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ABSTRACT: Arginyl-tRNA synthetase (ArgRS) catalyzes formation of arginyl-adenylate in a tRNA-
dependent reaction. Previous studies have revealed that conformational changes occur upon tRNA binding.
In this study, we analyzed the sequence and structural features of tRNA that are essential to activate the
catalytic center of mammalian arginyl-tRNA synthetase. Here, tRNA variants with different activator
potential are presented. The three regions that are crucial for activation of ArgRS are the terminal adenosine,
the D-loop, and the anticodon stem-loop of tRNA. The Add-1 N-terminal domain of ArgRS, which has
the very unique property among aminoacyl-tRNA synthetases to interact with the D-loop in the corner of
the convex side of tRNA, has an essential role in anchoring tRNA and participating in tRNA-induced
amino acid activation. The results suggest that locking the acceptor extremity, the anticodon loop, and
the D-loop of tRNA on the catalytic, anticodon-binding, and Add-1 domains of ArgRS also requires
some flexibility of the tRNA molecule, provided by G:U base pairs, to achieve the productive conformation
of the active site of the enzyme by induced fit.

Aminoacyl-tRNA synthetases are responsible for transla-
tion of the genetic code in associating amino acids to
trinucleotide sequences. This family of enzymes catalyzes
the esterification of amino acid to the 3′-end of tRNA in a
two-step reaction. In the first step the amino acid is activated
to form an enzyme-bound aminoacyl-adenylate intermediate;
the second step involves the transfer of the amino acid to
the 3′-end of the tRNA molecule to give the aminoacyl-tRNA
product (1). Generally, formation of the aminoacyl-adenylate
does not require the presence of the cognate tRNA molecule.
In some cases, the reaction may even be performed by the
isolated catalytic domain of the synthetase, in the absence
of the anticodon-binding domain. For instance, the N1-287

fragment ofEscherichia coliCysRS (2), a class I enzyme,
or the N1-461 fragment of E. coli AlaRS (3), a class II
synthetase, are indistinguishable from wild-type for synthesis
of aminoacyl-adenylate and for aminoacylation of RNA-
minihelices. However, the three class I synthetases ArgRS,
GlnRS, and GluRS, as well as the exceptional class I LysRS,
do require tRNA to accomplish the first step of the reaction.

The absolute requirement for tRNA in the aminoacyl-
adenylate formation has been described for ArgRS from
different sources (from the bacteriaE. coli (4), Bacillus
stearothermophilus(5), or Mycobacterium smegmatis(6),
from the lower eukaryotesSaccharomyces cereVisiae (7) or
Neurosporacrassa (8), and from mammals (9)) and should
be a general feature of this enzyme. Thus, tRNAArg serves

as an activator of ArgRS in the first step of the reaction,
and as the substrate in aminoacylation. Despite the fact that
ArgRS is active only in the presence of the three substrates
arginine, ATP, and tRNA, the aminoacylation is not a
concerted mechanism but proceeds by the aminoacyl-
adenylate route (10). The identity determinants of tRNAArg

for aminoacylation have been uncovered (11-16). Positions
35 and 36 in the anticodon are major identity elements inE.
coli andS. cereVisiae. Adenosine at position 20 located in
the D-loop in the corner of the convex side of tRNA is also
a major identity element in most organisms (11, 16) with
the noticeable exception of lower eukaryotes (15, 17) and
of the mitochondria of higher eukaryotes that lack A20 in
this position. In yeast, an organism that lacks A20, extensive
genetic screens have detected a series of amino acid residues
that are essential for aminoacylation within the arginine-
binding pocket and the anticodon-binding domain of ArgRS
(18, 19).

Crystal structures are available for ArgRS fromS. cer-
eVisiaebound in complexes with arginine (20), with tRNAArg

or arginine and tRNAArg (21), and for ligand-free ArgRS from
Thermus thermophilus(16). On the basis of these crystal
structures and of NMR spectroscopy experiments (22, 23),
extensive structural changes induced by substrate binding
have been reported for the tRNA and the enzyme. It has
been proposed that anticodon binding triggers conformational
changes in the active site of the synthetase via communica-
tion between the catalytic center and the anticodon binding
domain (21). Mutations located at the interface of the two
domains impaired the catalytic activity of mammalian ArgRS
(9).

