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ABSTRACT

In many bacteria and archaea, an ancestral pathway
is used where asparagine and glutamine are formed
from their acidic precursors while covalently linked
to tRNA”" and tRNA®", respectively. Stable
complexes formed by the enzymes of these indirect
tRNA aminoacylation pathways are found in several
thermophilic organisms, and are called transamido-
somes. We describe here a transamidosome forming
GIn-tRNA®" in Helicobacter pylori, an s-proteoba-
cterium pathogenic for humans; this transamido-
some displays novel properties that may be
characteristic of mesophilic organisms. This ternary
complex containing the non-canonical GIuRS2
specific for GIu-tRNA®" formation, the tRNA-
dependent amidotransferase GatCAB and tRNAS"
was characterized by dynamic light scattering.
Moreover, we observed by interferometry a weak
interaction between GIuRS2 and GatCAB (Kp=
40+5uM). The kinetics of Glu-tRNA®" and Gin-
tRNA®" formation indicate that conformational
shifts inside the transamidosome allow the tRNA®'"
acceptor stem to interact alternately with GIuRS2
and GatCAB despite their common identity elem-
ents. The integrity of this dynamic transamido-
some depends on a critical concentration of
tRNA®", above which it dissociates into separate

GatCAB/tRNA®" and GIuRS2/tRNA®" complexes.
Ester bond protection assays show that both
enzymes display a good affinity for tRNA®'" regard-
less of its aminoacylation state, and support a
mechanism where GIuURS2 can hydrolyze excess
Glu-tRNA®", ensuring faithful decoding of Gin
codons.

INTRODUCTION

Survival in a competitive environment requires a high
degree of faithfulness in protein biosynthesis to avoid
not only lethal mutations but also those affecting fitness.
Decoding of genetic information typically takes place on
highly specific enzymes named aminoacyl-tRNA synthe-
tases (aaRSs). Even though there are aaRSs for all 20
canonical amino acids, half of all characterized bacteria
and archaea are deprived of asparaginyl-tRNA synthetase
(AsnRS). Similarly, glutaminyl-tRNA synthetase (GInRS)
is absent from all archaea and most bacteria (1-3).

The indirect pathway used for the formation of Gln-
tRNAC™ was discovered in 1968 by Wilcox and
Nirenberg (4). The first enzyme in this pathway is a non-
discriminating aaRS (ND-aaRS) such as the ND-GIuRS
of Bacillus subtilis, which glutamylates both tRNA®™ and
tRNAS"™ or a non-canonical GluRS2 such as those of
Helicobacter pylori and Acidithiobacillus ferrooxidans,
which glutamylate only tRNA®™ (5-7). The second en-
zyme of this pathway is an aminoacyl-tRNA
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amidotransferase, such as the trimeric GatCAB of
B. subtilis, which transamidates Glu-tRNAS™ into
GIn-tRNA®™ (8). GatCAB also catalyzes the indirect
pathway for the formation of Asn-tRNA™" when an
ND-AspRS is present to provide the Asp-tRNA™™ sub-
strate (9). The formation of these misacylated aa-tRNAs
must not lead to translational errors. To this end, sev-
eral strategies have evolved, such as the proofreading
activities of aaRSs (10), and the discrimination by elong-
ation factor EF-Tu against misacylated tRNAs through
thermodynamic compensation (11). ND-GIuRS and
ND-AspRS possess no proofreading activities, but
Asp-tRNA™™ and Glu-tRNAS™ are deprived of signifi-
cant affinity for EF-Tu (12,13). Despite this, in vivo
experiments have shown that under certain conditions,
the Glu residue of Glu-tRNA®™ can be incorporated
into proteins, suggesting that an additional locking mech-
anism may be needed to prevent translational errors
(6,14). Such a mechanism was shown in Pseudomonas
aeruginosa and H. pylori, where the channeling of
misacylated aa-tRNAs from the ND-aaRS to the
aa-tRNA amidotransferase effectively sequesters them
(15), as initially suggested by Schoén er al. (16).
Sequestration of misacylated aa-tRNAs through the for-
mation of more robust interactions was then confirmed
in thermophilic organisms. These were first described
in Thermus thermophilus, where ND-AspRS, tRNAA"
and GatCAB form a ternary complex for the biosyn-
thesis of Asn-tRNAA (17,18?. A ternary complex for
the formation of GIn-tRNA®™ was then described for
Methanothermobacter — thermoautotrophicus, — involving
ND-GIluRS, the archaeal amidotransferase GatDE, and
tRNAS™ (19). Although they differ in their mode of
assembly, both complexes were named transamidosomes,
in reference to their activity: the archaeal Gln-
transamidosome is formed by a tight ND-GluRS/GatDE
complex (Kp = 100nM) which then binds tRNA®™
whereas the 7. thermophilus Asn-transamidosome assem-
bles through ND-AspRS and GatCAB binding to
tRNA™"  without any protein—protein interactions.
These transamidosomes are similar to the complex catal-
yzing Cys-tRNA®Y biosynthesis in Methanocaldococcus
Jannaschii (20), suggesting that formation of complexes
for tRNA-dependent amino acid biosynthesis is the
norm in thermophilic organisms. In agreement with this
is the structural data obtained with Thermotoga maritima
ND-GIuRS, tRNA“™ and GatCAB in a ternary complex
assisted by a covalent linkage of the GatC subunit to
ND-GIluRS, which demonstrates that no steric hindrances
prevent the simultaneous binding of GatCAB and a
GIuRS to tRNAS™ (21).

