editing of Nva-[**P[tRNA™" with sub-
stantial efficiency, rendering this mutant inappropriate for iso-
lating pre-transfer editing because it permits AMP accumula-
tion from both pre- and post-transfer reactions. We infer that
the activity previously assigned as tRNA-dependent pre-trans-
fer hydrolysis, in the T252R variant, in fact arises from post-
transfer editing (42).

To abolish the post-transfer pathway within the T252R CP1-
editing site, the T252R/D345A double mutant was also pro-
duced. As expected, the T252R/D345A mutant abolished
steady-state and single-turnover deacylations of Nva-
[**P]tRNA™" (0.6 X 10 ®and 1.5 X 10 ®s~ !, Tables 2 and 3,
respectively). When the double mutant was tested in the aa-
AMP synthesis assay, no tRNA-dependent stimulation of
[32P]AMP formation was found (0.06 mm ™' s™ versus 0.08
mM~ ' s~ % Table 4). Thus, inactivation of the post-transfer
pathway via D345A eliminates tRNA-dependent editing
whether T252R is present or not. The initial rates of [**P]AMP
and Nva-[*’P]tRNA"*" formation were shown to be highly sim-
ilar (1.9 and 1.76 s~ %; Fig. 5D), again confirming absence of
tRNA-dependent pre-transfer editing. The T252R/D345A var-
iant exhibits completely analogous editing capabilities as
D345A LeuRS (Tables 2—4), supporting the notion that the lack
of tRNA-dependent pre-transfer editing is an inherent feature
of EcLeuRS.

Fast Transfer of Norvaline to tRNA"*" by EcLeuRS—W e have
recently proposed a general kinetic partitioning model in which
tRNA-dependent pre-transfer editing occurs in the synthetic
active site when transfer of amino acid to tRNA is relatively
slow, allowing a water molecule to compete with the tRNA A76
ribose for nucleophilic attack on aa-AMP (22). According to
this model, LeuRS should therefore exhibit fast transfer of the
aminoacyl moiety to tRNA. To isolate the transfer step, a molar
excess of D345A or T252R/D345A EcLeuRS (20 uM) was incu-
bated with amino acid and ATP (allowing formation of aa-AMP

VOLUME 287 +NUMBER 30+JULY 20, 2012



Post-transfer Editing Dominates Error Correction by EcLeuRS

TABLE 5
Single-turnover transfers of amino acids to tRNAs at 37 °C

The values represent the best fit value * S.E. of at least three independent experi-
ments. tRNA"*" was present at 1 uM and enzymes at 10 uM concentration. Transfer
of leucine by WT EcLeuRS was 59 s .

Kirans
EcLeuRS Leu Nva
S*l
D345A 58 +5 64 £ 8
T252R/D345A 48 £3 75+ 6

in situ) and then mixed with a limiting amount of [*’PJtRNA"*"
(2 u™m) using a rapid chemical quench instrument. For both
leucine and norvaline, the transfer step was shown to be fast
(Table 5) and exhibited high amplitude (supplemental Fig. 34).
No significant difference in leucyl transfer was observed
between D345A and WT enzymes, confirming that D345A has
no influence on the transfer step (Table 5). Furthermore, trans-
fers of cognate Leu and noncognate Nva proceed with almost
identical rate constants (Table 5), showing that EcLeuRS does
not control the specificity of aminoacylation through the trans-
fer step. This was previously observed as well for several other
classTand class IIaaRSs (19, 22) indicating it as a general feature
of these enzymes. These findings are consistent with the chem-
ical partitioning model, substantiating the notion that EcLeuRS
does not exhibit tRNA-dependent pre-transfer editing because
the fast transfer of norvaline to tRNA does not allow a hydro-
lytic water molecule to effectively compete for attack on
Nva-AMP.

