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Aminoacyl-tRNA synthetases catalyze the attachment of cog-
nate amino acids to specific tRNAmolecules. To prevent poten-
tial errors in protein synthesis caused by misactivation of non-
cognate amino acids, some synthetases have evolved editing
mechanisms to hydrolyze misactivated amino acids (pre-trans-
fer editing) or misacylated tRNAs (post-transfer editing). In the
case of post-transfer editing, synthetases employ a separate edit-
ing domain that is distinct from the site of amino acid activation,
and themechanism is believed to involve shuttling of the flexible
CCA-3� end of the tRNA from the synthetic active site to the site
of hydrolysis. Themechanism of pre-transfer editing is less well
understood, and in most cases, the exact site of pre-transfer
editing has not been conclusively identified. Here, we probe the
pre-transfer editing activity of class II prolyl-tRNA synthetases
from five species representing all three kingdoms of life. To
locate the site of pre-transfer editing, truncation mutants were
constructed by deleting the insertion domain characteristic of
bacterial prolyl-tRNA synthetase species, which is the site of post-
transfer editing, or the N- or C-terminal extension domains of
eukaryotic and archaeal enzymes. In addition, the pre-transfer
editingmechanismofEscherichia coliprolyl-tRNA synthetasewas
probed indetail.These studies showthata separateeditingdomain
is not required for pre-transfer editing by prolyl-tRNA synthetase.
Theaminoacylationactive siteplays a significant role inpreserving
the fidelityof translationbyactingasa filter that selectivelyreleases
non-cognateadenylates into solution,whileprotecting thecognate
adenylate from hydrolysis.

Aminoacyl-tRNA synthetases catalyze a two-step reaction
resulting in the esterification of specific amino acids onto the
3�-adenosine of cognate tRNA molecules. In the first step, an
amino acid is activated in the presence of ATP to form an
enzyme-bound aminoacyl-adenylate (aa-AMP)3 intermediate.

In the second step, the activated amino acid is transferred to the
3�-end of the tRNA (1). The fidelity of this process is critical for
the faithful translation of genetic information. Each aminoacyl-
tRNA synthetase selects and activates its cognate amino acid
from a cellular pool of 20 different proteinaceous amino acids.
The similar sizes and/or chemical structures of many amino
acid side chains make accurate discrimination by synthetases
challenging. As a result, misactivation of non-cognate amino
acids and misacylation of tRNAs may occur. Such errors, if left
uncorrected, ultimately would lead to cell death due to incor-
poration of the incorrect amino acid during protein synthesis
(2–4). To correct these errors, some synthetases have evolved
editing or proofreading mechanisms (5). In pre-transfer edit-
ing, the non-cognate aa-AMP is hydrolyzed prior to transfer to
the tRNA (Fig. 1, paths 1–3). Post-transfer editing involves
deacylation of a mischarged tRNA (Fig. 1, path 4). The pre-
transfer editing process may occur in either a tRNA-dependent
(Fig. 1, path 3) or tRNA-independent (Fig. 1, paths 1 and 2)
manner.
Two distinct classes of aminoacyl-tRNA synthetases have

been identified on the basis of conserved sequence and struc-
tural motifs (6). Evidence of hydrolytic editing was first discov-
ered in class I isoleucyl-tRNA synthetase, which hydrolyzes
Val-AMP in a tRNAIle-dependent manner (7), in addition to
deacylating Val-tRNAIle via post-transfer editing (8). Similarly,
two other class I enzymes, valyl-tRNA synthetase and leucyl-
tRNA synthetase, have been shown to edit misactivated amino
acids and mischarged tRNAs (9–17). Editing activity has also
been demonstrated for the following class II synthetases: ala-
nyl-tRNA synthetase (18, 19), threonyl-tRNA synthetase (20),
prolyl-tRNA synthetase (ProRS) (21, 22), and phenylalanyl-
tRNA synthetase (23). To explain post-transfer editing, a “dou-
ble-sieve” mechanism of editing was proposed (24). In this
model, the aminoacylation active site acts as a coarse first sieve,
excluding larger noncognate amino acids based upon size,
whereas a second active site acts as a fine sieve, editing noncog-
nate amino acids of smaller size than the cognate amino acid.
Support for the double-sieve model to explain post-transfer
editing has been obtained frombiochemical studies (16, 24–26)
and x-ray crystallography (10, 27–29). In class I enzymes, the
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hydrolytic editing domain is the conserved connective polypep-
tide 1 (CP1) domain inserted into the aminoacylation active site
(13, 16, 25, 26, 30). In class II synthetases, the domains respon-
sible for post-transfer editing are more diverse in their struc-
ture and location (19, 20, 23, 31).
Based on available structural and biochemical data, a model

for post-transfer editing has been proposed for both class I and
II enzymes wherein the flexible CCA-3� end of a misacylated
tRNA is translocated from the aminoacylation active site to the
hydrolytic editing domain (10, 28, 32–34). By contrast, the site
andmechanismof pre-transfer editing are lesswell understood,
especially for class II synthetases. Fluorescence-based assays
and mutational analysis of class I synthetases have led to the
proposal that misactivated amino acids are translocated from
the catalytic site to the editing domain in a tRNA-dependent
manner (32, 33, 35, 36). However, based on x-ray crystallogra-
phy, the two active sites are separated �30 Å, and the mecha-
nism of this translocation remains unclear. Recently, a post-
transfer initiated pre-transfer editing model has been
postulated for isoleucyl-tRNA synthetase and leucyl-tRNA syn-
thetase, where an initial post-transfer editing step is used to
trigger a conformational change to an editing active conforma-
tion that can now perform pre-transfer editing in the CP1
domain (36). Support for the role of the CP1 domain in pre-
transfer editing also comes from x-ray crystallography studies
showing that both pre- and post-transfer editing substrate ana-
logs bind in overlapping sites in theCP1domain of leucyl-tRNA
synthetase and isoleucyl-tRNA synthetase (9, 27, 37, 38). How-
ever, recent studies of class I glutaminyl-tRNA synthetase,
which normally lacks editing function and a spatially separate
editing domain, have provided evidence for a pre-transfer edit-
ing-like reaction occurring in the synthetic active site (39).
The location of pre-transfer editing in the case of class II

synthetases has not been extensively investigated. Class II Esch-
erichia coli (Ec) threonyl-tRNA synthetase, which editsmisacy-
lated Ser-tRNAThr via an N-terminal editing domain, appears
to lack pre-transfer editing activity (20). On the other hand, Ec
alanyl-tRNA synthetase and phenylalanyl-tRNA synthetase
edit Gly- and Ser-tRNAAla and Trp-tRNAPhe, respectively, and
also possess a tRNA-dependent pre-transfer editing function
(19, 23).
ProRS is another class II synthetase that possesses both pre-