In this work, we describe a Gln-tRNAS™ synthesizing
ternary complex in H. pylori, suggesting that the trans-
amidosome model extends to mesophilic organisms.
H. pylori GatCAB and GIuRS2 bind to tRNA®™ and
are further stabilized by a weak interaction directly be-
tween GIluRS2 and GatCAB. The H. pylori Gln-
transamidosome is less stable than those previously
described. This fluidity enables conformational changes
which allow both enzymes to alternately bind their
shared identity elements on the tRNAS™ acceptor stem.
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MATERIALS AND METHODS

Overproduction and purification of enzymes and tRNAS™

Cells for the overproduction of H. pylori GluRS2 and
GatCAB were cultured and lysed as adapted from
previous works (6,15). Both enzymes were purified by
ion-exchange chromatography on DEAE-cellulose
(DES2, Whatman), followed by affinity chromatography
on Ni-NTA resin (Novagen). Enzymes used for kinetic
measurements were additionally purified by gel-filtration
on a Superdex 200 HR 10/30 column (Amersham). The
H. pylori tRNAS™ gene, cloned into the pES300 plasmid
(6), was overexpressed in Escherichia coli DHS5a, and
tRNAS™ was purified as previously described (22); it
was eluted between 0.9 and 0.6 M of (NH4),SO4 on
Sepharose-4B, between 20 and 300 mM potassium phos-
phate on hydroxyapatite (Bio-Rad), and between 0.5 and
1.OMNaCl on a MonoQ HRI10/100 column (GE
Healthcare). Fractions of between 40 and 83% pure
tRNAS"™ were obtained.

Gel-filtration

Experiments were conducted as described (22), using an
AKTA Purifier and a 24-ml Superdex G200 column (GE
Healthcare). Na—HEPES buffer (50mM, pH 7.2) was
used, containing 30 mM KCI, 6 mM MgCl,, 0.1 mM Na,-
EDTA and SmM 2-mercaptoethanol, at 12°C. Kp, values
(free  enzyme] x [free  tRNAY"]/[enzyme-tRNAS™
complex]) were determined by evaluating the area of
enzyme-bound tRNA and free tRNA peaks, the sum of
which equals the total tRNA present in the sample. The
contaminating non-specific tRNA (~18%) was subtracted
from free tRNA. The quantity of free enzyme was
determined by subtracting the quantity of enzyme-bound
tRNA from the total amount of enzyme present in the
sample.

Dynamic light scattering

DLS measurements were performed as described (22), at
20 = 0.1°C in a Zetasizer NanoS instrument (Malvern,
UK). The 20-40pul samples contained 20 uM protein
with or without tRNAS"™ in the gel-filtration buffer. For
the titration experiments, the concentrations of two
partners was constant and that of the third (GatCAB or
tRNAS™) varied as indicated. Hydrodynamic diameters
were corrected for solvent refractive index (n = 1.3353)
and absolute viscosity (n = 1.041 mPa.s).

Aminoacylation of tRNA

The reaction mixture contained 100 mM Na—HEPES pH
7.2, 30mM KCI, 12mM MgCl,, 2mM ATP, 20-50 uM
["Cl.-Glu ~ (330cpmpmol™!,  GE  Healthcare),
0.1mgml~" bovine serum albumin, 10uM of H. pylori
tRNAC™ and 0.025-0.5uM H. pylori GluRS2. A concen-
tration of 200 pM ["*C]L-Glu was used to investigate the
rate-limiting step. For Kj; measurements of GIuRS2 with
or without GatCAB, the tRNA®"™ concentration varied
from 0.1 to 10 uM and that of L-Glu from 50 to 600 uM.
Experiments were conducted at 37°C for steady-state
measurements, or at 4°C with 10 or 20% glycerol for
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pre-steady state measurements. The [*C] aa-tRNA
formed in 10 or 20 pl aliquots withdrawn at various time
intervals was determined as previously described (23).