When formation of Nva-tRNA™" is followed under rapid
chemical quench conditions by WT LeuRS in the presence of
saturating ATP and Nva but a limiting concentration of tRNA,
high amplitude in Nva-tRNA"" formation (~40-45%) is
observed (supplemental Fig. 3B). Steady-state accumulation of
Nva-tRNA"*" relative to total tRNA™" is determined by the
ratio Ky ans/ (Keans T Kiyar) (56), where k.. represents the first-
order rate constant for Nva-tRNA"*" formation (transfer step),
and k4, represents the first-order rate constant for Nva-
tRNA"" decay (hydrolysis). Based on the separately deter-
mined transfer and deacylation rate constants (Tables 3 and 5),
accumulation of Nva-tRNA"*" to a plateau level of up to 17% of
total tRNA was expected. The observed higher amplitude indi-
cates that the Nva-tRNA"" formed ix situ is deacylated with a
rate constant of 80 s~ ! (the value represents the lower limit).
This presumably reflects the translocation rate, because the
“chemistry” of deacylation, measured by single-turnover kinet-
ics, is about 4-fold faster than this (Fig. 24 and Table 3). These
measurements provide the first reliable insight into the kinetics
of the tRNA translocation step by any editing aaRS. Although
earlier studies attempted to measure translocation by monitor-
ing rebinding of a fluorescent ATP analog to the synthetic
active site, these experiments only observed events occurring
directly in that site and could not distinguish the identity of the
translocating species (57).

The high amplitude in Nva-tRNA"™*" formation also suggests
that robust tRNA-dependent pre-transfer editing by EcLeuRS
is highly unlikely. This supports the notion that the inability of
tRNA to stimulate norvaline editing by D345A LeuRS is a con-
sequence of its inactivated post-transfer pathway. EcLeuRS
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thus almost exclusively relies on post-transfer editing to elimi-
nate activated norvaline.

Partitioning of aa-tRNA between Dissociation and Hydrolysis
Determines the Balance between Aminoacylation and Editing—
Because the synthetic pathway is not highly discriminative
toward noncognate amino acids in either LeuRS (supplemental
Fig. 3A and Tables 1 and 5), IleRS, or ValRS (22), it was of
interest to inquire into the extent to which cognate and non-
cognate amino acids might be discriminated by the editing
pathways. Previous steady-state data showed that Leu-tRNA"*"
can be hydrolyzed by EcLeuRS (38), but no data addressing this
question are available for the pre-transfer editing pathways.

Both Leu-[32P]AMP and [32P]AMP were observed in tRNA-
independent pre-transfer editing assays in which Leu was
employed as the amino acid substrate. [**P] AMP formation was
pronounced (k. at 15 mm Leu was (11.7 = 0.3) X 10 s~ %;
Fig. 3B, inset), while Leu-[**P]AMP accumulated only slightly
above the enzyme concentration. Furthermore, the cold chase
assay returned a rate constant ~10-fold lower, indicating that
the majority of the AMP originates from enzyme-catalyzed pre-
transfer editing (supplemental Table 1). Hydrolytic activity
toward the cognate Leu-AMP was also not altered by the
D345A substitution (k,,, for WT LeuRS and for D345A LeuRS
are 11.7 X 10 > and 10.4 X 10~ 3 s~ !, respectively).

Post-transfer editing of cognate Leu-[**P[tRNA™" by WT
LeuRS was then tested under both multiple-turnover and sin-
gle-turnover conditions. In both cases, weak hydrolytic activity
was observed (Tables 2 and 3 and Fig. 2B). Single-turnover
hydrolysis proceeded faster than the steady-state reaction
(measured rate constants of 0.098 s~ ! versus 0.010 s, respec-
tively), indicating that a step after hydrolysis limits the steady-
state deacylation rate. As observed for post-transfer editing of
misacylated tRNAs, Leu-[**P]JtRNA"" hydrolysis was also
impaired by the D345A substitution within the CP1-editing site
(Tables 2 and 3). Taken together, the data demonstrate that
EcLeuRS is capable of Leu-AMP and Leu-tRNA"* hydrolysis
within the synthetic and CP1-editing sites, respectively. How-
ever, the extent to which hydrolysis occurs significantly differs;
hydrolysis of the cognate intermediate is attenuated by less than
20-fold as compared with hydrolysis of Nva-AMP, while
hydrolysis of Leu-tRNA™" is much more significantly (~103-
fold) decreased compared with Nva-tRNA"" hydrolysis. This
implies that the CP1-editing site manifests higher specificity in
rejection of the cognate substrates than does the synthetic edit-
ing site.