In mammals, two cytoplasmic forms of ArgRS have been
described (24, 25). They differ by the presence of an
additional 73-amino acid residue N-terminal sequence that
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is required for assembly of ArgRS within the multisynthetase
complex (26). The two mammalian ArgRS species synthe-
sized arginyl-adenylate in a strictly tRNA-dependent manner
(9, 27). In this work, we investigated the structural deter-
minants in tRNA required to promote activation of the
catalytic center of mammalian ArgRS. We determined
whether the complete tRNAArg molecule is necessary for
aminoacyl-adenylate formation by ArgRS and which se-
quence or structural feature of tRNA is essential in this
reaction. Because yeast tRNAArg is a poor activator of
mammalian ArgRS we constructed chimeric tRNA molecules
in which domains of the yeast and mammalian tRNAArg were
combined. We also examined the role of tRNA flexibility
in activation of ArgRS by induced fit by introducing G:U
wobble base pairs in various locations of the stems of tRNA.

MATERIALS AND METHODS

Enzyme Purification.Hamster arginyl-tRNA synthetase
(hArgRS1) and a truncated derivative with a deletion of the
73 N-terminal amino acid residues (hArgRS-∆N) were
expressed in yeast and purified as described (26). Protein
concentration was determined by using calculated absorption
coefficients of 0.728 and 0.803A280 units × mg-1 × cm2,
respectively, for hArgRS and hArgRS-∆N.

tRNA Cloning and Synthesis.Synthetic tRNA genes were
constructed in a manner similar to that described previously
(27) by simultaneous ligation of 10 overlapping oligonucleo-
tides. The genes, placed under the control of a T7 RNA
polymerase promoter, were inserted between theHindIII and
BamHI sites of pUC18. Linearization of plasmids carrying
tRNA genes was performed withBstNI or FokI. A FokI site
was used for tRNA genes possessing an internalBstNI site.
In the case of the A76-deleted tRNA (M-tRNAArg,∆A76), an
HDV (hepatitis delta virus) ribozyme coding sequence was
fused to the 3′-end of the deleted tRNA gene by performing
a PCR reaction using the pUC18 plasmid containing the
M-tRNAArg gene as the template, with an appropriate primer
carrying the deletion of A76. After digestion withHindIII/
NcoI, the PCR product was inserted into the pRZ vector (28)
containing the HDV ribozyme gene. The plasmids were
produced in the JM101TR strain and checked by DNA
sequencing.

pUC18 derivatives were linearized usingBstNI or FokI.
pRZ derivatives were linearized withEcoRI. The linearized
plasmids were then subjected to in vitro transcription with
T7 RNA polymerase. The polymerase was purified from the
strain BL21/pAR1219 generously provided by Prof. W.
Studier (Brookhaven National Laboratory). The transcription
reaction mixture typically contained 100µg of linearized
plasmid, 40 mM Tris-HCl (pH 8.0), 22 mM MgCl2, 0.01%
Triton X-100, 1 mM spermidine, 5 mM DTT, 4 mM each
ATP, CTP, UTP and GTP, 16 mM GMP, 750 U (25µg) T7
RNA polymerase, and 10 units of pyrophosphatase in a final
volume of 1 mL. After incubation at 37°C for 4 h, the
reaction mixture was subjected to a double phenol/chloroform
extraction, precipitated with ethanol and the pellet solubilized
in 250 µL of formamide containing 10 mM EDTA. For
M-tRNAArg,∆A76, cleavage by the HDV ribozyme appeared
to be cotranscriptional, so that no additional heating-cooling

cycle was required. The transcripts were purified on a 12%
polyacrylamide gel containing 8 M urea. RNAs were
visualized by UV exposure using a sheet of silica gel 60
F254 (Merck). Products of the expected size were cut out,
and the tRNA was extracted by electroelution with a Bio-
Trap apparatus (Schleicher & Schuell) followed by ethanol
precipitation. The final pellet was solubilized in 5 mM Tris-
HCl (pH 7.5) and 10 mM MgCl2. tRNA concentration was
estimated from absorption at 260 nm, using the theoretical
absorption coefficient. Concentration of the tRNA solution
was adjusted to 100µM, and renaturation was performed
by heating at 90°C for 2 min followed by slow cooling (90
°C to 30 °C in 2 h). In these conditions, aminoacylation
plateaus ranged from 300 to 600 pmol/A260, corresponding
to 20-40% of functional tRNA.