ATP-PP; exchange

The reaction mixture contained 100 mM Na-HEPES pH
7.2, 10mM MgCl, SuM tRNAC™ 2mM 1-Glu, 2mM
ATP, 2mM [**P|PP; (2cpm/pmol, PerkinElmer) and
0.5uM GIluRS2. The formation of [**P]JATP at 37°C was
followed at various time intervals in 40 pul aliquots, as pre-
viously described (23).

GIn-tRNAC™ formation

Reactions were performed in a mixture containing
50 mM Na-HEPES pH 7.2, 30mM KCI, 12mM MgCl,,
2mM ATP, 1.28 mM L-GIn and 1 mM dithiothreitol. An
amount of 50puM ["“C].-Glu was added to the reac-
tion mixture for glutamylation—transamidation experi-
ments. For experiments measuring only transamidation,
GatCAB was used at a concentration of 15nM, while
GIuRS2 was used at 6.6 uM when it was in excess. The
Glu-tRNAC™ substrate was synthesized separately, and
purified as described (15). For reactions where glu-
tamylation and transamidation were measured simultan-
eously, an equimolar concentration of GatCAB and
GluRS2 (50 nM), and uncharged tRNAS™ at various con-
centrations were used. Both kinds of experiment were
performed at 37°C, with 10 pl reaction aliquots prepared
and then analyzed by migration on cellulose thin-layer
chromatography plates as previously described (24).
Product formation was quantified using radioactivity
standards (15).

Stability of Glu-tRNA®™ and GIn-tRNAS™

Both aa-tRNAs were purified as described above, with
GIn-tRNAS™ formed by subjecting Glu-tRNAS™ to a
transamidation step in the presence of GatCAB before
extraction and precipitation. Half-lives were then mea-
sured in the transamidation reaction mixture with ATP
and Gln excluded, as previously described (15).

Detection of macromolecular interactions by nanopore
optical interferometry (NpOI)

These interactions were measured in a Ski Pro NpOI in-
strument (Silicon Kinetics), using carboxy-functionalized
silicon biosensor chips containing covalently-bound
GIuRS2, GatCAB or GIuRS1. These were prepared as
previously described (25) using protein concentrations of
0.25, 0.25 and 0.5mgml~"', respectively. Assayed against
these biosensor chips were target proteins diluted to
various concentrations in the buffer used for gel-filtration.
To obtain binding data, the target protein was injected
into the sample channel of the biosensor chip for 300s,
while the binding buffer was injected into the reference
channel. To obtain the dissociation data, binding buffer
was injected into the sample channel in addition to the
reference channel for at least 100s to trigger the mass
dilution of the target protein. In both cases, the optical

path difference of the reference channel was subtracted
from that of the sample channel.

RESULTS

Helicobacter pylori GluRS2 and GatCAB have
comparable affinities for tRNA®™

An important characteristic of previously described
transamidosomes is that the GatCAB and the aaRS
can both bind tRNAS™ or tRNA™™ (17,19). We there-
fore used gel-filtration to investigate the capacity of
GIluRS2 and GatCAB to form binary complexes with
tRNAC™ GluRS2 binds to Hp tRNAS"™ with a Kp
value estimated at 2 + 0.6 uM (Figure 1A). In accordance
with previous observations, GatCAB also made a com-
plex with uncharged tRNAS"™ with a Kp value of
4+ 1uM (Figure 1B), close to that measured for
GIuRS2. No ternary complex was detected, either using
tRNAS™ or Glu-tRNA®", whether the latter was simul-
taneously formed, or prepared in advance (Figure 1C and
D). Direct protein—protein interactions were also un-
detectable by gel-filtration, as seen when comparing
elution volumes of GluRS2 and GatCAB (Figure 1A, B
and C). As the free and bound forms of these macromol-
ecules are not at equilibrium during gel-filtration, these
results do not rule out the existence of a ternary
complex, nor of a direct GluRS2/GatCAB interaction,
and they imply that the Kp values obtained are upper
limits.

