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ABSTRACT: The trimeric GatCAB aminoacyl-tRNA amidotransferases catalyze the amidation of Asp-
tRNAAsn and/or Glu-tRNAGln to Asn-tRNAAsn and/or Gln-tRNAGln, respectively, in bacteria and archaea
lacking an asparaginyl-tRNA synthetase and/or a glutaminyl-tRNA synthetase. The two misacylated tRNA
substrates of these amidotransferases are formed by the action of nondiscriminating aspartyl-tRNA
synthetases and glutamyl-tRNA synthetases. We report here that the presence of a physiological
concentration of a nondiscriminating aspartyl-tRNA synthetase in the transamidation assay decreases the
Km of GatCAB for Asp-tRNAAsn. These conditions, which were practical for the testing of potential
inhibitors of GatCAB, also allowed us to discover and characterize two novel inhibitors, aspartycin and
glutamycin. These analogues of the 3′-ends of Asp-tRNA and Glu-tRNA, respectively, are competitive
inhibitors of the transamidase activity ofHelicobacter pyloriGatCAB with respect to Asp-tRNAAsn, with
Ki values of 134µM and 105µM, respectively. Although the 3′ end of aspartycin is similar to the 3′ end
of Asp-tRNAAsn, this analogue was neither phosphorylated nor transamidated by GatCAB. These novel
inhibitors could be used as lead compounds for designing new types of antibiotics targeting GatCABs,
since the indirect pathway for Asn-tRNAAsn or Gln-tRNAGln synthesis catalyzed by these enzymes is not
present in eukaryotes and is essential for the survival of the above-mentioned bacteria.

The specific aminoacylation of tRNAs is at the center of
the faithful translation of nucleic acid sequence information
into proteins. This process involves mainly the aminoacyl-
tRNA synthetases (aaRS)1 but also enzymes involved in the
editing or maturation of aminoacyl-tRNAs whose aminoacyl
moiety does not correspond to the anticodon moiety accord-
ing to the genetic code [reviewed by Ataide and Ibba (1)].
Some of these misacylated tRNAs are deacylated by editing
domains present in certain aaRSs or by free deacylases (refs
2 and3 and references therein), whereas others are modified

on their aminoacyl moiety. The aminoacyl-tRNA amidot-
ransferase (AdT) (4) is such a modifying enzyme used in
the indirect pathway of Gln-tRNAGln and/or Asn-tRNAAsn

biosynthesis from Glu-tRNAGln and/or Asp-tRNAAsn, in
archaea and bacteria that lack the aminoacyl-tRNA syn-
thetases specific for glutamine (GlnRS) and/or asparagine
(AsnRS). The misacylated Glu-tRNAGln and Asp-tRNAAsn,
which are substrates of AdT, are synthesized by nondis-
criminating glutamyl-tRNA synthetases (ND-GluRS) and
aspartyl-tRNA synthetases (ND-AspRS), respectively, which
also charge glutamic acid and aspartic acid onto tRNAGlu

and tRNAAsp, respectively. This indirect pathway of Asn-
tRNAAsn synthesis is also used for the biosynthesis of free
asparagine in organisms such asThermus thermophilusand
Deinococcus radiodurans, which have an AsnRS but no
asparagine synthetase (5-7), and inBifidobacterium longum,
where asparagine synthetases (AsnA and AsnB) and AsnRS
are absent (8).

Two types of AdT have been found: a trimeric one
(GatCAB), present in most bacteria and some archaea, can
use both Glu-tRNAGln and Asp-tRNAAsn as substrates,
whereas a dimeric GatDE, present only in archaea, uses only
Glu-tRNAGln [reviewed by Ibba et al. (9)]. The crystal-
lographic structures of members of each type have been
determined recently (10-12). In this work, we have tested
the influence of two analogues of the 3′ end of Asp-tRNA
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and of Glu-tRNA on the transamidation activity of the
trimeric AdT of Helicobacter pylori, a Gram-negative
bacteria that has neither AsnRS nor GlnRS (13). This
GatCAB, as well as those characterized from other bacteria
or archaea, can use as substrate in vitro either Glu-tRNAGln

or Asp-tRNAAsn. Whether a GatCAB amidotransferase
performs one or both of these functions inside a cell is related
to the presence or absence of GlnRS, AsnRS, and asparagine
synthetase.

The presence of a trimeric AdT in most bacteria, and the
absence of either dimeric or trimeric AdT in the cytoplasm
of eukaryotes, identify GatCAB as a promising target for
the development of new types of antibiotics. Moreover, Gln-
tRNAGln and Asn-tRNAAsn synthesis in mitochondria of
Saccharomyces cereVisiae, and possibly of all eukaryotes,
are catalyzed by a GlnRS and an AsnRS, respectively [14;
reviewed by Ataide and Ibba (1) and by Kern et al. (15)].
Therefore, AdT inhibitors will target protein biosynthesis in
the above-mentioned bacteria, without affecting it in mam-
malian cytoplasm or mitochondria.

So far, few AdT inhibitors have been developed, in part
because of the absence of a convenient assay. Some
analogues of ATP and glutamine inhibit AdT and were useful
to study its mechanism (16-18); however, as these analogues
will likely interfere with several other enzymatic processes
within mammalian cells, they cannot be lead compounds for
the design of novel antibiotics. These studies included the
first thorough kinetic analyses of AdT, yieldingKm values
for glutamine and ATP and an estimate of theKm for Glu-
tRNAGln. In our search for inhibitors specific to AdT, we
looked for analogues of the 3′ ends of its aa-tRNA substrates;
one of them, glutamycin (Figure 1), is a puromycin analogue
that is a weak inhibitor of glutamyl-tRNAGlu reductase, the
first enzyme of the tRNA-dependent tetrapyrrole biosynthesis
pathway (19). Having noticed that instability of the AdT
substrates and products could be a handicap for the kinetic
characterization of this and other inhibitors of the transami-
dation reaction, we chose conditions that could minimize the
effect of any deacylation. In doing so, we found evidence
of Asp-tRNAAsn channeling between the ND-AspRS that
synthesizes it and the GatCAB AdT that uses it as a substrate.
We also report here the characterization of the two first AdT

inhibitors competitive with respect to their misacylated aa-
tRNA substrates.