tRNA Dephosphorylation.The 2′,3′-cyclic phosphate cre-
ated at the 3′-end of the tRNA molecule after cleavage by
the HDV ribozyme was hydrolyzed with T4 polynucleotide
kinase to yield an aminoacylatable tRNA, bearing 2′-OH and
3′-OH groups (29). The dephosphorylation reaction contained
100 mM imidazole-HCl (pH 6.0), 10 mM MgCl2, 0.1 mM
ATP, 0.1 mg/mL BSA, 10 mM 2-mercaptoethanol, and 0.5
unit of T4 polynucleotide kinase (BioLabs) perµg of tRNA.
tRNA concentration was 100µg/mL in the assay. After
incubation for 12 h at 37°C, tRNA was extracted with
phenol/chloroform and precipitated with ethanol and the
pellet solubilized in 5 mM Tris-HCl (pH 7.5), 10 mM MgCl2.
tRNA concentration was estimated from absorption at 260
nm. An aminoacylation plateau was then performed to
estimate the percentage of functional tRNA.

Isotopic [32P]PPi-ATP Exchange.The reaction mixture
contained, in a final volume of 0.1 mL, 20 mM imidazole-
HCl (pH 7.5), 10 mM MgCl2, 0.1 mM EDTA, and 2 mM
each of ATP, arginine, and [32P]pyrophosphate (2.5 Ci/mol).
The reaction was started by the addition of limiting amounts
of enzyme (5-20 nM) appropriately diluted in 10 mM Tris-
HCl (pH 7.5), containing 10 mM 2-mercaptoethanol and
BSA at 4 mg/mL. After 10 min at 25°C, the reaction was
stopped by the addition of 2.5 mL of a solution containing
100 mM sodium pyrophosphate, 50 mM sodium acetate (pH
4.5), 0.35% perchloric acid, and 0.4% Norit to adsorb ATP.
Samples were filtered through Whatman No.1 filters and
washed three times with 12 mL of 100 mM sodium
pyrophosphate. [32P]-Labeled ATP adsorbed on Norit was
quantified by liquid scintillation counting. Kinetic parameters
in the ATP-PPi exchange reaction were determined with
tRNA concentrations ranging from 1 nM to 1µM. Kinetic
constants reported in this study are the mean values of at
least three independent experiments, with a variation of less
than 20%.

Aminoacylation Assay.Reactions were performed at 25
°C in 0.1 mL of 20 mM imidazole-HCl buffer (pH 7.5), 150
mM KCl, 0.5 mM DTT, 5 mM MgCl2, 3 mM ATP, 20µM
14C-labeled arginine (Perkin-Elmer Life Sciences; 50 Ci/mol),
variable amounts of tRNA, and catalytic amounts (1-10 nM)
of enzyme appropriately diluted in 10 mM Tris-HCl (pH 7.5)
and 10 mM 2-mercaptoethanol containing bovine serum
albumin at 4 mg/mL. Reaction was stopped by adding 2.5
mL of cold (4°C) trichloroacetic acid (TCA) at a concentra-
tion of 5%. Total RNA from yeast (0.2 mg) was then added
to help precipitation. After filtration on GF/C filters and
washing three times with 10 mL of 5% cold TCA, filters1 Abbreviations: hArgRS, hamster arginyl-tRNA synthetase.
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were dried and counted in a liquid scintillator. For determi-
nation of kinetic parameters for M-tRNAArg, Y-tRNAArg, and
derivatives, concentrations of tRNA were varied from 0.01
to 10µM. When the initial rate of tRNA charging increased
linearly with increasing tRNA up to 10µM, indicating that
this concentration is much lower than the Michaelis constant
Km for the tRNA, accurate values for the kinetic parameters
could not be obtained, but the slope of the linear plot of
initial rate versus tRNA concentration gave a good ap-
proximation of the catalytic efficiency (kcat/Km).

TheKi value for inhibition of M-tRNAArg aminoacylation
by an RNA minihelix corresponding to the anticodon stem-
loop (AntArg) was deduced from a plot of 1/V versus
concentration of AntArg added in the assay.