Characterization of GluRS2/GatCAB interactions by
nanopore optical interferometry (NpOI)

Gel-filtration experiments indicated that if a Gln-
transamidosome exists in H. pylori, it would be more
unstable than those previously described. Nevertheless,
we attempted to determine if protein—protein interactions
occur, as is the case for the M. thermoautotrophicus
Gln-transamidosome (19). Using NpOI, we measured
the quantity of GatCAB bound by a GIuRS2 biosensor
chip, for increasing GatCAB concentrations in a mobile
phase (Figure 2A). Dissociation of the GatCAB from the
biosensor chip was measured by injecting buffer. Using
the detected amounts of GluRS2-bound GatCAB at equi-
librium, we determined a Kp of 40 £5uM for the
GluRS2/GatCAB complex (Figure 2B) (26). Using the
dissociation equation for the reversible binding of two
molecules (27), we calculated a ko of 0.12 s~! for the dis-
sociation of this complex, which together with the Kp
value, yields a ko, of 0.003s™' uM~". Control experiments
using GatCAB, GluRS2, and the discriminating H. pylori
GIluRS1 in various combinations revealed minimal
binding between GluRS1 and GIuRS2, between GluRSI
and GatCAB and between GIuRS1 and GIuRSI1 itself
(Figure 2C). Although we obtained data for the binding
of GIluRS2 to fixed GatCAB, the ability of GIuRS2 to
bind to itself (Figure 2C) interfered with data
interpretation.
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Figure 1. Binding experiments with tRNA™ GluRS2 and GatCAB as
shown by size-exclusion chromatography. (A) Comparison of isolated
GIuRS2 and GIuRS2/tRNAC™ complex profiles. The association
enabled us to estimate a Kp value for GluRS2 and tRNA®™ binding
(see ‘Materials and Methods’ section). (B) Comparison between free
and tRNAM.complexed GatCAB. (C) Gel-filtration of a solution con-
taining the three partners. (D) The same exgeriment as described in (C)
was performed with preformed Glu-tRNA®™ (grey line) or after incu-
bation of the three partners within an aminoacylation medium contain-
ing free Glu and ATP, to provide endogenous Glu-tRNAS™ (dotted
line). Proteins and tRNAS™ were added at concentrations of 20 uM
each for the experiments shown in all panels.
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Characterization of a ternary complex of GluRS2/
tRNA®"/GatCAB by dynamic light scattering (DLS)

The GluRS2/tRNAS™ GatCAB/tRNA®™ and GluRS2/
GatCAB binary complexes detected by gel-filtration
(Figure 1) and NPol (Figure 2B) did not show a signifi-
cant increase in apparent mean hydrodynamic diameter
over those of the free proteins (Figure 3, lanes 1-7). The
particle size measured for GluRS2/GatCAB decreased
when the concentration of GluRS2 was increased, con-
firming that this complex was very labile. Finally, we
tested the effect of tRNAS™ addition: when the three
partners were mixed, a new particle of significantly larger
size was formed (Figure 3, lane 8). This shows that while
weak GIluRS2/GatCAB interactions occur, the strongest
interactions in the ternary complex are those between both
enzymes and tRNAS™ The apparent mass (259 kDa)
deduced from the particle size (12.8 nm) is roughl(% equal
to the sum of those measured for GluRS2/tRNA®™ and
GatCAB, or for GatCAB/tRNAS™ and GluRS2.

In order to confirm that this complex is a GluRS2/
tRNAS""/GatCAB transamidosome, we performed a ti-
tration of an e%uimolar mix of GIuRS2 and GatCAB
with free tRNA®!", increasing the molar ratio from 0.3
to 2.5 (Figure 4A, upper panel), and a titration of a
equimolar mix of GIuRS2 and tRNAS™ with free
GatCAB, with molar ratios of 0 to 2 (Figure 4B).
Titration with tRNA led to a nearly symmetrical
bell-shaped curve, indicating that increasing tRNAS™
concentrations first led to the formation of a GIluRS2/
tRNAS""/GatCAB ternary complex with a 1/1/1 stoichi-
ometry, and then to separate saturation of both GluRS2
and GatCAB with free tRNAS™ (Figure 4A, lower panel),
disrupting the ternary complex. Titration with GatCAB
led to a hyperbolic saturation curve (Figure 4B), also
indicating a stoichiometry of 1/1/1. The titration of a
GatCAB/tRNAS™ stoichiometric mix with GluRS2 gave
strong dispersion in hydrodynamic parameters, probably
due to the ability of this aaRS to bind to itself (Figure 2C).