MATERIALS AND METHODS

General Information on Inhibitor Synthesis.Chemical
reagents were purchased from Aldrich-Sigma Chemical Co.
except forN-Boc-L-aspartic acidâ-tert-butyl ester (Nova-
biochem). Flash column chromatography was carried out on
40-63µM (230-400 mesh) silica gel. Reverse-phase HPLC
was performed on a Hewlett-Packard 1050 liquid chromato-
graph (Vydac C18 column). Optical rotations were measured
on a Jasco DIP-360 digital polarimeter (concentration as
grams of compound per 100 mL). Infrared spectra were
recorded on a Bomem MB-100 spectrometer. NMR spectra
were recorded on a Varian Inova AS400 spectrometer (400
MHz). (R)-4-Oxo-5-phosphononorvaline methyl ester (Asp-
KP) (Figure 2) was synthesized in three steps fromL-aspartic
acid dimethyl ester hydrochloride according to a known
procedure (20). Synthesis of 3′-deoxy-N6,N6-dimethyl-3′-(L-
glutamylamido)adenosine (glutamycin) (Figure 1) has already
been published (21).

Synthesis of 3′-Deoxy-N6,N6-dimethyl-3′-(NR-Boc-â-tert-
butyl-L-aspartyl-amido)adenosine (Aspartycin Synthesis In-
termediate). A suspension of 3′-amino-3′-deoxy-N6,N6-
dimethyladenosine (puromycin aminonucleoside; 40.0 mg,
136µmol) in anhydrousN,N-dimethylformamide (DMF) (1.2
mL) was added toN-Boc-L-aspartic acidâ-tert-butyl ester
(43.3 mg, 150µmol), N-hydroxysuccinimide (25.8 mg, 224
µmol), andN-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC) (33.2 mg, 173µmol). The mixture was
stirred at 0°C for 30 min and then at room temperature for
24 h. The solvent was coevaporated with toluene and the
residue was purified by flash chromatography (4% MeOH/
CH2Cl2) to give the coupling product (65.5 mg, 85%) as a
white solid: mp 96-98 °C; [R]D

21 -35.5 (c 1.14, MeOH);
IR (KBr) 3408, 2979, 2933, 1721, 1671, 1602, 1368, 1162,
1039 cm-1; 1H NMR (400 MHz, CD3OD) δ 1.42 (s, 18H),
2.54 (dd,J ) 16.0, 7.9 Hz, 1H), 2.74 (dd,J ) 16.1, 5.9 Hz,
1H), 3.42 (br s, 6H), 3.71 (dd,J ) 12.5, 2.9 Hz, 1H), 3.90
(dd,J ) 12.5, 1.6 Hz, 1H), 4.12-4.18 (m, 1H), 4.47 (t,J )
6.9 Hz, 1H), 4.53-4.62 (m, 2H), 5.98 (d,J ) 2.1 Hz, 1H),
8.12 (s, 1H), 8.30 (s, 1H);13C NMR (100 MHz, CD3OD) δ
27.1, 27.5, 37.4, 37.9, 50.8, 51.5, 61.2, 73.9, 79.8, 81.2, 84.0,
90.8, 120.3, 138.0, 149.2, 151.7, 154.8, 156.5, 170.2, 172.9;
HRMS (ESI) calcd for C25H39N7O8 (M + H)+ 566.2933,
found 566.2945.

FIGURE 1: AdT aminoacyl-tRNA substrates and analogues. (A)
Asp-tRNAAsn whenn ) 1 and Glu-tRNAGln whenn ) 2: tRNA
continues past the terminal adenosine at R. (B) Glutamycin and
aspartycin, analogues of Glu-tRNA and Asp-tRNA, respectively.
This figure represents glutamycin whenn ) 2 and aspartycin when
n ) 1. The terminal adenosine of the substrate is kept, with only
the replacement of two hydrogen atoms by two methyl groups, and
the ester bond between the tRNA and the amino acid is replaced
by an amide bond.

FIGURE 2: (A) â-Phosphoryl-aspartyl-tRNAAsn, a reaction inter-
mediate in transamidation. Shown here is the amino acid portion
alone, with R indicating the position of the tRNA. (B) Asp-KP, a
stable analogue of a part ofâ-phosphoryl-aspartyl-tRNAAsn. The
activating phosphate is replaced by a stable phosphonate group,
while tRNA is entirely replaced by a methyl group.
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Synthesis of 3′-Deoxy-N6,N6-dimethyl-3′-(L-aspartyl-ami-
do)adenosine (Aspartycin).A solution of the previously
prepared compound (40.0 mg, 70.7µmol) in trifluoroacetic
acid (1.0 mL) was stirred at room temperature for 12 min.
The solvent was coevaporated under reduced pressure with
CH3CN at 35 °C. The solid residue was dissolved in a
minimum of MeOH (2.0 mL) and precipitated by the addition
of Et2O (10 mL). After filtration, this crude product was
purified by HPLC on reverse phase (C18; 0% to 75% CH3-
CN/H2O). Evaporation of the relevant fractions provided
aspartycin (22.3 mg, 77%) as a colorless solid: mp 105-
107 (decomp); [R]D

21 -4.4 (c 0.46, MeOH); IR (KBr) 3430,
2928, 1678, 1604, 1204, 1137, cm-1; 1H NMR (400 MHz,
CD3OD) δ 2.89 (dd,J ) 17.7, 8.1 Hz, 1H), 2.99 (dd,J )
17.7, 4.9 Hz, 1H), 3.59 (br s, 6H), 3.69 (dd,J ) 12.6, 2.9
Hz, 1H), 3.91 (dd,J ) 12.6, 2.3 Hz, 1H), 4.18 (dt,J ) 7.8,
2.4 Hz, 1H), 4.26 (dd,J ) 7.9, 5.0 Hz, 1H), 4.58 (dd,J )
5.6, 2.5 Hz, 1H), 4.69 (dd,J ) 7.9, 5.7 Hz, 1H), 6.09 (d,J
) 2.5 Hz, 1H), 8.27 (s, 1H), 8.51 (s, 1H)13C NMR (100
MHz, CD3OD) δ 35.0, 49.8, 50.9, 60.6, 74.2, 83.6, 91.0,
120.2, 139.4, 147.6, 148.2, 151.6, 168.6, 171.4; HRMS (ESI)
calcd for C16H23N7O6 (M + H)+ 410.1783, found 410.1783.