RESULTS

Requirement of tRNAArg for Arginyl-Adenylate Synthesis.
In the absence of tRNA, hamster ArgRS (hArgRS) is unable
to catalyze arginyl-adenylate formation (Figure 1). When
increasing amounts of a cognate mammalian tRNAArg (M-
tRNAArg), tRNAArg,CCU from beef, were added to the reaction
mixture, the formation of ATP in the reverse reaction was
activated and reached a plateau value corresponding to the
maximal activation state of the enzyme (Figure 1). The
saturation curve was similar to a titration curve (Figure 1).
The high affinity (KAct < 3 nM) of the ligand allows an
accurate estimation of the stoichiometry of the interaction,
which corresponds to one mole of tRNA bound per mole of
enzyme. Consequently, the activation constant (KAct) is low
and could not be determined with high accuracy. No ATP
formation could be monitored in the presence of a noncog-
nate tRNA. Two forms of ArgRS coexist in the cytoplasm
of mammalian cells (24, 25). The low-molecular-mass
species lacks 73 amino acid residues at the N-terminus and

is not associated within the multisynthetase complex (26).
The two enzyme species have nondistinguishable kinetic
parameters in aminoacylation and arginyl-adenylate forma-
tion (9, 27). All the data reported below have been
determined with the longest form of hArgRS.

The Extent of hArgRS ActiVation Is Controlled by tRNA.
To study the tRNA-dependent activation of the catalytic
center of hArgRS, we determined whether arginine-specific
tRNAs that are good or poor substrates in the aminoacylation
reaction could act as potent and equal activators in the ATP-
PPi exchange reaction. Total yeast tRNA proved to be
inefficiently aminoacylated by hamster ArgRS (9).
tRNAArg,UCU from the yeastS. cereVisiae (Y-tRNAArg) was
compared to M-tRNAArg. These two tRNAs were produced
by in vitro transcription. hArgRS aminoacylated the yeast
tRNA with a 33-fold lower efficiency (kcat/Km) as compared
with the homologous tRNA (Table 1). This loss in catalytic
efficiency resulted from an increase inKM for tRNA. As
expected, Y-tRNAArg also activated hArgRS but to a lower
extent as compared with M-tRNAArg (Figure 2). In agreement
with these data, hArgRS was not able to sustain growth of
yeast cells carrying a null-allele of theRRS1gene encoding
ArgRS fromS. cereVisiae (result not shown).

The saturation curve obtained with Y-tRNAArg did not
correspond to a titration curve of the enzyme, and aKAct of
24 ( 2 nM could be determined (Table 1), a value at least

FIGURE 1: Titration of hArgRS with M-tRNAArg. The rate of the
ATP-PPi exchange reaction was followed at different enzyme
concentrations (5 nM, 10 nM, or 20 nM) as a function of the
concentration of M-tRNAArg added in the assay. The intersection
of the slope of the increase in rate of the reaction with the maximum
value gives the stoichiometry. Catalytic constants (kcat) were 4.33
s-1, 4.48 s-1, and 4.58 s-1 in the presence of 5 nM, 10 nM, and 20
nM hArgRS, respectively.

Table 1: Kinetic Parameters of hArgRS in ATP-PPi Exchange and
tRNA Aminoacylation

ATP-PPi exchange aminoacylation

tRNA
kcat,
s-1

kcat

relative
KAct,
nM

kcat,
s-1

Km,
µM

kcat/Km

relative

M-tRNAArg 4.5 1 <3.0 0.53 0.16 1
Y-tRNAArg 1.15 0.25 24 0.45 4.5 0.03

M-tRNAArg,C35U nda nd nd nd
M-tRNAArg,∆A76 nd nd nd nd
M-tRNAArg,2′3′P nd nd nd nd
M-tRNAArg,A20U 0.91 0.20 25 0.016
M-tRNAArg,∆A20 1.0 0.22 77 0.016
M-tRNAArg,A20C,∆U20a 0.45 0.10 600 ntb

a Not detectable.b Not tested.

FIGURE 2: Activation of hArgRS by M-tRNAArg and Y-tRNAArg.
The rate of the ATP-PPi exchange reaction was followed in the
presence of 5 nM hArgRS as a function of the concentration of
M-tRNAArg or Y-tRNAArg added in the assay.

16542 Biochemistry, Vol. 44, No. 50, 2005 Guigou and Mirande



10-fold higher as compared with M-tRNAArg. Interestingly,
the kcat obtained in the presence of saturating amounts of
Y-tRNAArg was not optimal. At saturating concentrations of
Y-tRNAArg, the maximal velocity of hArgRS for the forma-
tion of ATP (kcat ) 1.15 s-1) was 4-fold lower as compared
to that obtained with M-tRNAArg (kcat ) 4.5 s-1). These
results showed that tRNAArg is required for activation of the
catalytic center of hArgRS and suggested that the extent of
activation is a measure of the ability of the tRNA species to
induce the catalytic site of the enzyme into an active
conformation upon tRNA-enzyme interaction.

