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ABSTRACT: Divergent tRNA substrate recognition patterns distinguish the two distinct forms of aspartyl-
tRNA synthetase (AspRS) that exist in different bacteria. In some cases, a canonical, discriminating AspRS
(D-AspRS) specifically generates Asp-tRNAAsp and usually coexists with asparaginyl-tRNA synthetase
(AsnRS). In other bacteria, particularly those that lack AsnRS, AspRS is nondiscriminating (ND-AspRS)
and generates both Asp-tRNAAsp and the noncanonical, misacylated Asp-tRNAAsn; this misacylated tRNA
is subsequently repaired by the glutamine-dependent Asp-tRNAAsn/Glu-tRNAGln amidotransferase (Asp/
Glu-Adt). The molecular features that distinguish the closely related bacterial D-AspRS and ND-AspRS
are not well-understood. Here, we report the first characterization of the ND-AspRS from the human
pathogenHelicobacter pylori(H. pylori or Hp). This enzyme is toxic when heterologously overexpressed
in Escherichia coli. This toxicity is rescued upon coexpression of theHp Asp/Glu-Adt, indicating that
Hp Asp/Glu-Adt can utilizeE. coli Asp-tRNAAsn as a substrate. Finally, mutations in the anticodon-
binding domain ofHp ND-AspRS reduce this enzyme’s ability to misacylate tRNAAsn, in a manner that
correlates with the toxicity of the enzyme inE. coli.

The aminoacyl-tRNA synthetases (aaRSs)1 are critical in
ribosomal protein translation because each canonical aaRS
accurately pairs its cognate amino acid to the correct tRNA
isoacceptor(s) (1-3). Recently, it has become clear that this
tenet of one aaRS per amino acid/tRNA isoacceptor pair is
hardly set in stone: aaRSs have now been discovered in
different organisms that (1) aminoacylate two different sets
of tRNA isoacceptors (4-14), (2) only aminoacylate non-
cognate tRNAs (15-17), and (3) naturally aminoacylate
tRNAs with essential noncoded amino acids (18-24). These
variations highlight the importance of characterizing unex-
pected genetic variations in aaRSs and related genes.

Aspartyl-tRNA synthetase (AspRS) is an example of an
aaRS that can aminoacylate two different tRNA isoaccep-
tors: tRNAAsp and tRNAAsn (3, 5-7, 12, 14). In eukaryotes,
some bacteria, and some archaea, AspRS is a canonical,
discriminating enzyme (D-AspRS) that only generates Asp-
tRNAAsp (14, 25). In other bacteria, archaea, and some
organelles, however, AspRS is a noncanonical, nondiscrimi-
nating enzyme (ND-AspRS) that generates both Asp-tRNAAsp

and the misacylated Asp-tRNAAsn (3, 5-7, 12, 14). This Asp-

tRNAAsn is converted to Asn-tRNAAsn by a glutamine-
dependent Asp-tRNAAsn/Glu-tRNAGln amidotransferase (Asp/
Glu-Adt) (9, 12, 26-28). ND-AspRS is most commonly
found in organisms lacking asparaginyl-tRNA synthetase
(AsnRS), and in these cases, the combination of ND-AspRS
and Asp/Glu-Adt provides the sole route for Asn-tRNAAsn

biosynthesis and, in some cases, for asparagine biosynthesis
as well (7, 29). Rarely, a given bacterium will encode for
both a D-AspRS and an ND-AspRS (e.g.,Thermus thermo-
philus (8, 30) andDeinococcus radiodurans (7)); however,
in these cases, the ND-AspRS tends to be archaeal rather
than bacterial in origin (8).

Crystal structures of the two AspRSs fromT. thermophilus
(a bacterial D-AspRS and an archaeal-type ND-AspRS) have
been reported (10, 31, 32). These structures, in conjunction
with biochemical analyses, are beginning to paint a picture
of how an archaeal-type ND-AspRS can recognize both
tRNAAsp and tRNAAsn (6, 8, 30, 33). However, little is known
about tRNA recognition by bacterial ND-AspRS, as no
crystal structure has been reported. To date, only two
mutations, H31L and G83K, both in the anticodon-binding
domain of the ND-AspRS fromPseudomonas aeruginosa,
have been analyzed (34). Interestingly, each of these single
mutations introduced greater specificity for tRNAAsp (over
tRNAAsn) into this ND-AspRS only when tested against total
tRNA from Escherichia coli; assays withP. aeruginosa
tRNA showed little perturbation in tRNA specificity.

Like P. aeruginosa, theHelicobacter pylori(H. pylori or
Hp) genome does not encode an AsnRS (35); thus, it can be
inferred that theH. pylori AspRS is nondiscriminating.H.
pylori is also one of several bacteria that utilize two divergent
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glutamyl-tRNA synthetases (GluRS1 and GluRS2) (15-17);
Hp GluRS2 is uniquely specific for tRNAGln and generates
Glu-tRNAGln, which is subsequently converted to Gln-
tRNAGln by the same Asp/Glu-Adt mentioned above. Because
of the unexpected tRNA specificity ofHp GluRS2, we sought
to verify that theHp AspRS is, as predicted, a canonical
ND-AspRS. Here, we report the first characterization of this
enzyme. Hp AspRS is nondiscriminating; however, it
preferentially aminoacylates tRNAAsp (its cognate substrate)
over tRNAAsn (its noncognate substrate). Consistent with its
ability to misacylate tRNAAsn, heterologous overexpression
of this ND-AspRS is toxic toE. coli. Two mutations have
been identified which increase the tRNAAsp/tRNAAsn speci-
ficity ratio of this enzyme, making it more D-AspRS-like.
The most effective of these mutations reduces the toxicity
of this ND-AspRS inE. coli.

EXPERIMENTAL PROCEDURES

Materials. Unless otherwise noted, all reagents were
purchased from Sigma or Fisher Scientific. Aspartic acid
[2,3-3H] was purchased from Amersham Biosciences. Oli-
gonucleotides were purchased from Invitrogen. Plasmids
were purified using plasmid isolation kits from Promega.
DNA sequencing was performed at the Johns Hopkins
University School of Medicine Synthesis & Sequencing
Facility. The entire gene insert was completely sequenced
for each plasmid construct.

Cloning, in ViVo Transcription, and Purification of Hp
tRNAAsp and tRNAAsn. Inserts encodingHp tRNAAsp and
tRNAAsn were generated by PCR from self-annealing primer
pairs Pt#37F/Pt#37R and Pt#38F/Pt#38R, respectively, and
short extension times (see Supporting Information for all
oligonucleotide sequences). These primers appended an
EcoRIand aBamHI site, respectively, onto the 5′- and 3′-
ends of each gene. Each PCR product was first inserted into
pCR 2.1 TOPO (Invitrogen) and then ligated into theEcoRI
andBamHI sites of pSS007 (16). The final plasmids were
designated pPTC010 (tRNAAsp) and pPTC011 (tRNAAsn).