Bacterial Strains and Plasmids. Pseudomonas aeruginosa
ADD1976, carrying the pUCPKS plasmid containing theP.
aeruginosaPAO1aspSgene, was used to produce His-tagged
ND-AspRS, as previously described (22). Escherichia coli
DH5 R, carrying the pQE-80L plasmid containing theH.
pylori ND-AspRS gene, was kindly provided by Professor
Tamara Hendrickson (Johns Hopkins University). Plasmid
pET15b containing thegatCAB operon ofH. pylori was
kindly provided by Professor Dieter So¨ll (Yale University),
and used to transformE. coli BL21 (DE3) (Novagen)
according to the manufacturer’s specifications.E. coli XL1-
blue, carrying the pGFIB-HptRNAAsn plasmid for overex-
pression of theH. pylori tRNAAsn gene, was also a gift from
Professor So¨ll.

Production of ND-AspRS from P. aeruginosa and H.
pylori. ADD1976/pUCPKS-AspSgrowth andP. aeruginosa
ND-AspRS overproduction and purification by affinity
chromatography on nickel-nitrilotriacetate (Ni-NTA) were
conducted as previously described (22), except that the resin-
bound extract was washed successively with 20 and 60 mM
imidazole to reduce the amount of contaminants; AspRS was
then eluted with 300 mM imidazole and was pure to over
99% homogeneity.H. pylori ND-AspRS was produced with
E. coli DH5R/pQE-80L-AspS, as previously described (23).

Production of H. pylori GatCAB. E. coliBL21 (DE3)/
pET15b-gatCAB was grown in LB medium, which was
altered to allow overproduction by autoinduction. This
medium was prepared by supplementing LB medium with
glycerol (0.5%), glucose (0.05%), lactose (0.2%), Na2HPO4

(50 mM), KH2PO4 (50 mM), and (NH4)2SO4 (25 mM), as
indicated for ZYP-5052 (24). A 1% inoculation was made
from a preculture in the exponential growth phase, itself
prepared from a recently transformed single colony. Cultures
were incubated overnight at 37°C in the presence of 100
µg/mL ampicillin and harvested by centrifugation.H. pylori
GatCAB was then purified to over 99% homogeneity by
affinity chromatography as described above for ND-AspRS.

Partial Purification of tRNA Enriched with H. pylori
tRNAAsn. E. coliXL1-blue/pGFIB-HptRNAAsn was grown in
LB medium containing 250µg/mL ampicillin. Cultures were

incubated at 30°C for 24 h. Cells were then harvested by
centrifugation, and unfractionated tRNA was partially puri-
fied as previously described (22). The tRNAAsn concentration
of the resulting stock unfractionated tRNA solution was
determined with a transamidation plateau, as described
below.

Preparation of Aspartyl-tRNA.Asp-tRNA was formed in
the following reaction mixture: 50 mMN-(2-hydroxyethyl)-
piperazine-N′-ethanesulfonic acid (Hepes)-KOH, pH 7, 15
mM MgCl2, 25 mM KCl, 1 mM dithiothreitol (DTT), 2 mM
ATP, and 70µM [14C]aspartic acid (207 mCi/mmol, GE
Healthcare). Unfractionated tRNA was added at a concentra-
tion yielding 20µM tRNAAsn, andP. aeruginosaND-AspRS
was added at a concentration of 1µM. The reaction mixture
was incubated at 37°C for 45 min, before 1 volume of
sodium acetate (0.6 M, pH 5.2) was added. The resulting
solution was submitted to an acid-buffered (pH 5.2) phenol/
chloroform extraction and precipitated with 2.5 volumes of
95% ethanol. After centrifugation, the Asp-tRNA substrate
was rinsed twice with 70% ethanol, resuspended in deionized
water, and kept on ice for immediate use.

Half-Life Measurements.Purified Asp-tRNA, prepared as
described above, was added to the same reaction mixture
used for aminoacylation, except that [14C]aspartic acid, ND-
AspRS, and unfractionated tRNA were omitted. Reactions
mixtures were incubated at 37°C. Aliquots taken at various
intervals were transferred onto 1 cm× 2 cm filter papers
(Whatman) and quenched in trichloroacetic acid (5%). The
filter papers were then washed and assayed by liquid
scintillation counting, as previously described (22).