Kinetic experiments reveal a model for GIn-tRNAS™
formation in the H. pylori glutamine transamidosome

We found that the Ky; for Glu and the k., of the
non-canonical GIuRS2 (140 + 26 uM; 0.16 + 0.012s7")
are comparable to those of the B. subtilis ND-GIluRS
(28). Because of this high Ky value, GIluRS2
aminoacylation kinetic values for tRNAS™ were obtained
with a non-saturating concentration of Glu. Each of the
two protein partners involved in Gln-tRNA®™ formation
altered the kinetic constants of the other. The presence of
6.6 uM GatCAB increased the Ky of GIuRS2 for
tRNAC™" by a factor of 2.1 (Table 1). Similarly, the pres-
ence of 6.6 gM GIluRS2 increased the Ky; of GatCAB for
Glu-tRNA®Y™ nearly 4-fold (Table 1). This is consistent
with the fact that GluRS2 and GatCAB have a similar
affinity for tRNAS"™ (Figure 1). It indicates that both
GIuRS2 and GatCAB can sequester the acceptor stem
away from the other, leading to a kinetic competition, as
suggested by the 3D structural data for the 7. maritima
Gln-transamidosome (21). Additional support for this
competition model is the fact that Glu-tRNA™ was an
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Figure 2. GluRS2-GatCAB interactions characterized by optical interferometry. (A) Kinetics of association and dissociation of GatCAB to fixed
GIluRS2. GatCAB concentrations of 0.5, 2, 5, 10 and 19 uM yielded average optical path differences of 0.6, 2.2, 5.4, 10.4 and 16.2nm at each plateau.
The standard deviation of these averages was <1%. (B) Curve of GatCAB bound to GluRS2 at equilibrium (from A) versus the concentration of
GatCAB in the mobile phase gives a Kp of 40 + 5uM (standard error). The curve was obtained using the equation Y = L/(Kp+ L)* Yiax, Where Y is
the GatCAB bound at equilibrium, L is its concentration in the mobile phase and Y,,.x the maximum amount of GatCAB bound by the GluRS2
biosensor (26). (C) As controls, H. pylori GluRS1 was assayed against chip-bound GatCAB (open circle), chip-bound GluRS2 (filled diamond) and
chip-bound GIuRSI1 (open triangle). GIuRS1 concentrations of 10, 10 and 40 uM, respectively, were used as the target protein. Binding of GluRS1
with itself or with chip-bound GluRS2 was negligible relative to the ability of GluRS2 to bind to itself (open square). A small amount of GluRS1/
GatCAB binding was detected (open circle) but this remained limited compared to the ability of GluRS2 to bind GatCAB (A).

efficient competitive inhibitor of GluRS2, with a Kj value
of 1.32 I|,LM (Figure 5) close to the Kjy; for uncharged
tRNAS™ (0.87uM, Table 1). A concentration of
GatCAB equal to that of GluRS2/tRNA®™ allowed for-
mation of a ternary complex, which was not disrupted by
the addition of excess GatCAB (Figure 4). This confirms
that the effect of an excess of GatCAB on the Ky of
GluRS2 for tRNAY™ is not caused by a sequestration of
the entire tRNA®™ molecule away from GluRS2, but by
competition for the tRNA®™ acceptor stem inside the
full-size ternary complex.

Furthermore, GatCAB increased 2.6-fold the
aminoacylation k¢, of GluRS2 despite the increase in
the Ky for tRNAS™ (Table 1). Since dissociation of
Glu-tRNA“™ was not rate-limiting (Figure 6), this stimu-
lation by GatCAB can be explained by an effect on the
activation of Glu or on its transfer to tRNA®™ in the
GIuRS2/GatCAB complex. The latter is suggested by
the fact that the k., of the ATP-PP; exchange reaction
monitoring the tRNA-dependent activation of Glu by
GIuRS2 was one order of magnitude higher (1.5s7)
than the ke, of the transfer step (0.16s™1).

Finally, assays were  performed  measuring
glutamylation and transamidation simultaneously using
uncharged tRNAS™ and equal concentrations of
GIluRS2 and GatCAB. Glutamylation occurred with a
Ky of 0.69 uM for tRNAS™, and ke, of 0.23s7!, while
transamidation occurred with values of 0.97uM for
tRNAS™ and 0.23s™" (Table 1). Therefore, an equimolar
concentration of both enzymes offers the best possible
overall rate of Gln-tRNA®™ formation with Ky, values
nearer to those obtained in the absence of acceptor stem
competition. This competition may be the result of ineffi-
cient switching between glutamylation and transamidation
tRNAS™ binding modes inside the Gln-transamidosome.