and post-transfer hydrolytic editing activities (21, 22). Post-

transfer editing of Ala-tRNAPro by bacterial ProRS is carried
out by a large insertion domain (INS) located between motifs 2
and 3,whichmake up the aminoacylation active site (31, 40). An
N-terminal domain with weak homology to INS also appears to
function as a post-transfer editing domain in some lower
eukaryotic species (41). Pre-transfer editing of alanyl-adenylate
has been observed in ProRSs from all three kingdoms of life,
even those that lack an INS domain (22). In the ProRS system,
hydrolysis of the misactivated adenylate occurs in the absence
of tRNA and tRNA addition does not stimulate the activity (21,
22). Thus, this represents an ideal system to specifically probe
the mechanism of pre-transfer editing, because the lack of a
requirement for tRNA ensures only pre-transfer editing is
being observed. In this work, we investigate ProRS truncation
mutants designed to probe the INS domain of bacterial ProRS,
as well as the N- and C-terminal extension domains found in
lower eukaryotic and archaeal ProRSs, respectively, for their
role in amino acid activation, aminoacylation, and pre-transfer
editing.
In addition to probing the site of pre-transfer editing, we also

explore the mechanism of tRNA-independent pre-transfer
editing by Ec ProRS in more detail. Any mechanism that
involves formation of a non-cognate adenylate, followed by
preferential removal of that adenylate from the reaction path-
way leading to aminoacylated tRNA, can be considered pre-
transfer editing. However, there are multiple possible mecha-
nisms to achieve selectivity after the adenylate has been
synthesized. One mechanism, which we will term “selective
hydrolysis,” involves the transport of the adenylate to a distinct
active site in which the hydrolysis of non-cognate adenylates,
but not cognate adenylates, is catalyzed. Alternatively, enzy-
matic hydrolysis of non-cognate adenylates may occur in the
aminoacylation active site. In a third possible mechanism,
which we will term “selective release,” non-cognate adenylates
are bound to the enzymatic active site considerably less strongly
than cognate adenylates, leading to the release of the non-cog-
nate products into solution, where the intrinsic instability of
mixed anhydride functionality leads to rapid, non-enzymatic,
hydrolysis (Fig. 1, path 2). When the rate of adenylate release is
faster than the rate of aminoacyl transfer, this path has been
referred to as “kinetic proofreading” (42).
To distinguish between enzyme-catalyzed selective hydroly-

sis and selective release of Ala-AMP, a thin-layer chromatogra-
phy (TLC)-based assay was employed to directly measure the
rate of AMP formation by Ec ProRS. A separate “chase” assay
was used to release bound adenylate from the active site of the
enzyme to measure the rate of non-catalytic adenylate hydrol-
ysis in solution. The results of these experiments support a crit-
ical role for the aminoacylation active site in selective release of
noncognate adenylates by Ec ProRS.

EXPERIMENTAL PROCEDURES

Materials—All amino acids were purchased from Sigma and
were of the highest quality available (�99% pure). 3H-Labeled
proline and alanine were purchased from Amersham Bio-
sciences. Primers for site-directed mutagenesis and PCR were
purchased from Integrated DNA Technologies, Inc. (IDT).

FIGURE 1. Scheme showing proposed pre-transfer (paths 1–3) and post-
transfer (path 4) editing pathways.
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Enzyme Preparation—Overexpression and purification of
histidine-tagged Ec wild-type (WT) ProRS was performed as
described earlier (43). Two constructs encoding Ec ProRS lack-
ing the INS domain were constructed using Excite PCR-based
site-directed mutagenesis (Stratagene). The 163 residues of the
INS domain (amino acids 232–394) were replaced with either
an 8-residue Gly6Ser2 linker or a 16-residue Gly12Ser4 linker by
PCR amplification of the full-length plasmid pCS-M1S (44).
The following primers were used for the 8-residue linker: 5�-
AGAACCGCCGCCACCAGAACCGCCCGCTGCATAGTC-
AGAGGTGTCGGAGAAGAC-3� and 5�-TCTGGTGGCGG-
CGGTTCTGGTGGCCCAAGCCCGGATGGCCAGGGTA-
GGCTGCTG-3�. The underlined region encodes the linker
residues and a similar strategywas used to construct the 16-res-
idue linker. The PCR product was first digested with DpnI to
remove the parental plasmid followed by blunt end ligation.
The ligated product was then transformed into Ec XL1-blue
supercompetent cells (Stratagene), plated on Luria-Bertani
agar supplementedwith 100�g/ml of ampicillin, and incubated
at 37 °C overnight. Results of cloning were confirmed by auto-
mated DNA sequencing (Microchemical Facility, University of
Minnesota). Plasmids encoding both constructs were trans-
formed into Ec SG13009 (pREP4) (Qiagen) competent cells and
protein expression was induced with 0.1 mM isopropyl �-D-
thiogalactoside for 20 h at room temperature. Histidine-tagged
protein was purified using a Co2�-chelated Talon resin (Clon-
tech) according to the manufacturer’s protocol. The desired
proteins (designated Ec�INS Gly6Ser2 and Ec�INS Gly12Ser4)
were eluted with 25 mM imidazole, concentrated, and stored as
described earlier (43).
Plasmid pM445Mj-P encoding the WTMethanococcus jan-

naschii (Mj) proS gene and plasmid pM446Mtht-P encoding
WT Methanobacterium thermoautotrophicum (Mt) ProRS
were provided by Professor Kiyotaka Shiba (Japanese Founda-
tion for Cancer Research, Tokyo, Japan). Each WT proS gene
was cloned into the pKS583 plasmid (45), which contains a
histidine-tagged sequence. Mt ProRS was overexpressed and
purified according to previously described procedures (46).
Site-directed mutagenesis to incorporate a stop codon at posi-
tion 374 ofMj ProRS (to generateMj�C81)was performedwith
the QuikChange kit (Stratagene). The presence of the desired
mutation and the absence of undesired changes at other posi-
tions were confirmed by sequencing the entire gene. Plasmids
encoding histidine-tagged WT Mj ProRS and Mj�C81
(pPRS374) were transformed into BL21(DE3)pLysE cells and
colonies were selected by growth on chloramphenicol and
ampicillin media. Purification ofWTMj ProRS was performed
as described earlier (46). Mj�C81 was purified using the Talon
batch method. Briefly, Co2�-chelated Talon resin (Clontech)
was prepared according to the manufacturer’s protocol and
equilibrated for 20 min in sonication buffer (20 mM Tris-HCl
(pH 8.0), 100 mM NaCl, 10 mM �-mercaptoethanol, saturated
2-propanol solution of phenylmethanesulfonyl fluoride to a
final concentration of 0.75 mg/ml). The resin was then centri-
fuged at 3,000 � g for 5 min and the supernatant was removed.
Supernatant from the sonicated cells was added to the prepared
resin and allowed to equilibrate with shaking (�100 rpm) for
20–30 min. The resin was washed with 10 bed volumes of son-