The capacity of LeuRS to weakly hydrolyze Leu-AMP and
Leu-tRNA™" does not necessarily indicate that leucine is
indeed proofread during aminoacylation. Instead, under ami-
noacylation conditions, kinetic partitioning between synthesis
and editing reactions is expected. To better address the extent
of cognate substrate editing during aminoacyl-tRNA forma-
tion, we therefore monitored initial rates of [**P]AMP and Leu-
[**P]JtRNA"™" formation using differently labeled substrates
([a->*P]ATP or [**P]tRNA"*", respectively) in otherwise paral-
lel assays, as described above for D345A and T252R/D345A
LeuRS. This allows estimation of the number of ATP consumed
per aa-tRNA formed in the course of aminoacylation (Fig. 5). In
these assays both ATP and enzyme concentrations were kept
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low (200 um and 5 or 10 ny, respectively) to ensure high sensi-
tivity and initial rate conditions.

Measurements of ATP consumption during cognate amino-
acylation by WT LeuRS revealed that the rate constants for
[*’P]JAMP and Leu-[**P]tRNA"*" formation were highly similar
(5.4 and 4.9 s ', respectively; Fig. 5E), leading to an AMP/Leu-
tRNA"" ratio close to 1. This demonstrates that leucine is not
edited during aminoacylation, presumably because both leu-
cine transfer to tRNA and dissociation of Leu-tRNA"" are fast
with respect to the hydrolytic reactions within the synthetic
and CP1-editing sites, respectively. Initial rates of [**P]AMP
and Leu-[>’PJtRNA"" formation were also followed for all
LeuRS variants (Fig. 5, F-G). In all cases the AMP/Leu-tRNA
ratio was the same as in the reaction of WT LeuRS. A similar
absence of observed hydrolytic reactions for the cognate sub-
strate was also found for class II histidyl-tRNA synthetase and
ThrRS (19, 58).

In contrast, in WT LeuRS norvaline-dependent [*’P]JAMP
formation (3.1 s ') was significantly faster than Nva-
[*PJtRNA™" formation (~0.03 s~ '), as predicted by the effi-
cient post-transfer editing displayed by WT LeuRS toward nor-
valine (Fig. 5A4). Nva-[*’P]tRNA™" did not substantially
accumulate in this reaction, confirming that fast hydrolysis
within the CP1l-editing site efficiently competes with Nva-
[**PItRNA™" dissociation. However, a significant disparity in
the rates of [>*PJAMP and Nva-[*?P]tRNA"" formation is not
observed for the T252R mutant (the measured rate constants
are 2.1 and 1.5 s~ %, respectively; Fig. 5B), implying that under
these conditions tRNA-dependent editing is insignificant
(AMP/Nva-tRNA™" ratio is 1.4). This is analogous to the
results obtained with D345A and T252R/D345A LeuRS (Fig. 5,
C and D), which are entirely defective in post-transfer editing.
Because T252R has an attenuated yet still active post-transfer
editing pathway, it appears that the majority of the Nva-
[**P]tRNA"™*" may escape hydrolytic correction due to a disso-
ciation step that efficiently competes with hydrolytic clearance.
The accumulation of Nva-[>?PJtRNA" to a similar extent as
observed for the mutants unable to hydrolyze misacylated
tRNA supports this inference (Fig. 5, B-D). Thus, the funda-
mental notion suggested by these observations is that the flux
through the post-transfer editing pathway is determined by
partitioning of misacylated tRNA between hydrolysis and dis-
sociation from the CP1-editing site. Most of the Nva-tRNA™"
formed by T252R LeuRS evades editing in cis because the
slowed hydrolytic step does not efficiently compete with
dissociation.