Arginine-ActiVation Requires the L-Shaped tRNA Mol-
ecule.Minihelices mimicking the acceptor-TΨC stem-loop
structure of tRNA are substrates for many aminoacyl-tRNA
synthetases (30). Thus, in some instances, the anticodon and
D stem-loop domains are dispensable parts of the tRNA
molecule in the aminoacylation reaction. We determined
whether the addition of an RNA minihelix corresponding to
the acceptor arm of M-tRNAArg could be sufficient to activate
hArgRS. We prepared the RNA minihelix corresponding to
the acceptor-TΨC stem-loop structure of M-tRNAArg (Fig-
ure 3) and tested it as an activator of hArgRS in the ATP-
PPi exchange reaction and as a substrate in the amino-
acylation assay. None of these two activities could be
detected even when high concentrations of RNA (100µM)
and enzyme (0.1µM) were added in the assays.

In yeast, binding of the anticodon of tRNA is believed to
be an essential contribution to the activation of the catalytic
center of ArgRS (21). We thus asked whether the sole
addition of an RNA minihelix mimicking the anticodon
stem-loop of M-tRNAArg (Figure 3) could be sufficient to
activate hArgRS in the ATP-PPi exchange reaction. Al-
though this RNA minihelix is an inhibitor of M-tRNAArg

aminoacylation, with aKi of 30µM, we were unable to detect
any activity in the ATP-PPi exchange reaction, even upon
addition of 50µM anticodon minihelix.

We next determined whether simultaneous addition of the
acceptor and anticodon domains of tRNA could activate
hArgRS. Addition of the two minihelices could not activate
hArgRS in the ATP-PPi exchange reaction. We also

synthesized an RNA molecule that corresponds to the
anticodon-D stem-biloop structure of M-tRNAArg (Figure
3). Together, these two RNA moieties (acceptor-TΨC stem-
loop and anticodon-D stem-biloop) recapitulate the complete
tRNA molecule. Thus, upon addition of these two RNA
domains, the full set of RNA determinants that interact with
hArgRS in an ArgRS:tRNAArg complex are present but no
physical link relates the two domains of the tRNA molecule.
Nevertheless, we were unable to detect any activation of
hArgRS even in the presence of 30µM of the two RNA
domains.

The tRNA-Protein Contact Areas Are Crucial for Argi-
nine ActiVation.The crystal structure of a complex of ArgRS
and tRNAArg from yeast revealed a particular feature of the
ArgRS system (21). Recognition of tRNA involves three
contact areas (Figure 4): the terminal CCA interacts with
the catalytic center, the anticodon domain is bound to the
R-helical C-terminal domain, and the D-loop region interacts
with an additional N-terminal module. The later interaction,
which involves the outer corner of the tRNA molecule as a
contact area with the protein, is rather unusual among aaRSs.

To investigate the structural bases for tRNA-dependent
activation of the catalytic center of hArgRS, we analyzed
whether the three major contact areas are essential for tRNA
aminoacylation as well as for arginyl-adenylate formation.
All tRNA Arg species possess a cytosine in position 35 of the
anticodon loop, and C35 has been shown to be a major
determinant for the identity ofE. coli and S. cereVisiae
tRNAArg in the aminoacylation reaction (12, 13). When the
mutation C35U was inserted in M-tRNAArg, the mutant tRNA
(M-tRNAArg,C35U) could not be aminoacylated by hArgRS
and was not able to promote activation of hArgRS as
measured in the ATP-PPi exchange reaction (Table 1). We
also deleted the terminal adenosine from the CCA end of
M-tRNAArg. To overcome the problem of transcript hetero-
geneity at the 3′-end of the tRNA molecule, we introduced
the hepatitis delta virus (HDV) ribozyme at the 3′-extremity
of the tRNA sequence (28). As expected, the homogeneous
M-tRNAArg,∆A76 could not be aminoacylated. Moreover,
M-tRNAArg,∆A76 was also not able to promote activation of
hArgRS (Table 1). To further analyze the importance of the
3′-terminal adenosine, we tested the ability of the complete
tRNAArg molecule generated after transcription and cleavage
with the HDV ribozyme to activate hArgRS. The tRNAArg

obtained after enzymatic cleavage (M-tRNAArg,2′3′P) contains

FIGURE 3: Schematic diagram of M-tRNAArg and related substrates.
The sequence and cloverleaf structure of beef tRNAArg,CCU and
sequence and hairpin structures of acceptor and anticodon mini-
helices and of anticodon-D stem-biloop. After synthesis, the 5′-
and 3′-ends of the anticodon-D stem-biloop substrate were ligated
with T4 RNA ligase.