ication buffer, followed by 20 bed volumes of wash buffer (20
mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM �-mercaptoetha-
nol, 10 mM imidazole). The desired protein was then eluted
with 10 1-ml aliquots of wash buffer containing 80 mM imidaz-
ole. Peak fractions containing Mj�C81 were detected by
SDS-PAGE.
The gene encoding Saccharomyces cerevisiae (Sc) ProRS was

cloned via PCR amplification of genomicDNA isolated from bak-
ers’ yeast using Pwo polymerase (Roche) and PCR primers, 5�-
CGCGCATGCCTGCCTGTTTCGGAAGCGTTT-3� and 5�-
CGCAAGCTTCTAATAAGAACGACCGAACAT-3�. The PCR
product was gel purified, digested with SphI and HindIII, and
ligated into the histidine-tagged protein expression vector pQE30
(Qiagen) to construct plasmid pJS550. A truncated Sc ProRS
mutant lacking the N-terminal 183 residues (Sc�183) was con-
structed similarly using primers 5�-CGCGCATGCCTTATTGG-
TATCACCGTAGAC-3� and 5�-CGCAAGCTTCTAATAAGA-
ACGACCGAACAT-3�. Histidine-tagged WT Sc ProRS and
Sc�183 proteins were purified as described previously (43).
The genomic sequence ofMethanococcusmaripaludis (Mm)

was obtained from Professor John Leigh at the University of
Washington. PCR amplification of theMm proS gene fromMm
cell paste (provided by Professor Jim Brown, North Carolina
State University) was carried out usingTaq polymerase and the
following PCR primers: 5�-CGCGGATCCGCGGAATTTTC-
CGAATGGTAC-3� and 5�-CGCGTCGACTTAGTATGTTC-
TGGCAACTGAAAT-3�. The PCR product was digested with
BamHI and SalI and ligated into pCR2.1TOPO cloning vector
(Invitrogen). The results of cloning were confirmed by auto-
mated DNA sequencing and the product was then digested
with BamHI and SalI and directionally cloned into the histi-
dine-tagged protein expression vector pQE30 (Qiagen), result-
ing in plasmid pJS860. The plasmid was transformed into Ec
SG13009 (pREP4) (Qiagen) competent cells and Mm ProRS
was overexpressed and purified using a Co2�-chelated Talon
resin (Clontech). The desired protein was eluted with 0.1 M
imidazole and stored as described previously (43).
RNAPreparation—Ec tRNAProwas prepared by in vitro tran-

scription using BstNI-linearized plasmid as described previ-
ously (44). Plasmids encoding WT Mj tRNAPro and the U70-
tRNAPro mutant were linearized using FokI prior to in vitro
transcription (22, 43). A plasmid encoding the Mm tRNAPro

gene was constructed by incorporating three changes (deletion
of U20b; mutation of G45A andA57G) into the plasmid encod-
ing WT Mj tRNAPro using the QuikChange multisite-directed
mutagenesis kit (Stratagene). The resulting plasmid encoding
Mm tRNAPro contains a FokI site within the target sequence so
the template for in vitro transcription was generated via PCR
using primers 5�-CCTGCAGTAATACGACTCACTATAGGG-
3� and 5�-TGGTGGGCCTGCCCAGATTCGAAC-3�, and
Turbo polymerase (Stratagene). The gene encoding Sc tRNAPro

was obtained by PCR of genomic DNA isolated from bakers’
yeast using primers 5�-CGGATTTCCTGCAGTAATACGAC-
TCACTATAGGGCGTGTGGTCTAGTGG-3� and 5�-CGC-
GGATCCTGGGGGGCGAGCTGGGAATTG-3�. The PCR
products were digested with BamHI and EcoRI and ligated into
plasmid pFVal119 (47). An intron present within the tRNAPro

gene was removed using Transformer site-directed mutagene-
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sis (Clontech) to generate pJS607t. The plasmid was linearized
using FokI and tRNA was transcribed using T7 RNA polymer-
ase. The WT coding sequence was confirmed by DNA
sequencing.
Circular Dichroism (CD) Spectroscopy—CD spectra of WT

and truncated Ec ProRS were recorded using a J-715 spectro-
photometer (Jasco) and 0.5 mg/ml protein in 50 mM sodium
sulfate and 10 mM TES (pH 7.5), at room temperature.
Enzyme Assays—Enzyme concentrations for all proteins

were determined initially using the Bio-Rad Protein Assay Kit
(Bio-Rad) and then by active site titration using the adenylate
burst assay (48).
ATP-PPi Exchange Assays—The ATP-PPi exchange reaction

was performed according to the publishedmethod (21, 49). The
concentrations of proline ranged from 0.05 to 2 mM forWT Ec
ProRS and 2 to 25 mM for Ec�INS Gly12Ser4. The alanine con-
centrations ranged from 200 to 800 mM, whereas the cis-4-hy-
droxy-proline concentration varied from 25 to 500 mM. The
enzyme concentrations used for proline activation were 1 nM
forWTEc ProRS and 10 nM for Ec�INSGly12Ser4. The enzyme
concentrations used for alanine activation were 20 nM for WT
Ec ProRS and 0.5–1.7 �M for Ec�INS Gly12Ser4. For cis-4-hy-
droxyproline, 10 nM WT Ec ProRS and 200 nM Ec�INS
Gly12Ser4 were used. Assays were performed at 37 °C and
kinetic parameters were determined from Lineweaver-Burk
plots and represent the average of at least two determinations.
Pre-transfer Editing Assays—ATP hydrolysis reactions to

monitor pre-transfer editing were carried out as described pre-
viously (21). The alanine concentration used was 500 mM and
the proline concentration varied depending on the species as
follows: 10mM (Mmand Sc), 10 or 100mM (Ec) and 500mM (Mj
andMt). Cis- and trans-4-hydroxyproline concentrations were
500 mM. The reactions were initiated with enzyme to give the
following final concentrations of ProRS: 2 �M (Mt and Mm),
2–10 �M (WT Ec and Ec�INS Gly12Ser4), 0.5 �M (Mj), 1 �M
(Mj�C81), and 4 �M (Sc). Assays were conducted at 24 °C with
Ec andMm ProRS, 30 °C with Sc ProRS, and 60 °C withMj and
Mt enzymes. The reactions in the presence of tRNA were per-
formed with 5–10 �M final concentration of cognate tRNA.
Aminoacylation Assays—Aminoacylation reactions were