Hp tRNAAsp and tRNAAsn were each overtranscribed in
E. coli (strain MV1184) that had been transformed with either
pPTC010 (tRNAAsp) or pPTC011 (tRNAAsn), as previously
described (16). Total tRNA was isolated by Nucleobond
purification (Clontech), as per the manufacturer’s instruc-
tions. This in vivo overtranscription approach yields a
mixture ofE. coli tRNAs that is enriched with theHp tRNA
of interest. Because many of the post-transcriptional tRNA
modification machinery is conserved in different bacteria
(36), these tRNAs are presumed to be post-transcriptionally
modified in a manner similar to wild-typeHp tRNAs.

Hp ND-AspRS (see below for cloning and purification)
was used in plateau aminoacylation assays to quantify the
amount of tRNAAsp and tRNAAsn in each overtranscribed
mixture of tRNAs. Each tRNA mixture was denatured at 75
°C for 5 min and then refolded via the addition of 8 mM
MgCl2 at 65°C and slow cooling to room temperature. Each
tRNA solution was incubated at 37°C in 100 mM Hepes
buffer (pH 7.5), with 2 mM ATP, 4 mM MgCl2, 10 µM
aspartic acid, 50µCi/mL [2,3-3H] aspartic acid, and 0.2µM
Hp AspRS. Reaction aliquots (10µL) were removed at
specific time points and quenched onto filter paper saturated
with trichloroacetic acid (TCA), washed three times with a

chilled 5% TCA solution, and counted via scintillation to
determine the amount of3H-Asp-tRNAAsp/Asn that had been
generated. Quantification was performed in triplicate using
conditions previously reported (16). Total stock concentra-
tions of tRNAAsp (typically ∼280 µM, 1400 pmol/OD) and
tRNAAsn (typically ∼270 µM, 1500 pmol/OD) were back-
calculated from these values.

Cloning of Hp AspRS into pQE-80L.The Hp aspSgene
was PCR-amplified fromHp genomic DNA (strain 26695,
ATCC) using primers Pt#2 and Pt#3 (see Supporting
Information). These primers introduced flankingBamHIand
PstI sites onto the 5′- and 3′-ends of theaspS gene,
respectively. The gene was inserted into the pCR 2.1 TOPO
vector (Invitrogen) and then subcloned into theBamHIand
PstI sites of pQE-80L (Qiagen) in order to append an
N-terminal, six-histidine tag onto AspRS (pPTC001) upon
overexpression.

Cloning of Hp AspRS into pCDF-1b Vector.TheHp aspS
gene was PCR-amplified from pPTC001 using primers Pt#45
and Pt#3 (see Supporting Information). These primers
introduced flankingKpnI andPstI sites onto the 5′- and 3′-
ends of theaspSgene, respectively. The gene was inserted
into the pCR 2.1 TOPO vector (Invitrogen) and then
subcloned into theKpnI andPstIsites of pCDF-1b (Novagen)
to yield pPTC022.

Construction of L81N, L86M, and L81N/L86M Single and
Double Mutants.The two single mutations (L81N and
L86M) were introduced into pPTC001 via QuikChange Site-
Directed Mutagenesis (Stratagene), according to the manu-
facturer’s instructions. Plasmid pPTC024, encoding for L81N
AspRS, was generated using primers Pt#54 and Pt#55.
Plasmid pPTC026, encoding L86M AspRS, was generated
using primers Pt#62 and Pt#63. (See Supporting Information
for primer sequences.) Plasmid pPTC026 was used as the
template for construction of the double mutant, using primers
Pt#65 and Pt#66, to generate pPTC029. In each case, correct
insertion of the desired mutation was confirmed by DNA
sequencing of the entire AspRS open reading frame.

Expression and Purification of Hp AspRS.For over-
expression ofHp AspRS,E. coli (DH5R) calcium-competent
cells were transformed with pPTC001 and selected on Luria-
Broth (LB) agar plates containing 50µg/mL ampicillin. Hp
AspRS was overexpressed (for 30 min or less to avoid
toxicity effects) and purified by Ni-NTA affinity chroma-
tography as described forHp GluRS2 (16). Sodium dodecyl
sulfate-polyacrylamide gel electropheresis (SDS-PAGE)
confirmed that the protein was purified to homogeneity
(>95% pure, data not shown). The final purified protein was
stable for months when stored at-20 °C in 50% glycerol,
33 mM phosphate buffer, pH 7.4, 3 mM Tris-Cl, 1.5 mM
â-mercaptoethanol (BME), and 0.5 mM phenylmethane-
sulfonyl fluoride (PMSF). Final protein concentrations were
determined by the Bradford Protein Assay (Bio-Rad) in
triplicate.

Growth CurVes. Toxicity and viability profiles of different
E. coli cultures were determined according to the following
general protocol. A single colony was grown overnight in 5
mL of LB supplemented with the appropriate antibiotic(s).
This culture was used to inoculate 200 mL of the same
medium to an initial OD600 of 0.05, and the culture was
incubated at 37°C with agitation. Cell growth was assessed
every 30 or 60 min. When cell density reached an OD600 of
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approximately 0.2, the culture was induced by addition of
IPTG to a final concentration of 0.3-1 mM. Growth was
monitored for an additional 8 h. Reported data represents
the average of experiments conducted at least in triplicate.

To determine whether overexpression ofHp AspRS is
toxic toE. coli, growth curves were determined as described
above forE. coli (DH5R) transformed with pPTC001. All
cultures were supplemented with 50µg/mL ampicillin. This
same protocol was used to evaluate growth of each of the
mutant ND-AspRS variants. These experiments were re-
peated 6-9 times in order to be certain that the trends shown
in Figure 5 are statistically significant.

To evaluate culture sustainability upon coexpression of
Hp AspRS andHp Asp/Glu-Adt, growth curves were
determined forE. coli (BL21(DE3)) that had been co-
transformed with pPTC022 and pSS015 (Hp gatCABin pET-
28a, Skouloubris and Hendrickson, unpublished results) in
media supplemented with 50µg/mL ampicillin and 50µg/
mL kanamycin. The viability of this strain was compared to
BL21(DE3) containing pPTC022 alone.

Aminoacylation Assays and Kinetic Constant Determina-
tion. Aminoacylation assays were performed in 100 mM
Hepes (pH 7.5), 2 mM ATP, 4 mM MgCl2, 10 µM aspartic
acid, and 100µCi/mL L-[2,3-3H] aspartic acid. AspRS was
added to a final concentration of 0.2µM. Each tRNA was
pre-folded with MgCl2 as described above. Each tRNA was
assayed over a range of concentrations (0.25-24µM). These
experiments were always run in parallel (e.g., a single
enzyme batch was assayed over a range of tRNA concentra-
tions with both tRNAs at the same time) to minimize errors
and ensure that theVmax values shown in Figure 4 would be
internally comparable. Michaelis-Menten kinetic parameters
were determined by least-squares analyses using Kaleida-
Graph Version 3.6.2 (Synergy Software). Error bars represent
the error range of experiments conducted at least in triplicate.