FIGURE 4: Crystal structure of the ArgRS:tRNAArg complex in yeast
(21). The figure is drawn with PyMol (45).

tRNA-Dependent Arginine Activation Biochemistry, Vol. 44, No. 50, 200516543



a 2′,3′ cyclic phosphate group. It did not promote arginyl-
adenylate formation (Table 1). Treatment of this tRNA with
polynucleotide kinase, which restores the 2′- and 3′-OH
groups of the ribose (29), also restored its activity. Thus,
the two contact areas that are crucial for aminoacylation are
also necessary to activate the catalytic center of the enzyme
in the first step of the reaction.

The nucleotide A20 is a major identity element of theE.
coli and T. thermophilustRNAArg (11, 16, 31). Likewise,
base substitution (A20U) or deletion (∆A20) of the nucleo-
tide A20 of M-tRNAArg also impaired the arginine charging
activity of hArgRS by over 50-fold (Table 1). These
mutations also had a deleterious effect on the ATP-PPi

exchange reaction. The extent of hArgRS activation was
reduced by 5-fold and attained the level observed with
Y-tRNAArg (Table 1).

Which tRNA-Determinants Are Crucial for Arginine-
ActiVation?The finding that Y-tRNAArg is less efficient than
M-tRNAArg at inducing activation of hArgRS prompted us
to identify the nucleotide determinants that were responsible
for optimal activation of the enzyme. To gain more insight
into the structural bases for tRNA-dependent activation of
the catalytic center of hArgRS, we constructed a series of
chimeric tRNA molecules in which domains of Y-tRNAArg

and M-tRNAArg were combined (Figure 5). When the TΨC
stem-loop, the acceptor stem, the D stem-loop, or the
anticodon stem-loop of M-tRNAArg were independently
transferred into Y-tRNAArg, no enhancement of the level of
hArgRS activation was detected as compared with the tRNA
template, Y-tRNAArg (Figure 5). Then, two domains of
Y-tRNAArg were replaced at a time by homologous domains
of M-tRNAArg. Transplantation of the acceptor-TΨC stem-
loop structure or of the anticodon stem-loop and acceptor

stem of M-tRNAArg into Y-tRNAArg did not yield a tRNA
molecule with a higher propensity to activate hArgRS.
However, when the D stem-loop of M-tRNAArg was
introduced into Y-tRNAArg either with the anticodon stem-
loop or with the TΨC stem-loop of M-tRNAArg, the capacity
of the resulting tRNA molecules in triggering activation of
hArgRS was induced by over 7-fold and 3-fold, respectively.
To assess the importance of the D stem-loop of M-tRNAArg

in triggering activation of hArgRS, we introduced the D
stem-loop of Y-tRNAArg into M-tRNAArg (Figure 5). The
D stem-loop swap was sufficient to induce a 7-fold decrease
in activation of hArgRS. Altogether, these results indicate
that nucleotide sequences located within the D stem-loop
of M-tRNAArg are necessary but not sufficient to trigger
optimal activation of hArgRS. Discrete determinants must
also be located within the anticodon or TΨC stem-loops
of the mammalian tRNA.

Other constructs were made to pinpoint the nucleotide
determinants required for the maximal activation of hArgRS.
The D loop of Y-tRNAArg contains 7 nucleotides and a C at
position 20. By contrast, M-tRNAArg has an 8-nucleotide long
D loop with A at position 20 and with an additional U20a
nucleotide. We constructed variants of Y-tRNAArg with the
mutation C20A, with or without the addition of U at position
20a. These two mutations had little effect on the capacity of
Y-tRNAArg to activate hArgRS (Figure 6; Table 2), as
expected from the result of the sole transplantation of the D
stem-loop of M-tRNAArg into Y-tRNAArg described above
(Figure 5). However, we reported above that the simultaneous
addition of the anticodon stem-loop or of the TΨC stem-
loop of M-tRNAArg together with the D stem-loop is
required to produce an active tRNA species. Whereas these
two regions of the tRNA molecule display significant

FIGURE 5: Comparison of rates of arginyl-adenylate synthesis triggered by chimeric tRNA molecules. Rates, indicated above bar graphs,
are expressed relative to native M-tRNAArg. The chimeric tRNAs contain regions of M-tRNAArg (in red) and of Y-tRNAArg (in blue).