Is Editing in Trans a Mopping Up Activity?—To test the
hypothesis that misacylated tRNA is partitioned between
hydrolysis and dissociation from the CP1 domain, we measured
parallel formation of [**P]AMP and Nva-[**P]tRNA"™" using a
higher T252R concentration (25 and 500 nm) and doubled con-
centration of tRNA (Fig. 4, B and C, respectively). In both cases
we observe significantly higher accumulation of [**P]AMP rel-
ative to Nva-[*’P[tRNA"*". This finding is consistent with
kinetic partitioning, because the higher concentrations used
will have the effect of promoting the second-order rate constant
for reassociation of Nva-tRNA"*" with the CP1 domain of
LeuRS.
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FIGURE 6. Transient formation of Nva-[>2P]tRNA"*" by T252R EcLeuRS.
Formation and hydrolysis of Nva-[>?PItRNA"®" or Leu-[>?P]tRNA"®" by T252R
LeuRS were followed in single-turnover reactions at 37 °C. Equal volumes of
30 um T252R LeuRS with 200 um Nva or Leu and 10 um ATP were mixed with
2 uM [32PJtRNA®Y, The estimated rate constant (k) for Nva-[>?P]tRNA-" is
1.4 s~ " and that for deacylation is 2.5 s~ ', whereas the rate constant for Leu-
[32PJtRNAY formation in the same reaction conditions is 21 s, with no
hydrolysis evident within the observed time scale. The rate constants for Nva-
[*2P]tRNA-" formation and deacylation were estimated from four indepen-
dent experiments.

To demonstrate more clearly that tRNA-dependent editing
by T252R LeuRS proceeds through a misacylation-deacyla-
tion pathway, we followed formation and decay of Nva-
[**PJtRNA™" under single-turnover conditions with limiting
amounts of ATP and tRNA™". Thirty um T252R, 200 um Nva,
and 10 um ATP were mixed with 1 pum [**P]tRNA"" in a rapid
chemical quench instrument. The data clearly show transient
accumulation of Nva-[**P]JtRNA"" reaching a maximum of
40% (Fig. 6). Estimated rate constants that account for such a
progress curve are 1.4 s~ ! for Nva-[**P]tRNA"™" formation and
2.5 s~ for its subsequent hydrolysis (see under “Experimental
Procedures”). Cognate aminoacylation reactions were per-
formed as a control (Fig. 6). Rate constants for Nva-
[*?PJtRNA™" and Leu-[**P]tRNA™" formation were signifi-
cantly lower than measured in the isolated transfer steps. This
suggests that under conditions of limiting ATP concentration,
aa-AMP formation is slow and limits the rate of aa-tRNA for-
mation. In contrast, the rate constant for Nva-tRNA™" hydro-
lysis is the same as the constant obtained in the single-turnover
deacylation assay (Table 3).

Promotion of editing at high enzyme concentrations sug-
gests that T252R LeuRS is capable of editing Nva-tRNA™" in
trans. Under these conditions, Nva-tRNA™" is rapidly formed
and accumulated to high levels in solution (see intercepts at y
axes on Fig. 4, B and C). This strongly encourages reformation
of the Nva-tRNA™"T252R LeuRS complex and editing in
trans. Although this pathway is naturally suppressed by fast
deacylation of misacylated tRNA within the CP1-editing site in
WT LeuRS, it may nonetheless represent a mopping up activity
for any misacylated tRNAs that escape cis editing. A dissocia-
tion-reassociation pathway by which misacylated tRNAs are
released and rebound by the aaRS$ editing domains has been
proposed as a significant editing pathway for class Il aaRSs (15).
Explicit measurements of association and dissociation rates for
cognate and noncognate aa-tRNAs for class I editing enzymes
will offer more quantitative insight into this phenomenon.
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DISCUSSION