performed under standard conditions (50) with 0.5–25 �M
tRNAPro and 22.7 �M [3H]proline. The enzyme concentrations
used were 5 nM (WTMj ProRS), 50 nM (Mj�C81), 100 nM (WT
Ec ProRS, Ec�INSGly12Ser4,WTSc ProRS, Sc�N183, andMm
ProRS), and 500 nM (Ec�INS Gly6Ser2).
TLC Assay to Monitor AMP Formation by Ec ProRS—AMP

formationwasmeasured in reactionmixtures containing either
150 or 250 �M ATP, 1 mM proline or 500 mM alanine, 100 mM
Tris-HCl (pH7.0), 10mMpotassium fluoride, 10mM2-mercap-
toethanol, 10mMMgCl2, 0.06�g/�l pyrophosphatase, and 0.25
�M �-[32P]ATP (AmershamBiosciences). Reactions were incu-
bated at 37 °C and initiated by addition of 0.5 �M Ec ProRS.
Aliquots (2.0 �l) were quenched in 8.0 �l of 200 mM sodium
acetate (pH 5.0). Quenched aliquots (1.0 �l each) were spotted
in duplicate on polyethyleneimine cellulose plates (Sigma) pre-
washed with water. Separation of aa-[32P]AMP, [32P]AMP, and
[32P]ATP was performed by developing TLC plates in 0.1 M
ammonium acetate, 5% acetic acid (51). Plates were visualized

by phosphorimaging and data were analyzed using Bio-Rad
Molecular Imager FX software. The positions corresponding to
elution of Ala-AMP and free AMP were confirmed by using
chemically synthesized Ala-AMP prepared as described (52)
and commercially available AMP (Sigma). All data points were
corrected for a small background rate of ATP hydrolysis in the
absence of ProRS. The concentration of aa-AMP and AMP in
each separated band was determined by spotting a known con-
centration of [32P]ATP on each TLC plate. The volume density
for the known [32P]ATP spot was then compared with the vol-
ume densities for [32P]AMP and aa-[32P]AMP bands. Rate con-
stants were obtained from graphs of aa-[32P]AMP and
[32P]AMP formation plotted against time. To check the effect
of cognate tRNA on the rate of AMP formation, some reactions
were performed in the presence of 15�M tRNAPro. All reactions
were performed in triplicate.
Non-enzymatic Hydrolysis of Adenylates—The rate of non-

enzymatic adenylate hydrolysis was measured by performing a
chase assay wherein a non-hydrolyzable adenylate analog,
5�-O-[N-(L-prolyl)-sulfamoyl]adenosine (L-PSA, RNA-Tec,
Leuven, Belgium), was added to the reactionmixtures following
initiation of Pro-AMP and Ala-AMP synthesis as described
above. This adenylate analog was previously shown to be a
potent inhibitor of Ec ProRS (49), and when added in vast
excess to the reaction mixtures, L-PSA is expected to release
cognate and non-cognate aminoacyl-adenylate from the syn-
thetic active site of the enzyme. For the chase experiments,
which were adapted from Perona and co-workers (39), 0.5 �M
ProRSwas first incubatedwith 1mMproline or 500mM alanine,
150 or 250 �M ATP, and 0.25 �M �-[32P]ATP for 10 min at
37 °C. Following the addition of L-PSA (1 mM–10 mM), hydrol-
ysis activity was quenched at various time points (0.5 to 10min)
by mixing 2 �l of the reaction mixture with 8 �l of 200 mM
sodium acetate (pH 5.0). TLC separation was then performed
and reactions were quantified as described above. Rate con-
stants for non-enzymatic hydrolysis were obtained by plotting
the concentration of aa-[32P]AMP against time and fitting the
data to a first-order decay curve. All reactions were performed
in triplicate.
Determination of Ki for L-ASA—The ATP-PPi exchange

reaction was used to determine the inhibition constant (Ki) for
5�-O-[N-(L-alanyl)-sulfamoyl]adenosine (L-ASA, RNA-Tec,
Leuven, Belgium). ATP-PPi exchange reactions were per-
formed essentially as described above. For the inhibition
studies, 1 nM ProRS, L-ASA (25 to 100 nM), and variable
amounts of proline (0.1 to 2 mM) were incubated in 144 mM
Tris-HCl, pH 8.0, and 0.2 mg/ml bovine serum albumin for
10 min at 37 °C. Reactions were initiated with addition of 2.4
mM ATP, which had been pre-equilibrated for 10 min at
37 °C. Aliquots (50 �l) were quenched in 500 �l of stop solu-
tion containing 11%HClO4, 0.3 M PPi, and 1% activated char-
coal at 4 °C, and vortexed. The quenched solutions were then
vacuum filtered on glass filter paper circles and washed with
7 ml of 1% HClO4, 25 mM PPi, followed by 7 ml of water. The
filter paper pads were counted in 5 ml of scintillation fluor.
Specific activity was measured by counting 10 �l of the reac-
tion mixture in 5 ml of scintillation fluor. Initial reaction
rates were determined from plots of [32P]ATP formation
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against time. Lineweaver-Burk plots were generated and
replots of the Lineweaver-Burk plot slopes against L-ASA
concentration gave a straight line with an x intercept of �Ki
(53).

RESULTS

Wild-type and Truncated ProRS
Constructs—ProRSs are subdivided
into two phylogenetically distinct
groups based on sequence homol-
ogy and their primary structures:
“eukaryotic-like” and “prokaryotic-
like” (44, 54). Most prokaryotic-like
ProRSs, including the Ec enzyme,
contain an alanine-specific post-
transfer editing domain (INS)
between class II consensus motifs 2
and 3 (40). Eukaryotic-like ProRSs
lack this insertion, but instead have
C- and/or N-terminal extension
domains of unknown function. Fig.
2 shows a schematic diagram of the
domain architecture of prokaryotic-
like and eukaryotic-like ProRS
enzymes examined in this work.
Two Ec ProRS mutants were con-
structed by deleting 163 amino acid
residues (residues 232–394) of the

INS domain and inserting either an 8- or 16-residue Gly/Ser
spacer peptide (Fig. 2, top). To determine whether the internal
truncation mutants, Ec�INS Gly6Ser2 and Ec�INS Gly12Ser4,
were properly folded, we compared the CD spectra of these
mutants with that of the WT enzyme. As shown in Fig. 3, the
CDspectra of the truncated variants are similar toWT, suggest-
ing that their global fold is similar.
The archaeal enzymes fromMj,Mt, andMmstudied here are

characterized by an �70-residue C-terminal extension with no
resemblance to the prokaryotic INS domain. Also, the C-termi-
nal domain of these archaeal ProRSs are closely related (�30%
sequence identity), but display much lower homology to the
C-terminal extensions found in eukaryotic ProRS. To test the
role of the C-terminal domain of Mj ProRS, a truncation
mutant was constructed by inserting a stop codon at residue
374 located at the beginning of the extension to generate
Mj�C81 (Fig. 2,middle).