Acid Gel Electrophoresis and Northern Blot Analyses.
Total E. coli tRNA was pre-folded and aminoacylated for
90 min as described above. Each reaction was quenched by
addition of phenol (saturated with citric acid, pH 4.5). The
aqueous layer was isolated and extracted with phenol two
more times. The mixture of tRNAs and aminoacyl-tRNAs
was then precipitated with ethanol. The resultant pellet was
dissolved in 10 mM NaOAc (pH 4.5).

Each tRNA sample (320 pmol) was analyzed by acid gel
electrophoresis as previously described (17, 37). Gels were
typically run at 500 V for 18 h. The separated tRNAs were
then blotted onto nitrocellulose membrane and hybridized
with a 32P-radiolabeled DNA probe specific forE. coli
tRNAAsp (Pt#01P) orHp tRNAAsn (Pt#02P). (See Supporting
Information for probe sequences.)

RESULTS

Heterologous Expression of Hp AspRS in E. coli Is Toxic
but Can Be Partially Rescued by Coexpression with Hp Asp/
Glu-Adt. It is well-established that ND-GluRS (38, 39) and
GluRS2 (16) variants are toxic when heterologously over-
expressed inE. coli due to misacylation of a single tRNAGln

isoacceptor. This toxicity is likely due to a buildup of Glu-
tRNAGln1 causing a dearth of Gln-tRNAGln as a substrate for
protein biosynthesis or catastrophic errors in protein bio-
synthesis (16, 39-41). (E. coli lacks the three genes encoding

for the bifunctional, bacterial Asp/Glu-Adt (gatCAB) and
subsequently cannot repair misacylated Glu-tRNAGln (42).)
Toxicity could also arise from misincorporation of glutamate
into proteins at glutamine codons; however, neither the
chloroplast (43) nor theT. thermophilus(44) EF-Tu binds
Glu-tRNAGln.

A similar toxicity profile should correlate to ND-AspRS
overexpression, if a given ND-AspRS is capable of mis-
acylatingE. coli tRNAAsn in vivo. In fact, in a recent report,
E. coli transformants containing a plasmid for expression of
the ND-AspRS fromP. aeruginosawere not isolable, even
in the absence of IPTG (34). Only once the enzyme was
mutated to enhance specific tRNAAsp aminoacylation were
these constructs stable in vivo.

To determine whetherH. pylori AspRS expression is toxic
to E. coli, the Hp aspSgene was PCR-amplified (strain
26695, Hp0617, TIGR annotation (35)) and cloned into pQE-
80L (Qiagen). This plasmid was chosen because it contains
a copy of therep4 repressor gene; thus, protein expression
is tightly inhibited until IPTG induction. As shown in Figure
1A, IPTG induction ofHp AspRS overexpression is toxic,
similar to previously reported phenotypes for ND-GluRS (38,
39, 41) and GluRS2 (16).

To verify that the observed AspRS toxicity was due to
the misacylation ofE. coli tRNAAsn, Hp AspRS was purified
by Ni-NTA affinity chromatography and tested in amino-
acylation assays with totalE. coli tRNA as substrates. [As
previously described for the purification of the similarly toxic
Hp GluRS2 (16), heterologous overexpression ofHp AspRS
was limited to 30 min or less to minimize any deleterious
consequences that could arise from its toxicity inE. coli.]
Hp AspRS was readily purified by Ni-NTA affinity chro-
matography to homogeneity (data not shown).

The purifiedHp AspRS was incubated with totalE. coli
tRNA in the presence of aspartic acid in order to verify
whether this enzyme can heterologously aminoacylateE. coli
tRNAAsp and tRNAAsn. After a 90 min incubation and reaction
workup (see Experimental Procedures), the aminoacylated
and deacylated tRNAs were separated by acid gel electro-
phoresis (17, 37). In these gels, aminoacylated tRNAs
migrate more slowly than their deacylated counterparts
because of the addition of the positively chargedR-amino
group of the appended amino acid; thus, an upward shift in
a tRNA band is indicative of aminoacylation. Furthermore,
Northern blot analyses using oligonucleotide probes that are
specific for different tRNAs can be used to identify which
tRNA(s) was aminoacylated. Figure 1B shows the results
of these experiments when probes specific for tRNAAsp (top
panel) and tRNAAsn (bottom panel) were used. In each gel,
lane 1 shows a deacylated tRNA control and lane 2 shows
the tRNA upon incubation withHp AspRS and aspartic acid.
As expected,Hp AspRS readily aminoacylatesE. coli
tRNAAsp (Figure 1B, lane 2, top panel), as indicated by the
upward shift observed in lane 2. Consistent with the toxicity
of this AspRS when expressed inE. coli, Hp AspRS also
aminoacylatesE. coli tRNAAsn to generate the misacylated
Asp-tRNAAsn (Figure 1B, lane 2, bottom panel). Note that
tRNAAsn migrates as two bands in this gelsthis pattern has
been seen with other post-transcriptionally modified tRNAs
(16) and is presumably due to hypomodification at one or
more tRNA bases. Both bands shift upward in lane 2,
indicating that both variants are misacylated byHp AspRS.
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Thus, the nature of the low modification is not critical under
these experimental conditions. These data confirm thatHp
AspRS is toxic toE. coli due to misacylation ofE. coli
tRNAAsn.

It has been hypothesized that the toxicity of the misacy-
lating aminoacyl-tRNA synthetases is due to either ac-
cumulation of misacylated tRNAs in conjunction with the
lack of a repair mechanism or errors in protein synthesis
(16, 38, 39, 41). To further probe this scenario, we decided
to test whether the toxicity ofHp AspRS could be alleviated
by coexpression with Asp/Glu-Adt, the amidotransferase that
converts both Glu-tRNAGln and Asp-tRNAAsn into Gln-
tRNAGln and Asn-tRNAAsn, respectively. For this experiment
to work, not only would the toxicity have to be due to Asp-
tRNAAsn accumulation, butHp Asp/Glu-Adt would have to
be able to recognizeE. coli Asp-tRNAAsn as a substrate. The
three subunits of Asp/Glu-Adt (gatCAB) were combined into
a single operon in pSS015, derived from the pET-28a vector
(Novagen). To resolve plasmid compatibility issues, theHp
aspSgene was transferred from pPTC001 into pCDF-1b
(generating pPTC022). Plasmid pCDF-1b is fully compatible
with most pBR322-type plasmids, including pET-28a, be-
cause it has an origin of replication derived from CloDF13
and spectinomycin/streptomycin antibiotic resistance; this
plasmid is IPTG-inducible. A single strain ofE. coli BL21-
(DE3) was co-transformed with pSS015 and pPTC022 and
selected on both kanamycin and streptomycin. The viability
of this strain, upon IPTG-induction of protein expression,
was compared to a strain containing pPTC022 alone. As
shown in Figure 1C, coexpression of Asp/Glu-Adt withHp
AspRS nearly doubled the achievable cell density. This result
supports the hypothesis thatHp AspRS is toxic toE. coli
because of sequestration of tRNAAsn as Asp-tRNAAsn. It also
demonstrates thatHp Asp/Glu-Adt can recognizeE. coli Asp-
tRNAAsn as a substrate in vivo.