LeuRS Resembles ValRS in Utilizing Post-transfer Editing as a
Dominant Error Correction Mode—The detailed mechanistic
studies of E. coli LeuRS presented here further validate and
extend a model in which kinetic competition between water
and tRNA for nucleophilic attack on aa-AMP determines par-
titioning between the pre- and post-transfer editing pathways.
In LeuRS and ValRS, the fast transfer of the noncognate amino
acid to tRNA prevents pre-transfer editing (Tables 4 and 5)
(22). Hence, misincorporation of the noncognate amino acid
into cellular proteins is primarily prevented by post-transfer
editing after translocation of the tRNA 3’-end to the CP1
domain. This is further demonstrated by the following. (i)
Measurements on both enzymes show that inactivation of post-
transfer editing concomitantly inactivates all tRNA-dependent
editing. (ii) Our finding that the rate constants for formation
and hydrolysis of Nva-tRNA™" are very rapid ensures that this
species is a competent kinetic intermediate (47). Previously, it
was shown that both Thr-tRNAY* and «-aminobutyryl-
tRNAV? are rapidly hydrolyzed by ValRS (49, 59); therefore, it
appears that LeuRS and ValRS behave similarly in this respect.

In contrast, for IleRS, the rate of aminoacyl-tRNA formation
on the enzyme is about 100-fold slower than in ValRS or LeuRS.
This allows a water nucleophile to attack the misacylated
adenylate prior to transfer. In IleRS, CP1 domain mutants that
are wholly inactive in post-transfer editing retain active tRNA-
dependent editing catalyzed in the synthetic site (22). Because
misacylated Val-tRNA" is still synthesized at a significant rate
by these mutants, both pre-transfer and post-transfer editing
significantly contribute to overall editing. The slow tRNA
transfer step by [leRS is unusual not only within the subgroup of
three class I editing synthetases possessing the CP1 domain but
also more generally among tRNA synthetases of either class,
where fast tRNA transfer is commonly observed (4, 60, 61). The
unique structural determinants of the IleRS‘tRNA"® complex
responsible for this behavior are unknown.

Common features among all three canonical class I editing
aaRkS possessing CP1 domains are now also clearly seen. All
three enzymes catalyze a synthetic site-based tRNA-independ-
ent pre-transfer editing activity of unknown physiological sig-
nificance that corresponds to about 3% of the tRNA-dependent
editing. This activity is in all cases insensitive to CP1 domain
mutants that disable post-transfer editing (Table 4 and Fig. 3)
(22). Furthermore, our experiments also demonstrate that non-
enzymatic hydrolysis of noncognate aminoacyl-adenylate after
dissociation from the enzyme (kinetic proofreading) does not
contribute significantly in any of the three enzymes. Finally,
IleRS, ValRS, and LeuRS each transfer at least some noncognate
amino acids onto tRNA at rates comparable with that of cog-
nate aminoacyl-tRNA formation on the enzymes, demonstrat-
ing that there is little specificity against misincorporation at this
step.

Previous work on E. coli LeuRS concluded that robust tRNA-
dependent pre-transfer editing of norvaline occurs, but we have
shown here that this conclusion is in error because it was based
on the incorrect assertion that the T252R substitution fully
inactivates post-transfer editing of Nva-tRNA™" (42). It was
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also recently suggested that isoleucine may be edited via tRNA-
dependent pre-transfer editing by ACP1 LeuRS, a variant
deprived of the entire CP1 post-transfer editing domain (21). It
was hypothesized that this activity is dormant in WT LeuRS but
is activated by deletion of the CP1 domain. In accordance with
the model we advance here, we suggest that such activation of
the pre-transfer pathway in ACP1 LeuRS may arise from a
decrease in the rate of the transfer step. This would parallel the
effect observed in a ThrRS variant possessing a decreased rate
of transfer (19).