The overall ternary complex formation could be regulated
by the concentration of tRNAS™, for which there would
be an optimal cellular concentration for maximum
efficiency.

Stability of Glu-tRNA®™ and GIn-tRNAS™

GIluRS2 and GatCAB had opposite effects on the stability
of the aminoacyl-tRNA link of both of these molecules.
GIuRS2 reduced 2-fold the half-life of both aa-tRNAs,
while GatCAB increased their half-life nearly 5- and
8-fold, respectively (Table 2). Therefore, both enzymes
appeared to interact with tRNAS™, regardless of its
aminoacylation state, which is consistent with a ternary
complex inside which potential competition dictates that
neither enzyme should have a greater affinity than the
other for the shared substrate. When GIuRS2 and
GatCAB were both present, no overall deacylation effect
was observed (Table 2).

DISCUSSION
The dynamic H. pylori glutamine transamidosome

In archaea, Cys-tRNA®”® and GIn-tRNA®™ are
synthesized by stable complexes between a misacylating
aaRS and a second enzyme providing the final, cognate
aa-tRNA (19-21). Our results show that in H. pylori,
the non-canonical GIluRS2 and GatCAB also interact
but in a very unstable complex (Kp of 40 £+ 5uM).
This is in contrast to the stable complex between ND-
GIuRS and the archaeal GatDE amidotransferase
in  Methanothermobacter  thermautotrophicus (Kp of
100nM ). The weaker complex observed in H. pylori
may be a result of the absence of an AspRS-like domain
in the GatB subunit (19). However, DLS and kinetic
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Table 1. Kinetic constants of GluRS2 for tRNAS™ glutamylation
and of GatCAB for Glu-tRNAS™ transamidation in the absence or
in the presence of the second protein

KM (HM) kcat (Sil)
GIuRS2 0.87 +0.13 0.094 + 0.004
GIluRS2 + GatCAB 1.86 £ 0.19 0.24 + 0.009
GIuRS2 + GatCAB 0.69 = 0.15 0.23 = 0.015
GatCAB 0.42 £0.11 0.21 = 0.011
GatCAB + GluRS2 1.34 £0.38 0.21 £ 0.014
GatCAB+ GluRS2 0.97 + 0.30 0.23 £0.019

Constants were measured using the assay for the first enzyme indicated.
When present as the second enzyme, GatCAB and GIluRS2 were in
equimolar amounts (normal font), or in excess 330- and 440-fold, re-
spectively (in bold). Reported Ky values are for tRNAS™ in all experi-
ments except GatCAB alone and with an excess of GluRS2, in which
they were for Glu-tRNAS™. Errors shown are the standard errors for
non-linear curve-fitting of data obtained from at least two experiments.

0 5 10 15
[Glu-tRNA"] (uM)

Figure 5. Glu-tRNAS™ is an inhibitor of the aminoacylation reaction
catalyzed by GIuRS2. Glu-tRNAS™ was formed as described in
‘Materials and Methods’ section and added to the GIluRS2 reaction
mixture at concentrations varying from 0 to 7uM. V;/V, is equal to
2/[2+(I/K;)] when the substrate concentration is equal to its Ky (15).
Two independent experiments were conducted (filled square, filled
circle) with 1pM uncharged tRNAC™ as the substrate, yielding an
average K; of 1.3 + 0.2 uM.

experiments have shown that tRNAS™ acts as a scaffold
molecule transiently reinforcing the interaction between
both GIluRS2 and GatCAB which stabilizes the
Gln-transamidosome through independent binding of
each protein (Figures 3 and 4). The mode of assembly
for the H. pylori Gln-transamidosome is therefore a
hybrid of the protein—RNA mechanism of the 7.
thermophilus Asn-transamidosome, and of the protein—
protein mechanism of the Gln-transamidosome of M.
thermoautotrophicus. The recent structure of the
Thermotoga maritima Gln-transamidosome reveals that
its ND-GIuRS and GatCAB can bind simultaneously to
a single tRNAS™ molecule (21). The ND-GIuRS binds
most of the tRNA®"™, with the acceptor end within the

Gln (pmol)

Glu-tRNA

0 10 20 30
Time (min)

Figure 6. Pre-steady state measurements of Glu-tRNAS™ formation by
GIuRS2. Aminoacylation reactions were performed at 4°C with 10 uM
tRNAC"™ and 1 uM GluRS2, taking 10 pl aliquots to measure product
formation. No burst indicative of a limiting product-release step was
observed.