The Hp AspRS Is a Nondiscriminating Enzyme.The in
vivo results described above offer the first evidence thatHp
AspRS is a nondiscriminating enzyme that aminoacylates
both tRNAAsp and tRNAAsn. To confirm this relaxed tRNA
specificity usingH. pylori tRNAs, traditional aminoacylation
assays were set up usingHp tRNAAsp and tRNAAsn that had
been overtranscribed in vivo and purified fromE. coli. The
anticodons of both tRNAAsp and tRNAAsn contain a post-
transcriptionally modified queosine (Q) at position 34, and
this modified base is an identity element for recognition by
E. coli AspRS and AsnRS (36, 45, 46). The Q biosynthetic
machinery is conserved throughout life (36); thus, the
decision to use in vivo-transcribed tRNAs was predicated
on the hypothesis that theE. coli machinery would introduce
this essential modification into the two differentHp tRNAs.
This transcription method produces a mixture of tRNAs,
highly enriched with theHp tRNA of interest, but contami-
nated with totalE. coli tRNA.

The results of triplicate aminoacylation assays conducted
at a single concentration of tRNAAsp and tRNAAsn (both at 2
µM) are shown in Figure 2. As expected, both tRNAs were
substrates forHp AspRS, confirming that this enzyme is
indeed an ND-AspRS.Hp ND-AspRS is more efficient at
aminoacylating its cognate substrate tRNAAsp than tRNAAsn.
A comparison of the Michaelis-Menten kinetics for each
tRNA (Figure 4A, see below) confirmed thatHp ND-AspRS
is 1.7 times more efficient at aminoacylating tRNAAsp over
tRNAAsn, under the conditions used in this study. Interest-
ingly, this specificity ratio is nearly identical to the ratio
reported for theP. aeruginosaND-AspRS when evaluated
with E. coli tRNAs (34), suggesting that it may be a general

FIGURE 1: Heterologous expression ofH. pylori ND-AspRS is toxic
to E. coli and can be rescued by coexpression of theH. pylori Asp/
Glu-Adt. (A) Overexpression ofHp ND-AspRS was monitored
upon induction with IPTG. This overexpression was toxic toE.
coli, when compared to a cell culture containing the empty plasmid,
pQE-80L, grown under identical conditions. (B) ND-AspRS ami-
noacylatesE. coli tRNAAsp (top gel) and misacylatesE. coli
tRNAAsn (bottom gel) (17, 37). In each gel, lane 1 is a deacylated
tRNA control and lane 2 represents the tRNA pool treated with
Hp ND-AspRS. Primers specific for tRNAAsp (top) or tRNAAsn

(bottom) were used for Northern blot analyses to specifically
visualize each tRNA of interest. The upward shift of the two bands
in lane 2 demonstrates ND-AspRS aminoacylatesE. coli tRNAAsn,
consistent with the toxicity of this enzyme when overexpressed in
E. coli. (C) The toxicity of ND-AspRS overexpression can be
alleviated by co-overexpression ofH. pylori Asp/Glu-Adt (Gat-
CAB). See Experimental Procedures for details. All growth curves
and acid gels were conducted in triplicate.
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trend for bacterial ND-AspRSs to have retained slight
specificity for their cognate tRNAAsp isoacceptors.

Mutations in the Anticodon-Binding Domain of Hp ND-
AspRS Enhance tRNAAsp Specificity.Bacterial ND-AspRS
and D-AspRS share a high level of sequence identity and
similarity. Consequently, the molecular features that dif-
ferentiate these two types of enzymes are not well-
understood. Key identity determinants for D-AspRS ami-
noacylation of tRNAAsp include the three anticodon nucleotides
(QUC, base 34 is post-transcriptionally modified to Q) and
the discriminator base (G73) (36, 45, 46). These bases are
conserved in tRNAAsn, including Q34, but excluding U36,
the anticodon base that defines tRNAAsn. It seems likely that
the C/U swap at position 36 would be a critical site for
discrimination in D-AspRS but would have to be a site of
relaxed recognition for ND-AspRS.

Several crystal structures of AspRS have been reported,
including the archaeal-type ND-AspRS fromT. thermophilus
(10) and the D-AspRS fromE. coli, complexed withE. coli
tRNAAsp (10, 46). In the cocrystal structure, the three bases
of the tRNA anticodon are nestled within a cleft of the
N-terminal anticodon-binding domain of D-AspRS (Figure
3B) (46). We constructed an alignment of this domain using
several bacterial D-AspRS and ND-AspRS sequences, a
portion of which is shown in Figure 3A. This alignment
shows the high level of conservation found in the anticodon-
binding domains of both D- and ND-AspRS, with slightly
different patterns of conservation between the two types of
enzymes. (Unfortunately, theT. thermophilusND-AspRS
more closely resembles a mix of an archaeal and eukaryal
AspRS, so its sequence homology to theHp ND-AspRS is
low and it was omitted from the alignment (10).)

Using this alignment and theE. coli D-AspRS:tRNAAsp

cocrystal, we focused our mutagenesis efforts on two amino
acids in Hp ND-AspRS: Leu81 and Leu86. These two
residues correspond to Asn82 and Met87 in theE. coli
enzyme (Figure 3C, magenta) and are proximal to the tRNA
anticodon bases. Met87 sits on the far edge of the C36
binding pocket and is typically either a Met or a Leu in both
D- and ND-AspRS sequences. Asn82 forms a backbone
hydrogen bond to N4 in C36, and theγ-carbonyl hydrogen-

bonds to the 2′-OH of Q34. This residue is highly conserved
as either an Asn or Gln in D-AspRS sequences but is more
commonly a small amino acid in ND-AspRS sequences.

We constructed three mutant variants ofHp ND-AspRS:
L81N, L86M, and the double mutant, L81N/L86M. Each of
these enzymes was overexpressed and purified to homogene-
ity (>95% pure by SDS-PAGE), according to the protocols
optimized for wild-typeHp ND-AspRS. Kinetic constants
were determined separately for tRNAAsp and tRNAAsn with
wild-type ND-AspRS and each mutant enzyme; these data
are summarized in Table 1 and shown in Figure 4.

Each of the two single mutations enhanced enzyme
specificity for tRNAAsp over tRNAAsn (Figure 4A-C). In both
cases, this increased specificity for tRNAAsp predominantly
results from increases in theKM for tRNAAsn, with each
mutation leaving theKM for tRNAAsp unperturbed (within
error). This effect is most dramatic for the L86M mutant
enzyme where its tRNAAsp specificity is doubled as compared
to wild-type (from 1.7 to 3.4, Table 1). Without a crystal
structure of a bacterial ND-AspRS (ideally cocrystallized
with tRNAAsn), it is difficult to understand the impact of this
L86M mutation at a molecular level, particularly because
this methionine is found in the sequences of many ND-
AspRS and is not rigorously conserved in D-AspRS se-
quences. Further analyses to identify the rate-limiting step
in Hp ND-AspRS catalysis or to determine the dissociation
constant for each tRNA, using both the wild-type enzyme
and this mutant variant, may further clarify the role of this
residue in tRNA specificity.