Another experiment provides additional evidence against
the notion that LeuRS catalyzes robust tRNA-dependent pre-
transfer editing. Because tRNA-dependent pre-transfer editing
was investigated under conditions in which Nva-tRNA™" was
rapidly formed (Fig. 4A and Table 4), we further excluded the
possibility that uncharged tRNA stimulates this activity by fol-
lowing initial rates of [**P]JAMP and aa-[**P]tRNA formation in
parallel assays where only a small fraction of the input tRNA is
misacylated (Fig. 5C). These experiments require careful cor-
rection for the proportion of tRNA that is aminoacylable after
2P labeling by tRNA nucleotidyltransferase. Our approach is
similar to that used in studies of class II ThrRS editing where
aa-AMP and aa-tRNA formations were followed with radiola-
bel in ATP and the amino acid, respectively (19, 58).

Product Release Likely Limits Overall Editing by LeuRS—
Overall editing expressed through its steady-state rate (6.2s™';
Table 4) is significantly slower than the first-order steps of nor-
valine activation, norvaline transfer, and Nva-tRNA™" deacy-
lation (56, 64, and 310 s~ %, respectively). This implies that the
rate-limiting step is either translocation of the 3’-end of the
misacylated tRNA from the synthetic to the editing site or prod-
uct release (including conformational change associated with
release). When transient formation of misacylated tRNA"" by
WT LeuRS was monitored using the complete reaction mixture
in a rapid quench instrument, a higher steady-state Nva-
tRNA"*" plateau (up to 40—45%) was observed than expected
(17%). This allows estimation of a rate constant for deacylation
of Nva-tRNA"" formed in situ (80100 s~ *, see supplemental
Fig. 3B) that presumably reflects the kinetics of the transloca-
tion step. Additional experiments are in progress to isolate and
measure the translocation step explicitly. Because translocation
appears to be rapid, product release represents the rate-limiting
step. Indeed, there is good agreement between the steady-state
rate of overall editing (6.2 s~ *; Table 4) and the steady-state rate
of the isolated post-transfer step (5.8 s~ '; Table 2).

In single-turnover experiments in which deacylation of ami-
noacylated tRNA™" was monitored, the time course of product
formation is well fit to a single exponential function (Fig. 2). By
contrast, in editing T7 and human mitochondrial DNA poly-
merases, biphasic curves were observed in the analogous single-
turnover hydrolytic reactions, suggesting that DNA is distrib-
uted between the synthetic and exonuclease active sites (62, 63).
The faster phase represented hydrolysis in hydrolytic site,
whereas the slower phase represented translocation of DNA
from polymerase to the exonuclease site. We have estimated
that the translocation rate in EcLeuRS is ~4-fold lower than the
rate of deacylation in the CP1 domain. If this estimate is correct,
then a distribution of aminoacylated tRNA 3’-end binding
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between synthetic and editing active sites would be expected to
produce a similar biphasic curve, because the two first-order
rate constants are similar. The observation that a single expo-
nential function fits the product formation curves thus implies
that the 3’-end of aminoacylated tRNA binds directly to the
editing site. This may be an important feature of trans editing in
circumstances where the deacylation kinetics are slowed suffi-
ciently to render this a significant pathway (see below).

This suggestion that the 3'-end of aminoacylated tRNA may
bind directly to the editing site is consistent with inhibition
experiments in which it was shown that the benzoxaborole
AN2690 compound covalently traps uncharged tRNA in the
CP1-editing site (64). Thus, the favorable binding mode of
tRNA"" with its 3'-end positioned in the CP1 domain may be
obtained whether the amino acid is attached or not. Displace-
ment of the 3'-end of the tRNA from the CP1-editing site by a
post-transfer editing substrate analog suggests that misacylated
tRNA™" may possess higher affinity for the CP1 site than does
uncharged tRNA (65).