Table 2. Stability of Glu-tRNA®™ and GIn-tRNAS"

Half-life (min)

Glu-tRNAC™ GIn-tRNAC™"
No enzyme 54+ 1 57+3
GatCAB 245 + 43 444 + 111
GluRS2 26+ 3 26 £ 2
GluRS2 + GatCAB 50 £ 1 55+ 6

Half-lives for both aa-tRNAs were measured by incubating purified
Glu-tRNAC™ or GIn-tRNAC™ in the standard reaction mixture for
transamidation, from which GIn and ATP were excluded, at 37°C.
When added, proteins were at a concentration of 20 uM. GatCAB pro-
tected the ester bond of both aa-tRNAs, while GluRS2 showed a
deacylating activity.

active site, while the GatB subunit of GatCAB interacts
through its C-terminal region with the elbow domain of
tRNAC"™  Additionally, GluRS2/GatCAB interactions
can be seen in the N-terminal regions of both proteins.
Consequently, it is possible that GluRS2/tRNAS™ or
GatCAB/tRNAS™ complexes can bind the missing
partner with a better affinity than either free enzyme, as
suggested by the DLS titration experiments (Figure 4).
This effect would be similar to the one observed for the
binding of aa-AMP or bi-modular inhibitors to aaRSs
which are typically more effective than the sum of their
parts (29,30).

Our data further refines the 7. maritima Gln-
transamidosome model by experimentally confirming
that Glu-tRNAS™ cannot directly flip between both active
sites without a rearrangement in the ternary complex
structure, but the mechanism we describe differs slightly.
The existence of this complex in H. pylori depends on a
critical concentration of tRNAS™ (Figure 4A) above
which the formation of separate binary complexes is
favoured, which is not the case for 7. maritima where a
2:1:1 ratio for tRNAS""/ND-GluRS/GatCAB allowed the
formation of a ternary complex detectable by gel-shift



assay [(21) and supplementary information therein].
Excess of the first enzyme over the second increases the
Ky of the second enzyme for tRNAS™ (Table 1). An
excess of GatCAB does not disrupt the ternary complex
(Figure 4B), and therefore induces a conformational
change in the complex to the tRNA-binding mode
specific to its activity. This may also occur when an
excess of GIuRS2 is present, but could not be detected
by DLS (see above). Such conformational change would
be unnecessary if the tRNA acceptor stem was able to flip
directly between the catalytic pockets of GIuRS2 and
GatB.

GIuRS2 can hydrolyze excess Glu-tRNAS™

Optimally, upon glutamylation within the Gln-trans-
amidosome, GIuRS2 releases the Glu-tRNAS™ acceptor
stem towards GatCAB for transamidation before leaving
the complex. When this fails to occur, Glu-tRNA®™ may
be released without being transamidated and is suscep-
tible to retroactive binding and deacylation by GluRS2
(Figure 5 and Table 2), or could bind to a free GatCAB.
Either sequence is possible since Glu-tRNAS™ release is
not the rate-limiting step for glutamylation (Figure 6).
This mechanism bears a resemblance to the binding and
hydrolysis, or resampling, of free Tyr-tRNAF™ by the
E. coli PheRS which can erroneously synthesize it (31).
The GluRS2 resampling-like mechanism (Figure 7) is sup-
ported by the fact that aaRSs and their cognate tRNAs
are present in similar concentrations within the cell, near
the Ky value (32).

The aa-tRNA ester bonds of Glu-tRNA®™ and of
GIn-tRNA®™ can be broken by GIuRS2, but are

Gln

l -1 -1
Glu-tRNA " 035 uMY o1 BN A

GatCAB

Figure 7. A dynamic system for GIn-tRNAC™ synthesis, which limits
free Glu-tRNAS™ in H. pylori. The constants shown are the kea/Ky
values calculated from the data in Table 2, for GluRS2 and GatCAB as
free enzymes, and for the stoechiometric mix forming the Gln-
transamidosome. Starting with tRNAS™, the Gln-transamidosome
pathway is favoured, with a k., /Ky value greater than that of the
GIuRS2 pathway. Glu-tRNA“™ which is formed outside the
Gln-transamidosome is susceptible to deacylation by GIuRS2, or to
an efficient transamidation by free GatCAB. The entire system there-
fore regulates against the presence of free Glu-tRNAS™,
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protected by GatCAB (Table 2). No net effect on the sta-
bility of these aa-tRNAs was observed when both enzymes
were present. Asp and Glu are very similar, as are their
amidated counterparts, and GatCAB interacts with
tRNAS™ and tRNA™" through the same identity
elements. Therefore, these results provide an intriguing
contrast to those obtained for the Asn-tRNA™" forming
pathways in H. pylori and in T. thermophilus, where the
individual enzymes (ND-AspRS or AspRS2 and
GatCAB) had negligible effects and where the presence
of both enzymes had a protective effect on
Asn-tRNAM(15,17).