Finally, Sc ProRS is a eukaryotic-like enzyme containing an
N-terminal extension with weak homology to the prokaryotic-
like INS domain. To probe the role of theN-terminal domain of
Sc ProRS, a truncation mutant, Sc�N183, was constructed by
deleting 183 residues from the N terminus (Fig. 2, bottom).
Activation of Proline and Alanine—Using the ATP-PPi

exchange reaction,we found that Ec�INSGly12Ser4 ProRS acti-
vates proline, but with a 6-fold lower kcat and significantly ele-
vated Km (200-fold) relative to the WT Ec enzyme (Table 1).
Thus, the overall decrease in proline activation efficiency rela-
tive to WT is �1200-fold. Alanine activation by this internal
truncation mutant was also significantly reduced compared
with the WT enzyme (Fig. 4). The low level of activity did not
allow kinetic parameters to be determined in this case.
In contrast to the low levels of amino acid activation achieved

by the variant containing a 16-amino acid linker peptide, the
ability of the Ec�INS Gly6Ser2 mutant to activate proline and

FIGURE 2. Schematic representation of prokaryotic-like and eukaryotic-like ProRSs. Numbering in the
insertion domain of prokaryotic-like ProRS indicates the sites of truncation to generate Ec�INS Gly6Ser2 and
Ec�INS Gly12Ser4. Numbering in the C and N terminus of eukaryotic-like ProRSs indicates sites of truncation to
generate Mj�C81 and Sc�N183 ProRSs, respectively. AC indicates the anticodon binding domain.

FIGURE 3. CD spectra of Ec WT and truncated ProRSs. CD spectra of Ec WT
ProRS (�), Ec�INS Gly6Ser2 (Œ), and Ec�INS Gly12Ser4 (f) were measured as
described under “Experimental Procedures” using a 0.1-cm path length
cuvette.

TABLE 1
Kinetic parameters for activation of amino acids by WT and
truncated Ec ProRS

Ec ProRS Amino acid kcat Km kcat/Km kcat/Km

s�1 mM s�1 mM�1 relative
WT Prolinea 70 	 25 0.25 	 0.04 280 1

Alaninea 1.7 	 0.56 140 	 65 0.01 3.6 � 10�5

Cisb 21 	 1.1 55 	 10 0.38 1.4 � 10�3

Transb 15 	 1.2 237 	 7 0.06 2.1 � 10�4

�INSc Proline 12 	 2.6 50 	 14.4 0.24 0.9 � 10�3

Cis 0.056 	 0.01 53 	 1.3 0.0011 3.8 � 10�5

a As reported in Ref. 22.
b Cis and trans refer to cis-4-hydroxyproline and trans-4-hydroxyproline, respectively.
c �INS refers to the Ec�INS Gly12Ser4 construct.
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alaninewas completely abolished (data not shown). Addition of
cognate tRNA failed to stimulate amino acid activation (data
not shown). Taken together, these results suggest that although
the global fold of the truncated proteins appears to be similar to
theWT enzyme (Fig. 3), deletion of the insertion domain has a
profound effect on the amino acid activation reaction.
Ec ProRS is also able to activate cis- and trans-4-hydroxypro-

line (21) and the kinetic parameters for the WT enzyme are
shown in Table 1. Although the activity of the Ec�INS
Gly12Ser4 variant in the presence of the trans analog was too
low to measure kcat and Km, kinetic parameters for the cis ana-
log were determined. Interestingly, whereas the kcat was
severely reduced (�400-fold), the Km was similar to that of the
WT enzyme (Table 1).
The eukaryotic-like truncationmutants shown in Fig. 2 were

also tested for their ability to activate cognate proline. The
amino acid activation efficiency was reduced �25-fold for
Mj�C81 and �3.5-fold for Sc�N183 compared with their WT
counterparts, suggesting that the extension domains play a sig-
nificant but less important role in adenylate formation relative
to the prokaryotic INS domain.
Aminoacylation of tRNAPro—We next determined the effect

of deleting the insertion/extension domains on aminoacylation
activity. As expected based on the lack of amino acid activation
activity, aminoacylation by Ec�INS Gly6Ser2 ProRS was also
not detected. Surprisingly, the overall charging efficiency of
Ec�INS Gly12Ser4 was enhanced 4-fold relative to the WT
enzyme (Table 2). The kinetic parameters for aminoacylation
byWT Ec ProRS were measured to be kcat 
 0.239 	 0.016 s�1

andKm (tRNAPro)
 14.14	 2.63�M,whereas those of Ec�INS
Gly12Ser4 were kcat of 0.0091 	 0.001 s�1 and Km (tRNAPro) 

0.131 	 0.009 �M. These results suggest that in the presence of
an optimal length linker, the INS domain is dispensable for
aminoacylation. On the other hand, deletion of the C-terminal
extension of Mj ProRS results in an �6-fold reduction in ami-
noacylation efficiency (Table 2). The strictly conserved tyrosine
at the C terminus of the eukaryotic-like ProRS has been shown

to interactwith and stabilize the aminoacylation active site (55).
Thus, the modest decrease in aminoacylation activity may be
due to loss of these stabilizing interactions. Deletion of the
N-terminal extension domain of Sc ProRS has an even smaller
effect, reducing aminoacylation efficiency �3-fold relative to
the WT enzyme (Table 2).
Pre-transfer Editing Activity—Stimulation of ATP hydrolysis

is considered indicative of pre-transfer editing because noncog-
nate amino acids that are hydrolytically edited are repeatedly
reactivated by the synthetase, consumingATP in each cycle (5).
In contrast, the cognate adenylate is bound to the synthetase
until the transfer reaction and is not expected to significantly
stimulate ATP hydrolysis. We previously showed that Ec and
Mj ProRSs possess tRNA-independent pre-transfer editing
against alanine (21, 49). Here, we tested the pre-transfer editing
activity of two additional archaeal ProRSs. For bothMt andMm
ProRS, ATP hydrolysis is stimulated in the presence of alanine
but not in the presence of cognate proline, suggesting that these
enzymes also possess pre-transfer editing activity (Fig. 5).
Moreover, stimulation of ATP hydrolysis occurs in the absence
of cognate tRNA and addition of tRNA does not stimulate edit-
ing further (data not shown). Similarly, WT Sc ProRS carries
out tRNA-independent pre-transfer editing in the presence of
alanine but not proline (Fig. 6A).
To probe the role of the INSdomain in pre-transfer editing of

prokaryotic-like ProRS, we tested theATPhydrolysis activity of
Ec�INS Gly12Ser4 in the presence of alanine and proline ana-