Late Steps in Post-transfer Editing by LeuRS—The kinetic
data presented here show that the fate of aminoacylated tRNA
on LeuRS is determined by kinetic partitioning between deac-
ylation and dissociation (Fig. 7). This is demonstrated by the
behavior of the T252R mutant in the CP1 domain: the enzyme
retains activity in post-transfer editing when provided with
misacylated Nva-tRNA™" as substrate (Tables 2 and 3), but
comparison of the initial steady-state rates of [**P]JAMP and
Nva-[*P]tRNA"" formation in the overall reaction suggests
that no editing occurs (excess AMP does not significantly accu-
mulate; Fig. 5B). Thus, we infer that a portion of the misacylated
tRNA dissociates from the enzyme, either before or after trans-
location of the 3'-end to the CP1 domain. The observed
increase in the ratio of [**P]JAMP to Nva-[>**P]JtRNA"*" forma-
tion when the concentrations of enzyme and tRNA are
increased supports the notion that editing proceeds through
dissociation and rebinding, because such higher concentrations
would promote the second-order rebinding step.
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Recent work on class II phenylalanyl-tRNA synthetase
(PheRS) demonstrated editing in trans, because PheRS effi-
ciently competes with the EF-Tu'GTP complex for binding to
Tyr-tRNA"™ under conditions close to physiological (15). The
rapid dissociation of Tyr-tRNA"™ from PheRS further sup-
ported the notion of trans editing in this case. trans editing is
more easily rationalized for class II aaRS, because for these
enzymes aa-tRNA dissociation is generally faster than the over-
all aminoacylation rate (4, 6). In contrast, product dissociation
is generally rate-limiting in class I aaRSs, suggesting that trans
editing should be less likely in these enzymes (4, 15). Indeed,
trans editing in T252R LeuRS is very likely observed only
because deacylation is slowed by 100-fold; in WT LeuRS, rapid
deacylation in general precludes dissociation and rebinding.
Consistent with this notion, a preference for the misacylation-
deacylation pathway, without resampling of Thr-tRNA"Y?,, was
shown for WT ValRS (49). Rapid deacylation is a general fea-
ture of CP1-editing sites (48, 49, 59),°> where it competes effi-
ciently with dissociation of aa-tRNA.

Comparisons with Editing by DNA Polymerases—The exper-
iments that we have reported here and elsewhere (22) also allow
clear contrasts to be drawn between the strategies for genera-
tion of specificity in editing tRNA synthetases versus editing
DNA polymerases (66). In T7 DNA polymerase, translocation
(transfer) of DNA from the polymerase to the exonuclease site
seems to be substantially slower than the “chemical” hydrolytic
step in the exonuclease site (62). Moreover, discrimination
between matched and mismatched DNA preferentially occurs
in translocation and not at the hydrolytic step (67). Finally, a
large drop in the rate of incorporation following a mismatched
base contributes most to selectivity by allowing time to transfer
mismatched DNA to the hydrolytic site (68, 69).

In contrast, we have shown that the CP1 post-transfer editing
site in LeuRS displays high selectivity against the cognate Leu-
tRNA"*" substrate, because the decrease in k.., is as high as
10? for cognate versus misacylated tRNAs. The confidence that
indeed hydrolysis (not slow translocation from the synthetic
site if Leu-tRNA"*" preferentially binds there) is measured dur-
ing the single-turnover arises because the D345A substitution
decreases the rate by 50-fold. Comparison of editing DNA poly-
merases and aaRSs then unveils two independently developed
proofreading models. Interestingly, however, both models rely
on kinetic partitioning to achieve high specificity and rapid
product formation. In DNA polymerases, the synthetic site is
much more specific, as noncognate mismatched bases are
excluded based on a slower chemical step of incorporation and
an enhanced dissociation rate (70-72). In these enzymes, the
hydrolytic editing site is less selective (63). Because of this, the
hydrolytic correction of the cognate incoming nucleotide is
maintained low by partitioning that favors fast polymerization
over slow transfer to hydrolytic site (67). In contrast, aaRSs
activate and transfer cognate and noncognate substrates with
highly similar rates at saturating conditions within the syn-
thetic site but distinguish these in a highly selective hydrolytic
site (Fig. 7).

3 M. Dulic and I. Gruic-Sovulj, unpublished data.
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