Transamidase ActiVity Assay.Reaction conditions were
the following: 50 mM Hepes-KOH, pH 7, 15 mM MgCl2,
25 mM KCl, 1 mM DTT, 2 mM ATP, and 1.28 mM
L-glutamine. Asp-tRNA, prepared as described above, was
added to each reaction mixture prior to each experiment.
Before addition of GatCAB to the reaction mixture, an
aliquot was taken and incubated at 37°C in the presence of
an excess (6.3µM) of GatCAB for 2 min before being
quenched and precipitated as indicated below. Meanwhile,
GatCAB (16.4 nM) was added to the main reaction mixture,
and aliquots were taken at 15 s intervals and then quenched
in 1 volume of 0.6 M sodium acetate, pH 5.2, kept on ice
until 2.5 volumes of 95% ethanol could be added, and placed
at -80 °C for 30 min. The aliquots were then centrifuged
for 30 min at 14000g. The supernatant was carefully
removed, and the nucleic acid pellets were left to dry for 10
min at room temperature. The precipitate was then resus-
pended in 10µL of 50 mM KOH and heated at 65°C for 8
min to deacylate the aa-tRNA. Pellets were not completely
dried, to ensure a more complete resuspension at the next
step, nor were they washed in 70% ethanol, in order to
minimize aa-tRNA loss. A small amount of each aliquot was
then spotted onto a 20 cm× 20 cm cellulose-poly-
(ethylenimine) (PEI) plate. Migration was done in a 4:1
mixture of ethanol/ammonium hydroxide, inside a chamber
that had been allowed to equilibrate for at least 30 min.
Migration took approximately 2.5 h, after which the TLC
plate was allowed to dry under ventilation. The aliquots that
had contained an excess of GatCAB, in which the substrate
was completely transamidated, were used to determine the
initial Asp-tRNAAsn concentrations in each reaction mixture.
Because these values indicated Asp-tRNAAsn concentrations
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existing after the preparative phenol/chloroform extraction,
they were used for the calculation of kinetic parameters.

Aminoacylation and Transamidation Assay.When ami-
noacylation and transamidation were performed sequentially
in the same reaction mixture, as is the case for transamidation
plateau and inhibition experiments, this mixture was com-
posed of 50 mM Hepes-KOH, pH 7, 15 mM MgCl2, 25 mM
KCl, 1 mM DTT, 2 mM ATP, 70µM [14C]aspartic acid (207
mCi/mmol), and 1.28 mML-glutamine. The indicated
concentrations were reached once the mixture was combined
with tRNA and enzymes. The reactions took place at 37°C,
usually in a final volume of 135µL. tRNA was added at the
indicated concentrations. Once ND-AspRS was added to a
concentration of 300 nM, reaction mixtures were incubated
for 90 min (unless otherwise stated), and then put on ice for
15 min, with inhibitors if indicated. The reaction mixtures,
and AdT in 20 mM Hepes-KOH pH 7, were then incubated
at 37 °C for 2 min before being combined to start the
transamidation reaction. When potential inhibitors were
tested, 5-9 nM GatCAB was used, and aliquots were taken
at intervals of 20 s, then quenched and treated as described
above. When the tRNAAsn concentration of an unfractionated
tRNA stock was determined, 250 nM GatCAB was used to
rapidly obtain a plateau by taking aliquots at various
intervals. In both of these cases, the cellulose-PEI plates
were soaked for 2 h in deionized water and then dried at
ambient temperature, before use.

TLC Data Analysis.Quantification of the amino acids rests
upon the application of a series of radioactivity standard
solutions. By use of [14C]aspartic acid, standards were
prepared with concentrations of 9, 3, 1, 0.33, 0.11, and 0.037
µM. The precision of this set of standards was confirmed
by liquid scintillation counting. After the migration, 1µL
of each standard was spotted onto each TLC plate in
duplicate (Figure 3). After drying, the plates were wrapped
in a thin plastic membrane (Saran wrap), and then exposed
overnight against a phosphorimager plate (FujiFilm). Data
were collected from the phosphorimager plate with a
Typhoon Imager by use of the ImageQuant software (GE
Healthcare). Intensity at each point of interest was measured,
and background intensity was subtracted. From the radio-
activity standards, a curve was plotted for signal intensity
) f (pmol of aspartic acid). This relation was linear (R2 >
0.999) for the entire range of concentrations tested. This
curve was then used to convert signal intensity for each point
of interest into absolute amino acid quantities.

Nitrocellulose Binding Assay.Nitrocellulose filters, which
bind proteins but not nucleic acids, were used to measure
what fraction of Asp-tRNA could be retained by various
concentrations ofH. pylori ND-AspRS and GatCAB, and
by BSA as a control. The reaction mixtures contained 207
nM Asp-tRNA, which was prepared as described above.
Experiments took place under the conditions used for the
transamidase activity assay, except that the pH was 7.2 and
glutamine was absent to prevent GatCAB from transami-
dating Asp-tRNA. The nitrocellulose assay was adapted from
previous work (25, 26), with 250µL of reaction mixture for
each filter. Tests were performed in duplicate.

Mass Spectrometric Analysis of Aspartycin and DeriVa-
tiVes.Samples were analyzed by liquid chromatography/mass
spectrometry (LCMS) on an Agilent 1100 system. A few
microliters were injected on a Zorbax 300 SB-C18 narrow-

bore 2.1 mm× 150 mm reversed-phase column (particle
size 5µm), protected by a Zorbax 300 SB-C18 analytical
guard column 4.6 mm× 12.5 mm (Agilent Technologies,
Montréal, Québec, Canada). Separation was carried out at a
flow rate of 200 µL/min, delivered by an Agilent 1100
HPLC1 quaternary pump. Mobile phase A was composed
of HPLC-grade water containing 0.1% formic acid. A
gradient of mobile phase B (HPLC-grade acetonitrile con-
taining 0.1% formic acid) was imposed, starting from 5%
up to 0.5 min, increased linearly to 30% at 3.0 min, 70% at
23 min, 98% at 29 min, maintained until 32.5 min, then
brought back to 5% at 36 min, and maintained at that value
until 52 min. The eluted molecules were monitored by UV
absorption at 214, 220, and 280 nm on a diode array detector
(Agilent). The autosampler maintained the samples at 4°C
and the column temperature was kept at 40°C. The molecular
mass of purified analytes was determined by an Agilent 1100
MSD ESI mass spectrometer in the positive electrospray
ionization mode. The fragmentor and capillary voltages were
set at 70 and 3250 V, respectively. Nitrogen was used both
as the nebulizer at 20 psig and as the drying gas at a flow
rate of 10 L/min and a temperature of 350°C. The mass
spectrometer was operated in full scan mode from 50 to 550
m/z with a step of 0.1 and a cycle time of 1.18 s.