FIGURE 5. Pre-transfer editing activity of WT Ec, Mt, and Mm ProRSs. Plot
showing stimulation of ATP hydrolysis in the presence of non-cognate ala-
nine (500 mM) but not in the presence of proline (10 mM) for the indicated
enzymes. The enzyme concentrations used were 2 �M for Ec (ƒ), Mm (Ala (Œ),
Pro (�)), and Mt ({) ProRS.

TABLE 2
Relative aminoacylation efficiencies of WT and truncated ProRS
variants
Values reported are the average of two or three experiments with �25% difference
between trials. kcat/Km is given relative toWT for each species, which was set at 1.0.

ProRS kcat/Km (relative)
s�1 �M�1

Ec WT 1.0
Ec�INS 4.04
Mj-WT 1.0
Mj�C81 0.18
Sc WT 1.0
Sc�N183 0.29

FIGURE 4. Alanine activation by Ec WT and truncated ProRSs. Alanine acti-
vation was monitored using the ATP-PPi exchange reaction carried out at
37 °C using 1 nM WT Ec ProRS (Œ) and 0.5 (�) or 1.7 �M ({) Ec�INS Gly12Ser4.
The inset expands the reaction time course for Ec�INS Gly12Ser4.
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logs. Although we could not observe any pre-transfer editing
activity for Ec�INSGly12Ser4 against alanine (Fig. 6B) or trans-
4-hydroxyproline (data not shown), ATP hydrolysis was stim-
ulated in the presence of cis-4-hydroxyproline (Fig. 6C). Addi-
tion of up to 10 �M cognate Ec tRNAPro transcript did not
stimulate editing further (data not shown). Similarly, stimula-
tion of ATP hydrolysis was not observed in the presence of 10
�M cloned INS domain (data not shown) (40). Because stimu-
lation of ATP hydrolysis depends on the initial formation of
adenylate, the lack of pre-transfer editing of alanine and trans-
4-hydroxyproline by Ec�INSGly12Ser4 is likely due to the weak
adenylate synthesis activity observed in the presence of these
non-cognate amino acids (Fig. 4). In addition, the reduced pre-
transfer activity of the deletion mutant against cis-4-hy-
roxyproline relative toWTEc ProRS (Fig. 6C) is consistentwith
their relative amino acid activation activities (Table 1). Inter-
estingly, in contrast to WT Ec ProRS where very low levels of
ATPhydrolysis are observed in the presence of proline, Ec�INS
Gly12Ser4 exhibits significant pre-transfer editing of the cog-
nate amino acid (Fig. 6B). The Km

Pro measured for the �INS
variant is elevated �200-fold relative toWT ProRS, suggesting
that weak binding of the prolyl-adenylate may contribute to
release and subsequent hydrolysis. The correlation between
amino acid Km and rate of pre-transfer editing is discussed fur-
ther below.
The contributions of the extra domains of eukaryotic-like

ProRS to pre-transfer editingwere also examined.Only aminor

reduction (�2-fold) in the pre-
transfer editing activity ofMj ProRS
was observed upon deletion of the
C-terminal extension domain (Fig.
6D). Similarly, the pre-transfer edit-
ing activity of the N-terminal trun-
cated Sc ProRS was reduced only
�3-fold relative to theWT enzyme,
suggesting that the N-terminal
domain of Sc ProRS is not directly
involved in the hydrolysis of non-
cognate aminoacyl-adenylates (Fig.
6A). Taken together, these studies
suggest that neither the INS domain
of Ec ProRS nor the extension
domains of eukaryotic-like ProRSs
are the site of pre-transfer editing.
AMP Formation in the Presence of

Proline and Alanine by Ec ProRS—
As mentioned above, in the absence
of tRNA, ProRS acts as an ATP
hydrolase through the iterative for-
mation and hydrolysis of non-cog-
nate aminoacyl-adenylates, which
results in a net conversion of ATP to
AMP and PPi. To characterize the
pre-transfer editing activity of Ec
ProRS in more detail, we utilized an
assay in which we could simulta-
neously monitor AMP and aa-AMP
formation in the presence of both

proline and alanine. Reaction products were separated by TLC
(Fig. 7,A andB) and accumulation of [32P]AMPand aa-[32P]AMP
in solutionovermultiple turnoverswas quantifiedusingPhospho-
rImager analysis. From the TLC images, it was apparent that the
formation of AMP increased over time for both cognate and non-
cognate substrates, but as expected, the alanine reaction exhib-
ited a greater extent and rate of net ATP hydrolysis than the
proline reaction. The rate of AMP formation in the presence of
500mM alanine was 3-fold greater than the rate of AMP forma-
tion in the presence 1 mM proline (Table 3, Fig. 7, C and D).
Similar results were obtained with 33.5 mM proline (data not
shown), and ATP hydrolysis in the presence of alanine was
not stimulated by the addition of up to 15�M tRNAPro (data not
shown), consistentwith previously published data (21). Control
reactions showed that there was very little formation of AMP
detected in the absence of enzymeor amino acid. Therefore, the
formation of the AMP could not have been due to spontaneous
hydrolysis of ATP and must be the result of adenylate
hydrolysis.
There exist two possibilities for the tRNA-independent

hydrolysis of the aa-AMP observed in these reactions. AMP
could be generated from an enzyme-catalyzed hydrolysis of the
adenylate, or alternatively, the adenylate could be released from
the enzyme and undergo non-catalytic hydrolysis in solution
(Fig. 1, paths 1 and 2, respectively). Interestingly, for both ala-
nine and proline reactions shown in Fig. 7, the amount of free
adenylate present in solution exceeds the concentration of