Stability of the GluRS2/GatCAB complex

Kp values of several protein—protein interactions are
temperature-dependent (33,34). The transamidosomes of
thermophilic organisms previously described, and of
H. pylori, were observed at temperatures between 4°C
and room temperature. For the mesophilic H. pylori
complex, experimental conditions were therefore much
less efficient in slowing the normal dynamics.

This lesser stability may also be necessary to leave
enough free GatCAB to allow the formation of an
Asn-transamidosome: the amidotransferases of both
stable transamidosomes described so far, those of
T. thermophilus and M. thermoautotrophicus, catalyze
only one activity. On the other hand, the T. maritima
and H. pylori GatCABs fill both transamidation roles in
the cell, and may therefore only form unstable Gln-
transamidosomes which would facilitate the formation
of Asn-transamidosomes. This may be why covalent
linkage between ND-GIuRS and GatC was needed to
obtain structural data for 7. maritima (21).

A ‘loose’ association may also be what allows the re-
arrangements in the complex which are necessary for
movement of the acceptor stem. Structural data
obtained for GatCAB indicates that the tail domain of
GatB responsible for the binding of the D-loop of
tRNAC"™ is very mobile in relation to the catalytic
cradle domain of GatB, which binds the acceptor stem
identity element (35). Inside the complex, this flexibility
might be what allows contact to be maintained with the
D-loop when the cradle domain loses the acceptor stem to
GIuRS2.

Attempts to characterize the Gln-transamidosome in vivo

Attempts were made to detect the complex in vivo using
the TAP-tag method (36) under conditions where the
GIuRS?2 is overexpressed in H. pylori in the presence of
physiological concentrations of GatCAB and of tRNAS™,
No complex was detected, making it unlikely that an un-
identified protein stabilizes the transamidosome. This
result is not surprising, given the stringency of the
method, which requires that any complexes remain
stable over the course of two affinity chromatographies,
in order to be detected. The two transamidosomes which
have been detected in vivo thus far are assembled with
affinities of 0.1-0.6uM (17,19). These experiments
required overexpression or high concentrations of all the
protein partners in order to isolate the complex. In vitro
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detection of the H. pylori transamidosome, as well as of
the 7. maritima transamidosome (21), required protein
concentrations one to two orders of magnitude greater
than the affinities above. This suggests that further work
is needed to establish the existence of such GIuRS/
tRNAY"/GatCAB complexes under physiological condi-
tions, without relying on abnormally high concentrations
of some or all partners.

Insights into evolution

In H. éylori, translation-targeted Gln is synthesized on a
tRNA®™ matrix using the indirect aminoacylation
pathway. Such pathways may be remnants of ancient
routes for aa-tRNA formation, as suggested by the
presence of GatCAB and GIuRS in the ‘paleome’ (37),
proposed to include ancestral proteins. EF-Tu can dis-
criminate against mischarged aa-tRNA, such as
Asp-tRNA™" Glu-tRNA®™ or Ser-tRNAS® through a
thermodynamic compensation mechanism by which
aa-tRNAs are most strongly recognized either by their
amino acid moiety or their tRNA moiety (11,13). It is
probable that this mechanism appeared very early to
prevent the use of misacylated tRNAs in protein biosyn-
thesis. Owing to the ancient origin of all aaRSs, it is
possible that this property of EF-Tu already existed
before GatCAB appeared, and that today’s
Asp-tRNA?™ and Glu-tRNAS!™ escaped early transla-
tion, as is the case with some tRNA®Y isoacceptors in
S. aureus (38). The appearance of Asn- and
Gln-transamidosomes provided new aa-tRNAs suitable
for EF-Tu binding via the strongly recognized amidated
amino acids, leading to a new specification for the present
day tRNA" (UUG and CUG anticodons) and tRNA*"
(GUU anticodon). Thus, GatCAB, beyond its role in
matrix-assisted modifications for amidated aa-tRNA bio-
synthesis, could also be considered as a codon reassign-
ment enzyme, that led to the present-day genetic code.
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