In the less dramatic case of the L81N mutant enzyme, the
impact of the higherKM on the kcat/KM for tRNAAsn is
diminished by the fact that this mutation nearly doubles the
kcat for tRNAAsn as compared to the wild-type enzyme (from
0.014 to 0.026 s-1, an 86% increase inkcat). Thus, thekcat

for tRNAAsn is virtually identical to that of tRNAAsp in the
presence of the L81N mutation. (In contrast, wild-type
AspRS has akcat for tRNAAsp that is 60% higher than that
of tRNAAsn.) The overall increase in specificity for tRNAAsp,
as judged by the ratio ofkcat/KM for the two tRNAs with
this L81N mutation, is only about 40% higher than that for
the wild-type ND-AspRS. In the cocrystal structure ofE.
coli D-AspRS and tRNAAsp, Asn82 (the residue correspond-
ing to Leu81 inHp ND-AspRS) forms two hydrogen bonds
with the tRNA: (1) Theγ-carbonyl hydrogen bonds to the
2′OH of Q34, the hypermodified base conserved in the
tRNAAsp and tRNAAsn anticodons and (2) the backbone (R)
carbonyl H-bonds to the N4 nitrogen of C36. It can be
hypothesized that the side chain H-bond helps to align the
backbone carbonyl of this residue for ideal recognition of
C36 in tRNAAsp over U36 in tRNAAsn; however, the
verification of these fine details in molecular recognition will
only be confirmed upon the determination of a cocrystal
structure of a bacterial ND-AspRS with tRNAAsp or tRNAAsn.
What is clear from this mutagenesis analysis is that neither
L81 nor L86 is a strong participant in recognition of either
tRNA. Instead, these two residues contribute more subtly to
the overall tRNA specificity of this ND-AspRS.

Interestingly, when the two mutations were combined, they
were not synergistic in enhancing tRNAAsp specificity.
Instead, the L81N/L86M AspRS showed a significant
deviation form Michaelis-Menten kinetics, arising from
substrate inhibition at high concentrations of either tRNA

FIGURE 2: H. pylori preferentially aminoacylates tRNAAsp over
tRNAAsn. When aminoacylation assays are run under identical
conditions (2µM tRNAAsp or 2µM tRNAAsn, 200 nM ND-AspRS),
tRNAAsp (open circles) is aminoacylated faster than tRNAAsn (closed
circles). Error bars represent the standard deviation arising from
experiments run in triplicate.
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([tRNA] g 16 µM, Figure 4D, solid lines). We extracted
crude values forKM andkcat by fitting the data for concentra-
tions of tRNA between 0 and 4µM (shown in Table 1 in
brackets and derived from the curve fit analyses in Figure
4D shown as dashed lines). Using these values, the L81N/
L86M AspRS still favored tRNAAsp over tRNAAsn with a
specificity ratio of about 2.5. It is worth noting that this same
substrate inhibition may be weakly occurring in wild-type
ND-AspRS and the L81N mutant enzyme at higher tRNA
concentrations (g24 µM, Figure 4A,B); in the case of the
double mutant, however, the effect was more dramatic, being
observed at tRNA concentrations of 16µM or less.

Increasing tRNAAspSpecificity in an ND-AspRS Diminishes
in ViVo Toxicity. As discussed above, overexpression of wild-
type Hp ND-AspRS inE. coli results in a toxic phenotype
(see Figure 1A), presumably due to the lack of correctly
acylated Asn-tRNAAsn for use in protein biosynthesis (16,
39, 41). We decided to evaluate whether the perturbations
in tRNA specificity of our mutations would have any impact
on the toxicity ofHp ND-AspRS inE. coli. In other words,
we asked whether a 3-fold improvement in tRNAAsp ami-
noacylation over tRNAAsn aminoacylation, as we see with
the L86M AspRS, is sufficient to induce a less toxic
phenotype.

FIGURE 3: ND-AspRS and D-AspRS have similar but different anticodon-binding domains. (A) The anticodon-binding domains of select
bacterial aspartyl-tRNA synthetase sequences were aligned (typically residues 1-100, only regions relevant to the present work are shown).
Each AspRS sequence was assigned as a D-AspRS or an ND-AspRS based on genome analyses for the presence of AsnRS and Asp/Glu-
Adt genes (gatCAB). Ambiguous AspRS sequences (e.g., enzymes from an organism that encodes both AsnRS and Glu-Adt) were omitted.
The two residues highlighted in red were mutated (L81N and L86M) as part of the present study; those in blue were analyzed by Roy and
colleagues (34). (B) The anticodon-binding domain ofE. coli D-AspRS complexed with fully modifiedE. coli tRNAAsp, showing the cleft
that accommodates the anticodon trinucleotides (46). (C) A closeup of this anticodon-binding domain. Residues shown in magenta were
mutated as part of this study; those shown in blue were analyzed in a study by Roy and colleagues (34). See Results for details.

Table 1: Aminoacylation Kinetics for Wild-Type and MutantHp ND-AspRS Variantsa

enzyme
KM tRNAAsp

(µM)
kcattRNAAsp

(s-1)
kcat/KM tRNAAsp

(M-1 s-1)
KM tRNAAsn

(µM)
kcattRNAAsn

(s-1)
kcat/KM tRNAAsn

(M-1 s-1)
specificity

ratiob

wild-type 0.77( 0.14 0.022( 0.001 2.9× 104 0.83( 0.44 0.014( 0.001 1.7× 104 1.7
L81N 0.85( 0.22 0.028( 0.001 3.3× 104 1.87( 0.24 0.026( 0.001 1.4× 104 2.4
L86M 0.87( 0.05 0.021( 0.001 2.4× 104 2.23( 0.34 0.015( 0.001 0.7× 104 3.4
L81N/L86Mc [0.6] [0.021] [3.5× 104] [1.3] [0.018] [1.4× 104] [2.5]

a Full kinetic analyses were conducted with wild-type ND-AspRS and its mutants. See Experimental Procedures and Figure 4 for details. All
experiments were run at least in triplicate.b The specificity ratio is thekcat/KM for tRNAAsp divided by thekcat/KM for tRNAAsn. c The L81N/L86M
mutation did not follow Michaelis-Menten kinetics. The kinetic values presented here were extracted from tRNA concentrationse16 µM (dashed
line, Figure 4D). They are shown in brackets to highlight the fact that they only represent an estimation based on low concentrations of tRNA; at
tRNA concentrationsg16 µM, significant inhibition was observed (solid lines, Figure 4D). See text and Figure 4 for further details.
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We compared growth curves for cultures expressing wild-
typeHp ND-AspRS and each of our mutant enzymes (Figure
5). Although still toxic, cultures expressing the L86M single
mutant or the L81N/L86M double mutant grew to a greater
extent than the cultures expressing either the L81N mutant
enzyme or wild-type ND-AspRS. These toxicity curves are
very consistent with the specificity ratios reported in Table
1, even including the double mutant. (Note: these experi-
ments were performed 6-9 times to verify that the subtle
trends shown were significant and reproducible.) These
results demonstrate a direct correlation between tRNA
substrate specificity and maximal growth density.