FIGURE 6. Pre-transfer editing activity of WT and truncated ProRSs. Plot showing stimulation of ATP hydrol-
ysis by: WT Sc and Sc�N183 ProRS (4 �M) in the presence of 500 mM alanine (ƒ, (WT), Œ (�N183)), and 10 mM

proline (E (WT), � (�N183)) (A); WT Ec ProRS and Ec�INS Gly12Ser4 (4 �M) in the presence of 100 mM proline (Œ
(WT), � (�INS)) and 500 mM alanine (ƒ (WT), E (�INS)) (B); WT Ec ProRS (2 �M) and Ec�INS Gly12Ser4 (4 �M) in the
presence of 500 mM cis-4-hydroxyproline (Cis) (Œ (WT), � (�INS)) (C); and WT Mj ProRS (0.5 �M) and Mj�C81 (1.0
�M) in the presence of 500 mM alanine (Œ (WT), � (�C81)) (D). Assays were performed at 24 °C with Ec and Mm
ProRS, 30 °C with Sc ProRS, and 60 °C with Mj and Mt enzymes. Each assay was carried out in duplicate with the
values differing by �20%.
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enzymeused. This is consistentwith the selective releasemech-
anism of pre-transfer editing. To gain further evidence for this
pathway, the non-enzymatic rates of Pro-AMP and Ala-AMP
hydrolysis were measured. This was accomplished by carrying
out standard reactions with labeled ATP in the presence of
alanine or proline for an initial period of time (�10 min) fol-
lowed by a chase with high concentrations of L-PSA. This non-
hyrolyzable adenylate analog binds to ProRSwith low nanomo-
lar affinity (49) and is expected to result in irreversible release of
bound substrates. The hydrolysis in solution of released aa-
AMP was monitored by TLC. The rate constant for non-enzy-
matic hydrolysis of Pro-AMP was 17.8 � 10�2 min�1 (Fig. 8, A
and C, Table 2). This rate was �9-fold greater than kobs deter-
mined in the ATP turnover assay, whichmeasures the total rate
of ATP hydrolysis (both catalytic and non-catalytic) observed
in the presence of Ec ProRS. The kobs for the non-enzymatic
hydrolysis of Ala-AMP was 11.3 � 10�2 min�1 (Fig. 8B, Table

2), whichwas 2-fold greater than the
total hydrolysis rate determined in
the ATP hydrolysis reaction. These
data demonstrate that the rate of
adenylate hydrolysis following the
release of the adenylate into solu-
tion is greater than the rate of total
hydrolysis, measured in the pres-
ence of ProRS. Thus, adenylate
hydrolysis is not the rate-limiting
step in the alanine-stimulated ATP
hydrolysis reaction.
Determination of Ki for L-ASA—

The non-enzymatic pathway of pre-
transfer editing requires that non-
cognate adenylates are more readily
released from the enzyme active site
than the cognate substrate (42). To
gain insights into the relative bind-
ing affinities of Pro-AMP and Ala-
AMP, inhibition studies were car-
ried out using the adenylate analogs
L-PSA and L-ASA. Enzyme binding
to these non-hydrolyzable analogs
should closely approximate binding
of the corresponding adenylates and
dissociation constants for the ana-
logs can reasonably be used as prox-
ies for those of the adenylate inter-
mediates. L-PSA was previously

shown to be a potent inhibitor of the ATP-PPi exchange reac-
tion (Ki 
 4.3 nM) (49). Here, the ATP-PPi exchange assay was
used to determine the inhibition constant for L-ASA in the
presence of varying proline concentrations. Fig. 9 shows a plot
of the slopes obtained from the Lineweaver-Burk plots against
the L-ASA concentration. From the x intercept of this plot, the
Ki for L-ASA was found to be 88.0 	 5.6 nM. The Ki for L-ASA
wasmuchhigher than the previously reportedKi for L-PSA (49).
Hence, Ec ProRS binds L-PSA with a 20-fold greater affinity
relative to L-ASA.

To further establish whether there is a correlation between
binding affinity and pre-transfer editing, we measured the rate
of pre-transfer editing by Ec ProRS in the presence of proline,
alanine, cis-4-hydroxyproline, and trans-4-hydroxyproline.
The Km of these amino acids in adenylate formation was deter-
mined by ATP-PPi exchange assays as mentioned previously.
Fig. 10 shows that there is a positive correlation between the
rate of pre-transfer editing by Ec ProRS and theKm of the amino
acid analogs examined. Taken together, these results suggest
that noncognate amino acids and the corresponding adeny-
lates, which are less tightly bound in the synthetic active site of
the enzyme relative to the cognate adenylate, are selectively
released and undergo solution hydrolysis.

DISCUSSION

Aminoacyl-tRNA synthetases are highly modular and edit-
ing functions tend to reside in appended domains of these
enzymes (37, 56). The latter may be insertion domains within

FIGURE 7. TLC-based assay for pre-transfer editing. A, reaction time course showing chromatographic sep-
aration of Ala-[32P]AMP and [32P]AMP. B, reaction time course showing chromatographic separation of Pro-
[32P]AMP and [32P]AMP. C, graphical representation of TLC data shown in panel A. D, graphical representation
of TLC data shown in panel B.

TABLE 3
Observed rate constants for overall AMP formation and non-
enzymatic adenylate hydrolysis in the presence of Ec ProRS

Proline Alanine
kobs (min�1)

AMP formationa (1.95 	 0.2) � 10�2 (5.44 	 1.5) � 10�2

Non-enzymatic hydrolysisb (17.8 	 2.4) � 10�2 (11.3 	 1.7) � 10�2

a Rates were determined using the adenylate synthesis TLC assay described under
“Experimental Procedures.”

b Rates were determined by monitoring the rate of adenylate decay using the L-PSA
chase assay. All rates represent the average of 3 trials with the standard deviations
indicated.
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the aminoacylation active site, such
as the CP1 domain of class I synthe-
tases (9, 10, 27). Alternatively, they
mayexist as additional domains at the
termini, such as the N-terminal
domain of Ec threonyl-tRNA synthe-
tase (20). A divergence in editing
functions is observed between pro-
karyotic-like and eukaryotic-like
ProRSs. Whereas most prokaryotic-
like ProRSs contain an INS domain
and possess both pre-transfer and
post-transfer editing activities, most
eukaryotic-like ProRSs lack an INS
domain and possess only pre-transfer
editing activity (21, 22, 41).
An earlier mutagenesis study