RESULTS

Adapting the [14C]Asp-tRNAAsnTransamidase Assay.The
difficulty in developing a satisfying assay for measuring the

FIGURE 3: An example of the transamidation assay, using Asp/
Asn separation by thin-layer chromatography. Reaction mixture
aliquots taken at various times were precipitated, resuspensed,
deacylated, and dotted onto a 20× 20 cm sheet of polyester-backed
cellulose-PEI at the level indicated by the lower arrow. Separation
was done over 2-3 h in a 4:1 ethanol/ammonium hydroxide mixture
with the solvent front rising to the upper arrow. Asparagine (II)
migrated further than aspartic acid (I). Radioactivity standards were
deposited in duplicate (III). In each of the three kinetic reactions
shown, Asp-tRNAAsn concentrations were verified as described
under Materials and Methods for lanes A6, B6, and C6, which were
subjected to a rapid transamidation in the presence of 6.3µM
GatCAB. In these three lanes, we could also see that our Asp-
tRNA substrate contained about 4 times more Asp-tRNAAsn than
Asp-tRNAAsp. Lanes 1-5 of kinetic reactions A, B, and C therefore
show the amount of Asn-tRNAAsn formed by 16.4 nM GatCAB,
with concentrations of 1.11µM, 2.43 µM, and 3.93µM Asp-
tRNAAsn as substrate, respectively.
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kinetic parameters of the tRNA-dependent amidotransferase
reaction is highlighted by the fact that the first report of such
values (18) was published 4 years after the first cloning of
an AdT gene, that ofBacillus subtilisgatCAB, and the first
characterization of this novel heterotrimeric enzyme (4). The
assay used for these measurements included unlabeled Glu-
tRNAGln as substrate and HPLC analysis of the glutamine
released by the deacylation of the aa-tRNA product. These
authors indicated that they had obtained only an approximate
Km for Glu-tRNAGln in the transamidation reaction, because
the low concentrations of this substrate needed to obtain a
precise value resulted in product concentrations too close to
the detection limit of their method.

Since then, and during the preparation of this paper, a few
different approaches have been used to quantitatively mea-
sure aa-tRNA-dependent transamidation. PreciseKm values
were reported for Asp-tRNAAsn by theNeisseria meningitidis
GatCAB (27), with [14C]aspartic acid, and for Asp-tRNAAsn

and Glu-tRNAGln by theH. pylori GatCAB, with mischarged
32P76-labeled tRNA(13). An electrophoretic assay was also
published (28), although kinetic results obtained with it have
yet to be published. TheN. meningitidis study used a
variation of the method used by Curnow et al. (4), while the
H. pylori study employed a method adapted from work done
with aminoacyl-tRNA synthetases (29). In another adaptation
of the assay by Curnow et al. (4), our transamidation
experiments were conducted under conditions similar to those
used in the32P assay, with consistent differences being a
more acidic pH (7.0), lower ATP concentration (2 mM), and
the use of unfractionated tRNA charged with [14C]aspartic
acid. Due to these differences, the values of the kinetic
parameters that we present below for Asp-tRNAAsn in the
absence of ND-AspRS differ from those presented in the
detailed study by Sheppard et al. (13).

The use of tRNA mischarged with14C-labeled glutamate
or aspartic acid, or of mischarged32P76-labeled tRNA,
allowed detection of the product even with low concentra-
tions of tRNA, but the kinetics revealed that the half-lives
of these mischarged aa-tRNAs, and especially their transa-
midated products, were relatively short (27; Figure 4). This
problem was resolved by measuring initial rates during
periods much shorter than these half-lives. Also, the phenol
extraction and ethanol wash steps were omitted because they
introduced a high level of variability in asparagine quanti-
fication, likely due to erosion of the aa-tRNA pellet. Only
in the tests during which aminoacylation and transamidation
were done in the same mixture did this result in high levels
of unbound [14C]aspartic acid. However, this did not hinder
the aa-tRNA deacylation or the chromatographic separation
of aspartic acid and asparagine. In tests with phenol/
chloroform-extracted Asp-tRNA, the ethanol precipitation
steps reduced unbound [14C]aspartic acid to trace amounts
(Figure 3, lanes A6, B6, and C6). The use of a standard curve
to quantify asparagine allowed us to obtain precise measure-
ments with unfractionated tRNA.

Effects of GatCAB and ND-AspRS on aminoacyl-tRNA
half-liVes. Deacylation of Asp-tRNAAsn and Asn-tRNAAsn

was measured in duplicate by a filter paper and TCA assay
(Figure 4).E. coli tRNAAsp and tRNAAsn were contaminants
but did not contribute more than 20% or 15% of all aa-tRNA
formed, respectively. In the absence of GatCAB, Asp-
tRNAAsn had a half-life of 136( 10 min, which decreased

to 123 ( 6 min when in the presence of GatCAB, which
was inactive due to the absence ofL-glutamine. The fact that
this difference is not significant (Figure 4) indicates that
GatCAB does not stabilize the ester linkage of Asp-tRNAAsn

under these conditions. When glutamine was added in
another experiment, the 250 nM concentration of GatCAB
allowed a rapid transformation of Asp-tRNAAsn into Asn-
tRNAAsn, which had a half-life of 20( 0.4 min. When 800
nM H. pylori ND-AspRS was added, the half-life of Asn-
tRNAAsn increased to 32( 1 min.

Determining the tRNAAsn Concentration of an Unfraction-
ated tRNA Stock.The aminoacylation and transamidation
assay was used to quantify tRNAAsn concentrations in
unfractionated tRNA stocks that containedE. coli tRNAAsn,
E. coli tRNAAsp, and RNA contaminants in addition to the
overproducedH. pylori tRNAAsn. A 5 µM aliquot of this
stock as determined by absorbance at 260 nm was incubated
with 800 nM P. aeruginosaND-AspRS for 90 min, which
ensured complete aminoacylation. GatCAB was then added
as described under Materials and Methods, allowing the
transformation ofE. coli and H. pylori Asp-tRNAAsn into
Asn-tRNAAsn. The value of the transamidation plateau was
then compared to the total concentration (A260) to obtain
the tRNAAsn percentage of the unfractionated solution
(Figure 5).