DISCUSSION

Here, we have reported the first characterization of the
bacterial-type ND-AspRS fromH. pylori. This enzyme is a
canonical, nondiscriminating AspRS that is slightly more
efficient at aminoacylating tRNAAsp over tRNAAsn. To begin
to understand how this relaxed tRNA specificity is achieved,
we compared the anticodon-binding domains of several
bacterial ND-AspRS and D-AspRS sequences to the crystal
structure of the D-AspRS fromE. coli. On the basis of these
analyses, three mutant enzymes were evaluated (L81N,
L86M, and L81N/L86M), all of which enhanced the speci-
ficity for tRNAAsp aminoacylation over tRNAAsn to varying,
subtle degrees.

Figure 3B,C shows the anticodon-binding cleft ofE. coli
D-AspRS. The residues analyzed in the present work are
highlighted in magenta, and the side chains mutated by Roy
and co-workers in theP. aeruginosaND-AspRS are high-
lighted in blue (34). Each of the mutations introduced at these
different conserved and partially conserved positions led to
only small perturbations in tRNA specificity. As reported
here, introduction of an L86M mutation intoHp ND-AspRS
doubled the tRNAAsp/tRNAAsn specificity ratio from 1.7 to
3.4. In the P. aeruginosastudy (34), the most dramatic
mutation was G83K, which led to a specificity ratio of 6.2
when analyzed with heterologous tRNAs fromE. coli (a
4-fold increase from the ratio of 1.5 determined with the
wild-type enzyme). Interestingly, this G83K mutation had

FIGURE 4: Michaelis-Menten kinetics forHp wild-type AspRS and
mutants. Plots for rate versus tRNA concentration are shown for
each enzyme with tRNAAsp (open circles) and tRNAAsn (open
squares). (A) Wild-type AspRS; (B) L81N; (C) L86M; and (D)
L81N/L86M. For wild-type and each single mutant, the data were
directly fit to the Michaelis-Menten equation using KaleidaGraph
(Synergy Software); these fits are shown as solid lines. For the
L81N/L86M double mutant (panel D), kinetic parameters were
calculated using only the initial velocity values for tRNA concen-
trationse16 µM (broken line). At higher tRNA concentrations,
significant substrate inhibition was observed (solid line); see Results
for detail. Error bars represent the standard deviation of experiments
run in triplicate.

FIGURE 5: A single point mutation that optimizes tRNAAsp

specificity is less toxic when expressed inE. coli. Wild-type and
mutant AspRS were each evaluated for toxicity arising from
heterologous expression inE. coli, as in Figure 1. Error analysis
represents the average of three or more repetitions of each
experiment.
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no effect on the specificity of aminoacylation ofP. aerugi-
nosatRNA, the enzyme’s normal tRNA pool. This unusual
observation supports the likely hypothesis that discriminating
aminoacyl-tRNA synthetases evolved in conjunction with the
evolution of their specific tRNA isoacceptors (34).

We were initially surprised that single mutations inHp
ND-AspRS were insufficient to dramatically perturb its tRNA
specificity, particularly because a single mutation was
sufficient to completely convert the archaeal-type D-AspRS
from Thermococcus kodakaraensisinto an ND-AspRS (47).
One possible explanation is that the few mutations analyzed
to date on bacterial ND-AspRSs are simply not the right ones
for the desired effect, a theory that can only be verified by
further analysis and experimentation. Another explanation
might be that bacterial ND-AspRSs were (and/or are) under
greater selective pressure to retain their nondiscriminating
activity. Phylogenetic and experimental analyses have sug-
gested that the divergence of AspRS into discriminating and
nondiscriminating forms occurred twice, separately in bac-
teria and in archaea/eukarya (9, 25, 33, 48-50), an example
of convergent evolution that is consistent with the concept
of different evolutionary pressures. Thus, information gained
by mutagenesis experiments on archaeal AspRSs may not
always translate into the bacterial system. Furthermore, some
bacteria rely on ND-AspRS and Asp/Glu-Adt not only for
Asn-tRNAAsn biosynthesis but as the sole route for asparagine
biosynthesis as well (3, 29, 51). Perhaps this amino acid
anabolism requirement was sufficient to more tightly lock
ND-AspRS activity into place in bacteria, leading to modern
ND-AspRS orthologs that use multiple methods to ensure
tRNAAsn recognition and are consequently resistant to
perturbations in their tRNA recognition patterns.

In the present work, we have also shown a correlation with
the specificity ratio of Asp-tRNAAsp over Asp-tRNAAsn

biosynthesis to in vivo toxicity of our heterologously
overexpressedHp ND-AspRS variants. At least in some
organisms, EF-Tu plays a direct role in preventing Asp-
tRNAAsn and Glu-tRNAGln from entering the ribosome and
causing errors in protein biosynthesis (3, 29, 52), arguing
that this toxicity arises from sequestration of tRNAAsn as the
abortive Asp-tRNAAsn. However, successful selection experi-
ments in E. coli have relied on Asp-tRNAAsn-mediated
incorporation of Asp into proteins at Asn codons, arguing
that E. coli EF-Tu binds this misacylated tRNA at least to
an extent to be functionally significant (11, 33). Thus, it
remains to be seen whether the toxicity ofHp ND-AspRS is
due to a dearth of Asn-tRNAAsn or to the induction of
catastrophic errors arising from low levels of Asp for Asn
mutations at a proteome-wide level.

ACKNOWLEDGMENT

The authors thank Dr. Ste´phane Skouloubris for plasmid
pSS015 and Joohee Lee and Terry Cathopoulis for critical
reading of the manuscript.

SUPPORTING INFORMATION AVAILABLE

Table of primers used in cloning ofHp AspRS, tRNAAsp,
and tRNAAsn and Northern hybridization experiments. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Ibba, M., and Soll, D. (2000) Aminoacyl-tRNA synthesis,Annu.
ReV. Biochem. 69, 617-650.

2. Ribas de Pouplana, L., and Schimmel, P. (2000) A view into the
origin of life: Aminoacyl-tRNA synthetases,Cell. Mol. Life Sci.
57, 865-870.

3. Ibba, M., and Soll, D. (2004) Aminoacyl-tRNAs: Setting the limits
of the genetic code,Genes DeV. 18, 731-738.

4. Wilcox, M., and Nirenberg, M. (1968) Transfer RNA as a cofactor
coupling amino acid synthesis with that of protein,Proc. Natl.
Acad. Sci. U.S.A. 61, 229-236.

5. Schon, A., Kannangara, C. G., Gough, S., and Soll, D. (1988)
Protein biosynthesis in organelles requires misaminoacylation of
tRNA, Nature 331, 187-190.

6. Becker, H. D., and Kern, D. (1998)Thermus thermophilus: A
link in evolution of the tRNA-dependent amino acid amidation
pathways,Proc. Natl. Acad. Sci. U.S.A. 95, 12832-12837.