exploring the role of the INS domain in editing by Ec ProRS
established that this is the site of post-transfer editing of Ala-
tRNAPro, and suggested that this domainmay also play a role in
pre-transfer editing (31). To further investigate the role of INS
in pre-transfer editing, we previously reported the preparation
of a �INS construct containing a deletion from residues 249 to
418,which resulted in removal of 86%of the editing domain and
11 flanking residues (40). The end points for this internal dele-
tion were chosen to encompass the majority of the editing
domain and also reflected convenient sites for cloning without
disrupting sequences within the class II consensus motifs 2 and
3. Although this variant could still activate alanine and was
defective in both pre- and post-transfer editing, it was unable to
activate proline or to aminoacylate tRNAPro. In the present
work, the deletion construct was re-designed in an attempt to
ensure that all critical residues for proline activation were
maintained. We also incorporated a GlyxSery flexible linker
between motifs 2 and 3 of the aminoacylation catalytic domain
(Fig. 2). The optimal Ec�INS Gly12Ser4 construct displayed
�1200-fold reduced proline activation efficiency but amino-
acylated tRNAPro with an overall kcat/Km that was comparable
with WT ProRS.
Although the new�INS construct failed to exhibit pre-trans-

fer editing activity against alanine or trans-4-hydroxyproline,
this was not unexpected due to the lack of adenylate formation
for these substrates under normal reaction conditions. In con-
trast, the Ec�INS Gly12Ser4 variant did exhibit pre-transfer
editing against cis-4-hydroxyproline. Although the efficiency of
cis-4-hydroxyproline activation was reduced �350-fold rela-
tive to the WT enzyme, the pre-transfer editing activity was
only reduced 6-fold (Table 1, Fig. 6C). In the case of cis-4-hy-
droxyproline, the rate of adenylate formation is significantly
higher than that of the trans-isomer, and the Km for the cis-
isomer is the same as that ofWT Ec ProRS (�50mM) (Table 1).
Surprisingly, pre-transfer editing of the cognate proline by
Ec�INS Gly12Ser4 is also observed, and the measured Km

Pro is
the same as the Km for cis-4-hydroxyproline. Taken together,
these results suggest that the INS domain of Ec ProRS is not
essential for pre-transfer editing per se, but appears to play a
role in proper formation or stabilization of active site residues
that facilitate aa-AMP formation.

FIGURE 8. TLC-based chase assay. Chase assay showing non-enzymatic hydrolysis of Pro-AMP (A) and Ala-
AMP (B) measured in solution after addition of the nonhydrolyzable Pro-AMP analog, L-PSA. The data are fit to
the equation y 
 Ae�kt.

FIGURE 9. Determination of Ki for L-ASA. Data were obtained using the
ATP-PPi exchange assay as described under “Experimental Procedures.” The
intercept of the x axis corresponds to �Ki.

FIGURE 10. Correlation between the rate of net ATP hydrolysis by Ec
ProRS and the Km of various amino acids. The x axis shows the Km of the
amino acid determined using the standard ATP-PPi exchange assay, and
the y axis corresponds to the ATP hydrolysis activity of ProRS (2 �M) meas-
ured at 24 °C in the presence of 10 mM proline (Pro), 250 mM cis-4-hy-
droxyproline (Cis), 500 mM alanine (Ala), and 500 mM trans-4-hydroxypro-
line (Trans).
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TheC-terminal extension domain of the archaeal ProRS spe-
cies is also dispensable for pre-transfer editing, as Mj�C81 dis-
played only �2-fold reduced activity relative to WTMj ProRS
(Fig. 5D). Although the precise role of the C-terminal domain is
not known, structural studies show that it folds into an inde-
pendent structural domain, and that the strictly conserved ter-
minal tyrosine residue interacts with and stabilizes the amino-
acylation active site (55, 57). The N-terminal extension domain
of Sc ProRS resembles the Ec INS domain (�13% sequence
identity), but lacks post-transfer editing activity (41).4 This
domain is also dispensable for pre-transfer editing. The small
decrease (�3-fold) in pre-transfer editing activity of Sc�N183
is consistent with the decreased rate of adenylate formation
displayed by this variant,4 and further supports the conclusion
that the appended domains play a role in proper assembly of the
synthetic active site pocket, but do not play a crucial role in
pre-transfer editing activity. Structural changes upon substrate
binding have been observed for other class II synthetases. For
example, in the case of eukaryotic-like Thermus thermophilus
ProRS, residues located distantly from the synthetic active site
contribute to proper substrate selection and binding (55). It is
possible that some of the residues in the INS or extension
domains of ProRS are involved in similar induced-fit rearrange-
ments required for optimal substrate binding and catalysis.
The TLC assay used to investigate editing by Ec ProRS in

more detail allowed direct observation of adenylate release
from the enzyme. The steady-state levels of adenylate are sig-
nificantly higher for Ala-AMP than for Pro-AMP (Fig. 7, A and
B) and in both cases exceed the amount of ProRS present. As
expected, net ATP hydrolysis by Ec ProRS with Ala-AMP as an
intermediate occurs 3 times faster than ATP hydrolysis when
cognate Pro-AMP is formed. In contrast, the rate of non-enzy-
matic hydrolysis of Pro-AMP is �2-fold greater than that of
Ala-AMP, consistent with earlier reports (58, 59). In both cases,
the rate of adenylate hydrolysis in solution exceeds the rate of
total ATP hydrolysis in the presence of ProRS. These findings
together with measured inhibition constants for substrate ana-
logs L-ASA and L-PSA support a selective release model for
pre-transfer editing by Ec ProRS. The direct correlation
between the Km of various proline analogs in adenylate synthe-
sis and the rate of pre-transfer editing as measured by net ATP
hydrolysis (Fig. 10), is also in accord with this conclusion. The
total amount of ATP consumption in the presence of alanine
and tRNAPro should reflect the summed contributions of selec-
tive release and post-transfer editing. The lack of additional
stimulation of ATPhydrolysis in the presence of tRNA suggests
that pre-transfer editing may be the dominant pathway of ala-
nine proofreading by ProRS.
In summary, the insertion/extension domains of prokaryotic

and eukaryotic ProRSs are not involved in pre-transfer editing
function. However, their presence enhances adenylate synthe-
sis, most likely by facilitating proper formation of the synthetic
active site. This result is in contrast to the pre-transfer editing
pathways proposed for class I isoleucyl-tRNA synthetase (32,
60, 61) and leucyl-tRNA synthetase (9), which involve enzy-

matic hydrolysis in a distinct editing domain (30), but is in good
agreement with a recent report showing an enzyme-catalyzed
pre-transfer editing-like reaction in the aminoacylation active
site of class I glutaminyl-tRNA synthetase (39). The data pre-
sented here suggest that the major pathway for pre-transfer
editing by class II Ec ProRS is not enzyme-catalyzed, but
involves selective release of the noncognate amino acid from
the active site of the enzyme followed by hydrolysis in solution.
To definitely establish the existence of kinetic proofreading, it
will be necessary to determine the elementary rates of amino
acid transfer to the tRNA versus the rate of release/hydrolysis,
and these studies are currently underway.
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