Effect of ND-AspRS on Km Values for Asp-tRNAAsn. The
GatCAB transamidation assay, described above, allowed us
to determine theKm andkcat values for Asp-tRNAAsn in the
absence of ND-AspRS (Figure 6). We then used this same
method to determine those same kinetic values in the
presence ofP. aeruginosaandH. pylori ND-AspRS, as well
as in the presence of an equivalent concentration of bovine
serum albumin (BSA) as a control. These results, presented
in Figure 6, indicate that the ND-AspRS concentrations used
decreased theKm of GatCAB for Asp-tRNAAsn. It was

FIGURE 4: Asp-tRNAAsn was prepared as described under Materials
and Methods and added to the reaction mixture used for the
transamidase assay. Half-lives were determined by a filter paper
and TCA precipitation assay (see Materials and Methods). The data
are presented as the fraction of aa-tRNA remaining (n/n0) as a
function of the incubation time at 37°C. The longest half-life was
that of Asp-tRNAAsn in the absence of GatCAB, which was 136(
10 min (b). This was followed by Asp-tRNAAsn in the presence of
GatCAB but in the absence of glutamine, with a half-life of 123(
6 min (2). With L-glutamine present to allow a rapid transformation
of Asp-tRNAAsn into Asn-tRNAAsn, the half-life was 20( 0.4 min
([). When ND-AspRS was added to this reaction mixture, the half-
life increased to 32( 1 min (9). Curve-fitting was done with the
standard exponential equation:n/n0 ) e-kt, where n/n0 is the
remaining fraction of aa-tRNA,k is the decay constant, andt is
time. All reactions were performed in duplicate.
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recently shown thatE. coli tRNAAsn can be transamidated
by H. pylori AdT (23), and this was our finding as well
(results not shown). The values obtained forH. pylori Asp-
tRNAAsn are not significantly affected by the presence ofE.
coli Asp-tRNAAsn since only approximately 10-15% of
tRNAAsn that was used is fromE. coli; moreover, recent
information suggests that differences betweenH. pylori and
E. coli tRNAAsn are likely to be of minimal importance to
enzyme binding (10, 27).

H. pylori ND-AspRS Binds Asp-tRNA.Under conditions
very similar to those used for the transamidase activity assay
(see Materials and Methods),H. pylori ND-AspRS was able
to bind significantly more Asp-tRNA than did BSA, which

was used as a control (see Discussion). When no protein
was present in the reaction mixture, only 2.7%( 0.5% of
207 nM Asp-tRNA was retained on the nitrocellulose filters,
while in the presence of 800 nM BSA, 4.33%( 0.13% was
retained. GatCAB at concentrations of 400 and 1000µM
bound 12.76%( 0.93% and 17.8%( 0.35% of Asp-tRNA,
respectively. A concentration of 800 nMH. pylori ND-
AspRS bound 10.58%( 0.85% of Asp-tRNA, a proportion
significantly higher than what we detected with BSA or no
protein at all.

NoVel Inhibitors of the Transamidation Reaction Catalyzed
by GatCAB.Asp-KP, an analogue of theâ-phosphoryl-Asp-
tRNAAsn intermediate (Figure 2), did not inhibit GatCAB
up to a concentration of 1 mM (Figure 7). Aspartycin and
glutamycin, analogues of the 3′-ends of Asp-tRNA and Glu-
tRNA, respectively (Figure 1), did inhibit that reaction
competitively with respect to Asp-tRNAAsn, as indicated by
excellent curve-fitting with the competitive inhibition equa-
tion (Figure 7), withKi values of 134µM and 105µM,
respectively.

Aspartycin Is Not a Substrate of AdT.The similarity
between the two inhibitors and the corresponding misacylated
tRNA substrates prompted us to investigate whether they
could be transamidated by GatCAB. Samples were prepared
in which high concentrations of this enzyme (450 nM) and
of aspartycin (1 mM) had been incubated for 5 h at 37°C in
the basic reaction mixture; aspartic acid was omitted, and
25 mM NH4Cl was added to enable a bypass of the
glutaminase activity. These samples were then fractionated
by reverse-phase chromatography and analyzed by mass
spectrometry (see Materials and Methods). Since the ami-
dation of aspartycin decreases its molecular mass by 1 unit
at the low pH used for these experiments, aspartycin and its
amidated product should be easily distinguished by MS.
While unmodified aspartycin was easily detected, there were
no signs of inhibitor modification by the enzyme (Fig-
ure 8).

FIGURE 5: Determination of tRNAAsn concentrations with a
transamidation plateau. The assay was performed in the basic
reaction mixture containing 5µM unfractionated tRNA enriched
with H. pylori tRNAAsn (see Materials and Methods). ND-AspRS
was used at a concentration of 300 nM, and the reaction mixture
was then incubated for 90 min. GatCAB was then added at a
concentration of 250 nM in order to use all available substrate before
deacylation of the substrate or of the product could become
significant (b). The resulting Asn-tRNAAsn plateau corresponded
to the tRNAAsn concentration. This concentration was determined
from a standard product formation curve:P(t) ) S0(1 - e-kt), where
k is the kinetic constant for product formation,t is time, andS0 is
the initial substrate (or tRNAAsn) concentration as calculated by
best fit. The ratio of tRNAAsn usable by GatCAB against that of
total RNA as measured by absorbance at 260 nm was determined
to be 8.25% for this particular stock.