7. Curnow, A. W., Tumbula, D. L., Pelaschier, J. T., Min, B., and
Soll, D. (1998) Glutamyl-tRNA(Gln) amidotransferase inDeino-
coccus radioduransmay be confined to asparagine biosynthesis,
Proc. Natl. Acad. Sci. U.S.A. 95, 12838-12843.

8. Becker, H. D., Roy, H., Moulinier, L., Mazauric, M. H., Keith,
G., and Kern, D. (2000)Thermus thermophiluscontains an
eubacterial and an archaebacterial aspartyl-tRNA synthetase,
Biochemistry 39, 3216-30.

9. Raczniak, G., Becker, H. D., Min, B., and Soll, D. (2001) A single
amidotransferase forms asparaginyl-tRNA and glutaminyl-tRNA
in Chlamydia trachomatis, J. Biol. Chem. 276, 45862-45867.

10. Charron, C., Roy, H., Blaise, M., Giege, R., and Kern, D. (2003)
Non-discriminating and discriminating aspartyl-tRNA synthetases
differ in the anticodon-binding domain,EMBO J. 22, 1632-1643.

11. Min, B., Kitabatake, M., Polycarpo, C., Pelaschier, J., Raczniak,
G., Ruan, B., Kobayashi, H., Namgoong, S., and Soll, D. (2003)
Protein synthesis inEscherichia coliwith mischarged tRNA,J.
Bacteriol. 185, 3524-3526.

12. Akochy, P. M., Bernard, D., Roy, P. H., and Lapointe, J. (2004)
Direct glutaminyl-tRNA biosynthesis and indirect asparaginyl-
tRNA biosynthesis inPseudomonas aeruginosapao1,J. Bacteriol.
186, 767-776.

13. Nunez, H., Lefimil, C., Min, B., Soll, D., and Orellana, O. (2004)
In vivo formation of glutamyl-tRNA(gln) inEscherichia coliby
heterologous glutamyl-tRNA synthetases,FEBS Lett. 557, 133-
135.

14. Giege, R., and Rees, B. (2005) Aspartyl-tRNA synthetases, inThe
Aminoacyl-tRNA Synthetases(Ibba, M., Francklyn, C. S., and
Cusack, S., Eds.) pp 210-226, Landes Bioscience, Georgetown,
TX.

15. Salazar, J. C., Ahel, I., Orellana, O., Tumbula-Hansen, D., Krieger,
R., Daniels, L., and Soll, D. (2003) Coevolution of an aminoacyl-
tRNA synthetase with its tRNA substrates,Proc. Natl. Acad. Sci.
U.S.A. 100, 13863-13868.

16. Skouloubris, S., Ribas de Pouplana, L., De Reuse, H., and
Hendrickson, T. L. (2003) A noncognate aminoacyl-tRNA syn-
thetase that may resolve a missing link in protein evolution,Proc.
Natl. Acad. Sci. U.S.A. 100, 11297-11302.

17. Lee, J., and Hendrickson, T. L. (2004) Divergent anticodon
recognition in contrasting glutamyl-tRNA synthetases,J. Mol. Biol.
344, 1167-1174.

18. Ibba, M., and Soll, D. (2002) Genetic code: Introducing pyrrol-
ysine,Curr. Biol. 12, R464-466.

19. Srinivasan, G., James, C. M., and Krzycki, J. A. (2002) Pyrrolysine
encoded by UAG in archaea: Charging of a UAG-decoding
specialized tRNA,Science 296, 1459-1462.

20. Polycarpo, C., Ambrogelly, A., Ruan, B., Tumbula-Hansen, D.,
Ataide, S. F., Ishitani, R., Yokoyama, S., Nureki, O., Ibba, M.,
and Soll, D. (2003) Activation of the pyrrolysine suppressor tRNA
requires formation of a ternary complex with class I and class II
lysyl-tRNA synthetases,Mol. Cell 12, 287-294.

21. Krzycki, J. A. (2004) Function of genetically encoded pyrrolysine
in corrinoid-dependent methylamine methyltransferases,Curr.
Opin. Chem. Biol. 8, 484-491.

22. Polycarpo, C., Ambrogelly, A., Berube, A., Winbush, S. M.,
McCloskey, J. A., Crain, P. F., Wood, J. L., and Soll, D. (2004)
An aminoacyl-tRNA synthetase that specifically activates pyrrol-
ysine,Proc. Natl. Acad. Sci. U.S.A. 101, 12450-12454.

23. Krzycki, J. A. (2005) The direct genetic encoding of pyrrolysine,
Curr. Opin. Microbiol. 8, 706-712.

8086 Biochemistry, Vol. 45, No. 26, 2006 Chuawong and Hendrickson



24. Sauerwald, A., Zhu, W., Major, T. A., Roy, H., Palioura, S., Jahn,
D., Whitman, W. B., Yates, J. R., III, Ibba, M., and Soll, D. (2005)
RNA-dependent cysteine biosynthesis in archaea,Science 307,
1969-1972.

25. Woese, C. R., Olsen, G. J., Ibba, M., and Soll, D. (2000)
Aminoacyl-tRNA synthetases, the genetic code, and the evolution-
ary process,Microbiol. Mol. Biol. ReV. 64, 202-236.

26. Curnow, A. W., Hong, K., Yuan, R., Kim, S., Martins, O., Winkler,
W., Henkin, T. M., and Soll, D. (1997) Glu-tRNAGln amido-
transferase: A novel heterotrimeric enzyme required for correct
decoding of glutamine codons during translation,Proc. Natl. Acad.
Sci. U.S.A. 94, 11819-11826.

27. Becker, H. D., Min, B., Jacobi, C., Raczniak, G., Pelaschier, J.,
Roy, H., Klein, S., Kern, D., and Soll, D. (2000) The heterotrimeric
Thermus thermophilusAsp-tRNA(Asn) amidotransferase can also
generate Gln-tRNA(Gln),FEBS Lett. 476, 140-144.

28. Salazar, J. C., Zuniga, R., Raczniak, G., Becker, H., Soll, D., and
Orellana, O. (2001) A dual-specific Glu-tRNA(Gln) and Asp-
tRNA(Asn) amidotransferase is involved in decoding glutamine
and asparagine codons inAcidithiobacillus ferrooxidans, FEBS
Lett. 500, 129-131.

29. Roy, H., Becker, H. D., Reinbolt, J., and Kern, D. (2003) When
contemporary aminoacyl-tRNA synthetases invent their cognate
amino acid metabolism,Proc. Natl. Acad. Sci. U.S.A. 100, 9837-
9842.

30. Becker, H. D., Reinbolt, J., Kreutzer, R., Giege, R., and Kern, D.
(1997) Existence of two distinct aspartyl-tRNA synthetases in
Thermus thermophilus. Structural and biochemical properties of
the two enzymes,Biochemistry 36, 8785-8797.

31. Delarue, M., Poterszman, A., Nikonov, S., Garber, M., Moras,
D., and Thierry, J. C. (1994) Crystal structure of a prokaryotic
aspartyl tRNA-synthetase,EMBO J. 13, 3219-3229.

32. Briand, C., Poterszman, A., Eiler, S., Webster, G., Thierry, J., and
Moras, D. (2000) An intermediate step in the recognition of tRNA-
(Asp) by aspartyl-tRNA synthetase,J. Mol. Biol. 299, 1051-1060.

33. Feng, L., Yuan, J., Toogood, H., Tumbula-Hansen, D., and Soll,
D. (2005) Aspartyl-tRNA synthetase requires a conserved proline
in the anticodon-binding loop for tRNA(Asn) recognition in vivo,
J. Biol. Chem. 280, 20638-20641.

34. Bernard, D., Akochy, P. M., Beaulieu, D., Lapointe, J., and Roy,
P. H. (2006) Two residues in the anticodon recognition domain
of the aspartyl-tRNA synthetase fromPseudomonas aeruginosa
are individually implicated in the recognition of tRNAAsn, J.
Bacteriol. 188, 269-274.

35. Tomb, J. F., White, O., Kerlavage, A. R., Clayton, R. A., Sutton,
G. G., Fleischmann, R. D., Ketchum, K. A., Klenk, H. P., Gill,
S., Dougherty, B. A., Nelson, K., Quackenbush, J., Zhou, L.,
Kirkness, E. F., Peterson, S., Loftus, B., Richardson, D., Dodson,
R., Khalak, H. G., Glodek, A., McKenney, K., Fitzegerald, L.
M., Lee, N., Adams, M. D., Hickey, E. K., Berg, D. E., Gocayne,
J. D., Utterback, T. R., Peterson, J. D., Kelley, J. M., Cotton, M.
D., Weidman, J. M., Fujii, C., Bowman, C., Watthey, L., Wallin,
E., Hayes, W. S., Borodovsky, M., Karp, P. D., Smith, H. O.,
Fraser, C. M., and Venter, J. C. (1997) The complete genome
sequence of the gastric pathogenHelicobacter pylori, Nature 388,
539-547.

36. Morris, R. C., and Elliott, M. S. (2001) Queuosine modification
of tRNA: A case for convergent evolution,Mol. Genet. Metab.
74, 147-159.

37. Varshney, U., Lee, C. P., and RajBhandary, U. L. (1991) Direct
analysis of aminoacylation levels of tRNAs in vivo. Application
to studying recognition ofEscherichia coliinitiator tRNA mutants
by glutaminyl-tRNA synthetase,J. Biol. Chem. 266, 24712-
24718.

38. Lapointe, J., Duplain, L., and Proulx, M. (1986) A single glutamyl-
tRNA synthetase aminoacylates tRNAGlu and tRNAGln in Bacillus
subtilis and efficiently misacylatesEscherichia colitRNAGln1 in
vitro, J. Bacteriol. 165, 88-93.

39. Baick, J. W., Yoon, J. H., Namgoong, S., Soll, D., Kim, S. I.,
Eom, S. H., and Hong, K. W. (2004) Growth inhibition of
Escherichia coliduring heterologous expression ofBacillus subtilis
glutamyl-tRNA synthetase that catalyzes the formation of mis-
charged glutamyl-tRNAGln1, J. Microbiol. 42, 111-116.

40. Gagnon, Y., Lacoste, L., Champagne, N., and Lapointe, J. (1996)
Widespread use of the Glu-tRNAGln transamidation pathway
among bacteria. A member of the alpha purple bacteria lacks
glutaminyl-tRNA synthetase,J. Biol. Chem. 271, 14856-14863.

41. Pelchat, M., Lacoste, L., Yang, F., and Lapointe, J. (1998)
Overproduction of theBacillus subtilisglutamyl-tRNA synthetase
in its host and its toxicity toEscherichia coli, Can. J. Microbiol.
44, 378-381.

42. Blattner, F. R., Plunkett, G., 3rd, Bloch, C. A., Perna, N. T.,
Burland, V., Riley, M., Collado-Vides, J., Glasner, J. D., Rode,
C. K., Mayhew, G. F., Gregor, J., Davis, N. W., Kirkpatrick, H.
A., Goeden, M. A., Rose, D. J., Mau, B., and Shao, Y. (1997)
The complete genome sequence ofEscherichia colik-12,Science
277, 1453-1474.

43. Stanzel, M., Schon, A., and Sprinzl, M. (1994) Discrimination
against misacylated tRNA by chloroplast elongation factor Tu,
Eur. J. Biochem. 219, 435-439.

44. LaRiviere, F. J., Wolfson, A. D., and Uhlenbeck, O. C. (2001)
Uniform binding of aminoacyl-tRNAs to elongation factor Tu by
thermodynamic compensation,Science 294, 165-168.

45. Nameki, N., Tamura, K., Himeno, H., Asahara, H., Hasegawa,
T., and Shimizu, M. (1992)Escherichia colitRNA(Asp) recogni-
tion mechanism differing from that of the yeast system,Biochem.
Biophys. Res. Commun. 189, 856-862.

46. Eiler, S., Dock-Bregeon, A., Moulinier, L., Thierry, J. C., and
Moras, D. (1999) Synthesis of aspartyl-tRNA(Asp) inEscherichia
colisa snapshot of the second step,EMBO J. 18, 6532-6541.

47. Feng, L., Tumbula-Hansen, D., Toogood, H., and Soll, D. (2003)
Expanding tRNA recognition of a tRNA synthetase by a single
amino acid change,Proc. Natl. Acad. Sci. U.S.A. 100, 5676-
5681.

48. Shiba, K., Motegi, H., Yoshida, M., and Noda, T. (1998) Human
asparaginyl-tRNA synthetase: Molecular cloning and the inference
of the evolutionary history of asx-tRNA synthetase family,Nucleic
Acids Res. 26, 5045-5051.

49. Wolf, Y. I., Aravind, L., Grishin, N. V., and Koonin, E. V. (1999)
Evolution of aminoacyl-tRNA synthetasessanalysis of unique
domain architectures and phylogenetic trees reveals a complex
history of horizontal gene transfer events,Genome Res. 9, 689-
710.

50. Tumbula-Hansen, D., Feng, L., Toogood, H., Stetter, K. O., and
Soll, D. (2002) Evolutionary divergence of the archaeal aspartyl-
tRNA synthetases into discriminating and nondiscriminating forms,
J. Biol. Chem. 277, 37184-37190.

51. Min, B., Pelaschier, J. T., Graham, D. E., Tumbula-Hansen, D.,
and Soll, D. (2002) Transfer RNA-dependent amino acid biosyn-
thesis: An essential route to asparagine formation,Proc. Natl.
Acad. Sci. U.S.A. 99, 2678-2683.

52. Asahara, H., and Uhlenbeck, O. C. (2002) The tRNA specificity
of Thermus thermophilusEf-Tu, Proc. Natl. Acad. Sci. U.S.A. 99,
3499-3504.

BI060189C

H. pylori ND-AspRS tRNA Recognition andE. coli Toxicity Biochemistry, Vol. 45, No. 26, 20068087