FIGURE 6: ND-AspRS increasesH. pylori GatCAB affinity for Asp-
tRNAAsn. Km values for Asp-tRNAAsn (gray bars) andkcat values
(black bars) were determined in the transamidation reaction, in the
absence of ND-AspRS (A) and in the presence of 800 nM ND-
AspRS fromP. aeruginosa(B) andH. pylori (C). An experiment
was also performed in the presence of an equivalent amount of
BSA (52.35µg/mL) but in the absence of ND-AspRS (D). All
experiments were performed in duplicate. In the absence of ND-
AspRS,Km was 2.24µM, while kcat was 0.25 s-1. In the presence
of P. aeruginosaand H. pylori ND-AspRS,Km was 1.4 and 2.0
times lower, respectively. In the presence of BSA,Km was reduced
only by a factor of 1.1. In all cases,kcat did not change significantly
except forP. aeruginosaND-AspRS, which had akcat 1.3 times
lower than when ND-AspRS was absent.

FIGURE 7: Competitive inhibition ofH. pylori AdT by aspartycin
(b) and glutamycin (9). Reactions were performed in the basic
reaction mixture, with 0.40µM Asp-tRNAAsn and 6 nM AdT.V0
is the uninhibited rate of product formation,Vmax is the maximum
rate,S is the substrate concentration,Vi is the inhibited rate, andI
is the inhibitor concentration: according to Michaelis-Menten,V0
) (VmaxS)/(S + Km), while competitive inhibition states thatVi )
(VmaxS)/{S+ Km[1 + (I/Ki)]}. Therefore, ifS is equal toKm, Vi/V0
is equal to 2/[2+ (I/Ki)]; this equation was used for these curve
fittings. Inhibition was competitive in the case of aspartycin and
glutamycin, havingKi values of 134µM and 105µM respectively.
Asp-KP (1) did not inhibit AdT, even at concentrations up to 1
mM.
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DISCUSSION

The original objective of this study was to identify aa-
tRNA analogues that would inhibit GatCAB competitively.
The aminoacylation and transamidation assay was convenient
for the testing of these analogues, as discussed below. To
measure theKi values for these analogues, we first sought
to determine theKm and kcat for Asp-tRNAAsn. Since the
inhibitor tests are conducted in the presence of ND-AspRS,

we considered that there could be some form of interaction
between ND-AspRS and GatCAB, as was suggested by
molecular modeling for ND-GluRS and GatDE (12). This
model, which shows that binding of ND-GluRS to GatDE
is unobstructed and possible, also indicates that the presence
of an AspRS-like domain on GatDE would prevent the
docking of ND-AspRS. As GatCAB does not contain this
AspRS-like domain and is able to transamidate both Glu-
tRNAGln and Asp-tRNAAsn, the existence of a ND-AspRS/
GatCAB complex is conceivable. To explore this possibility,
we decided to determine the kinetic parameters for Asp-
tRNAAsn in the transamidase reaction in the absence of ND-
AspRS, as well as in the presence of ND-AspRS from both
P. aeruginosaandH. pylori. As a control,Km andkcat values
were also determined for Asp-tRNAAsn in the presence of
BSA. These experiments revealed that the presence of ND-
AspRS fromH. pylori reduces theKm for Asp-tRNAAsn by
a factor of 2.0, while ND-AspRS fromP. aeruginosareduced
theKm by a factor of 1.4 (Figure 6). The transamidation assay
we used to determine these values minimized the effect of
deacylation, which was primarily of concern for Asn-
tRNAAsn and its 20 min half-life, by reducing reaction times
to 2 min or less. Unbound aspartic acid, which was the result
of whatever deacylation may have occurred with Asp-tRNA,
was not found in concentrations high enough to allow
significant reacylation to occur in reaction mixtures contain-
ing added ND-AspRS. The control experiment performed
with BSA indicates that excluded volume effects are not
responsible for the drop inKm values seen in the presence
of ND-AspRS. We thus propose that a transfer of Asp-
tRNAAsn from ND-AspRS onto GatCAB decreases theKm

for Asp-tRNAAsn through increased interactions made pos-
sible by the synthetase. This is consistent with the fact that
ND-AspRS binds about half as much Asp-tRNA as does
GatCAB. The observed binding of [14C]Asp-tRNA to Gat-
CAB cannot be attributed solely to Asp-tRNAAsp, as the
unfractionated stock we used contained about 4 times more
tRNAAsn than tRNAAsp, while ND-AspRS bound approxi-
mately half as much Asp-tRNA as does GatCAB. Consider-
ing that theKm of H. pylori ND-AspRS for its homologous
tRNAAsp is 0.77µM (23) and that the concentration ofE.
coli Asp-tRNAAsp in our binding assays was about 0.05µM,
it is very unlikely that the Asp-tRNA bound could be mainly
composed of Asp-tRNAAsp.

These facts are compatible with channeling of Asp-
tRNAAsn from ND-AspRS to GatCAB. If this binding
rendered Asp-tRNAAsn unusable by GatCAB, we should have
seen an increase in ourKm values, rather than a decrease.
As we did not succeed at isolating a ND-AspRS/GatCAB
complex (results not shown), and as no other investigator
reported the detection of such a complex, we suggest that
this mechanism could involve the formation of a transient
ternary complex. If short-lived, this complex would allow
for a more efficient transit of tRNAAsn through the asparty-
lation and transamidation steps. A longer-lasting complex
could also exist, involving contact of ND-AspRS from the
acceptor stem to the anticodon loop on the variable loop face
of Asp-tRNAAsn (30), as well as contact between the acceptor
arm and GatCAB (10). While our results suggest that the
binding of Asp-tRNAAsn by ND-AspRS or both enzymes may
be weaker than the binding of canonical aa-tRNAs (31) or
even misacylated aa-tRNAs (32) by EF-Tu, the obstruction

FIGURE 8: Aspartycin is not a substrate for GatCAB. Samples
containing 1 mM aspartycin, in the basic reaction mixture supple-
mented with 25 mM NH4Cl, were incubated with 0 or 450 nM
GatCAB for 5 h at 37°C. Separation of the samples by reverse-
phase chromatography (see Materials and Methods) was conducted
before analysis by mass spectrometry. Aspartycin and its putative
amidated product have similar hydrophobicities and therefore are
expected to be eluted in the same region. In the absence of GatCAB,
aspartycin was eluted after approximately 5.1 min (A). This peak
was also present in the sample containing GatCAB (B), and there
was no reduction in its importance nor formation of new peaks in
the region. In panel C, we see that the 5.1 min elution peak
contained aspartycin ions with a single positive charge (m/z )
410.1) and with two positive charges (m/z ) 205.5). The spectral
data in panel D are identical to the data in panel C, showing no
decrease in the abundance of either aspartycin ion and no new peaks
corresponding to the putative modified aspartycin. This putative
amidated aspartycin, under the acidic conditions used, would have
a mass that is lesser than that of aspartycin by 1 unit; this difference
being detectable in the performed analysis, we conclude that
aspartycin cannot be modified by GatCAB.
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of parts of the Asp-tRNAAsn acceptor arm, especially by
GatCAB, could prevent the binding of EF-Tu. It is interesting
to note that GatCAB appears to bind aa-tRNA in a way
similar to EF-Tu, making contact with the acceptor arm and
ester bond region (33). In conjunction with GatCAB, ND-
AspRS increases the stability of Asn-tRNAAsn (Figure 4),
like EF-Tu does for all canonical aa-tRNAs. Asp-tRNAAsn

therefore might not be released by ND-AspRS but rather
taken directly to GatCAB, forming a complex that prevents
the docking of EF-Tu and offers stabilization of the ester
bond.

The stability of the aminoacyl ester bonds of aminoacyl-
tRNAs (aa-tRNA) depends on the nature of the amino acid
but not on that of tRNA [34, 35; reviewed by So¨ll and
Schimmel (36)]. The half-lives ofE. coli Asp-tRNAAsp and
Asn-tRNAAsn at 37°C are identical (34), but in the case of
the two GatCAB-containing bacteriaH. pylori and N.
meningitidis (27), the half-life of Asn-tRNAAsn is much
shorter than that of Asp-tRNAAsn (Figure 4). These results
are in accordance with the documented role of GatCAB in
synthesizing asparagine in organisms that are, or were at one
point, devoid of an asparagine synthase (see the introduction).
The above-mentioned ternary complex might also slow the
uptake of Asn-tRNAAsn by EF-Tu, allowing additional
asparagine to be released.

At the onset of this study, we expected Asp-tRNAAsn to
have the shorter half-life of the two aa-tRNAs, as it could
have then benefited from a protection of the ester bond
between its amino acid and tRNA moieties, provided by its
binding of ND-AspRS. This protection, which might have
been similar to the one described above, could have explained
the lowerKm values seen for Asp-tRNAAsn with GatCAB in
the presence of ND-AspRS. As Asp-tRNAAsn has a half-life
of 136 min under the conditions tested (Figure 4), this
putative stabilization remains possible but seems unnecessary.
The presence of ND-AspRS in this experiment could not
lead to tRNA aspartylation because Asp-tRNA was prepared
in another reaction mixture and purified before being used,
resulting in an insufficient amount of aspartic acid. The
presence of active GatCAB in the reaction mixture also
ensures that any amino acid freed by deacylation would be
Asn and therefore not usable by ND-AspRS. Given its role
in asparagine synthesis in many organisms, it is possible that
the deacylation of Asn-tRNAAsn has a higher chance of
occurring during its separation from GatCAB than afterward.
Further experiments are needed to verify this possibility, but
the influence of ND-AspRS on the half-life of Asn-tRNAAsn

remains indicative of a contact between this enzyme and
GatCAB. A practical aspect of these results is that when
potential inhibitors are tested in our combined aminoacylation
and transamidation assay, theKm for Asp-tRNAAsn that must
be used is the one obtained in the presence ofP. aeruginosa
ND-AspRS.

Glutamycin, an analogue of the 3′-end of glutamyl-tRNA,
was first designed as a potential inhibitor of the glutamyl-
tRNA reductase (GluTR) (21). Although it was only a weak
inhibitor of GluTR (Ki on the order of 1.5 mM), it was very
useful in facilitating GluTR crystallization, and its localiza-
tion on the enzyme at 1.9 Å resolution provided information
about GluTR mechanism (19); in particular, modeling based
on the well-defined location of glutamycin allowed the
positioning of the acceptor stem ofT. thermophilustRNAGlu

into the active site and revealed an extensive GluTR/
glutamyl-tRNA interface. This model and the weak binding
of glutamycin to GluTR indicate that this enzyme has only
a few contacts with the glutamyl-adenosine at the 3′-end of
glutamyl-tRNA and that it recognizes this substrate mostly
by other structural elements of this tRNA. The situation is
quite different in the case of the interaction of this analogue
with GatCAB: it inhibits it more strongly (Ki ) 0.105 mM,
which is about 14-fold more efficient than for GluTR). This
result is compatible with the fact that GatCAB has two
different aminoacyl-tRNA substrates whose nucleotide se-
quences differ significantly, a situation that may have led to
more interactions with their common 3′-terminal features.
The absence of AdT inhibition by the Asp-KP analogue
(Figure 2), which lacks the adenosyl module, also suggests
that a significant portion of binding occurs at the 3′ end of
the tRNA, although further experimentation is needed to
determine to what extent its structural differences with the
â-phosphoaspartate side chain affect its binding.

The part of aspartycin that is similar to Asp (Figure 1;
the only differences are a NH replacing one of the O of the
R-carboxy of Asp and two methyl residues on the adenine
base) has a side chain identical to that of aspartic acid, and
thus itsâ-carboxyl group could conceivably be phosphory-
lated and then transamidated by AdT. Our attempts at
detecting these modified forms of aspartycin revealed that
this inhibitor is not a substrate of AdT (Figure 8), which
indicates that itsâ-carboxyl group is not positioned in the
active site exactly as is that of Asp-tRNAAsn. This suggests
that the proposed interactions between the tRNA acceptor
arm and GatB have a role not only in substrate binding but
also in ensuring the proper orientation of the 3′ end in the
active site (10).
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