FIGURE 6: Sequence and L-shaped structure of Y-tRNAArg, and location of the mutations. The relativekcat in arginyl-adenylate synthesis
for various tRNA substrates are indicated.
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differences of sequence when Y-tRNAArg and M-tRNAArg

are compared, none of these nucleotides seems to be involved
in a specific interaction with the synthetase (21). Alterna-
tively, the presence of G:U base pairs within the anticodon
and TΨC stem of M-tRNAArg but not of Y-tRNAArg

prompted us to consider the possibility that the unique
properties of the G:U wobble base pair might be an important
structural feature required for activation of hArgRS. To test
this hypothesis, we introduced into Y-tRNAArg the mutations
A41G or A43G in the anticodon stem and A49G or C63U
in the TΨC stem, in addition to the mutation C20A and the
insertion U20a in the D loop (Figure 6; Table 2). The four
constructs were fully able to activate hArgRS. Addition of
two G:U base pairs in the double mutant A43G and A49G
had no further effect. The polarity of the wobble base pair
(G:U or U:G) was not crucial for activation of hArgRS, as

judged by the activity of Y-tRNAArg,C20A,U20a carrying the
additional mutations U27G:A43U or A49U:U65G (Figure
6; Table 2). As a control, Y-tRNAArg carrying the mutations
A43G, A49G, or A43G and A49G in the absence of the
mutation C20A and the insertion U20a did not activate
hArgRS to its maximal rate (Figure 6; Table 2). Therefore,
the nucleotides A20 and U20a in the D loop and a G:U
wobble base pair in either the anticodon or the TΨC stem
are necessary to trigger maximal activation of hArgRS. The
tRNA derivatives that triggered efficient activation of hAr-
gRS were also significantly more active in aminoacylation
(6-fold increase inkcat/Km; Table 2).

In line with these data, mutants of M-tRNAArg with a
deletion of the nucleotide at position 20 (∆A20), with the
mutation A20U, or with the double modification A20C,∆U20a
lost their capacity to activate hArgRS to the maximal level
and mimicked Y-tRNAArg (Table 1; Figure 7). When the G:U
wobble base pairs U27:G43 and/or G49:U65 from M-
tRNAArg are replaced by U‚A Watson-Crick base pairs in
addition to the mutations A20C,∆U20a in the D loop, the
capacity of the mutant tRNAs to activate hArgRS was not
further affected (Figure 7; Table 2). It is noteworthy that
within the framework of M-tRNAArg containing a wild-type
D loop, mutation of the G:U wobble base pairs alone had
only a moderate effect on the maximal level of activation of
hArgRS as measured in the ATP-PPi exchange reaction
(Figure 7; Table 2). In aminoacylation, mutation of the G:U
base pairs caused a 6-fold to 53-fold increase inKm, but the
kcat remained unaffected (Table 2).

DISCUSSION

For hArgRS, as for a subset of aminoacyl-tRNA syn-
thetases of class I, GluRS, GlnRS, and LysRS-I, synthesis
of the arginyl-adenylate is absolutely conditioned by the
realization of a proper enzyme:tRNA complex. Thus, upon
tRNA binding, the active site of these enzymes undergoes
structural rearrangements that contribute a switch from an
inactive to an active state. As shown in this report, this switch
does not necessarily imply a complete transition from an
inactive state to a fully activated state, but may be modulated.
Intermediate activation states were observed when heterolo-
gous or chimeric tRNAArg was used. It should be noticed
that thekcat of hArgRS for the formation of ATP was 3-fold
lower with the M-tRNAArg transcript as compared to natural
tRNA, which suggests that modified nucleotides also con-
tribute to the capacity of tRNAArg to activate the catalytic
center of ArgRS to its maximal level (results not shown).

Table 2: Kinetic Parameters of hArgRS in ATP-PPi Exchange and
tRNA Aminoacylation

ATP-PPi exchange aminoacylation

tRNA
kcat,
s-1

kcat

relative
KAct,
nM

kcat,
s-1

Km,
µM

kcat/Km

relative

M-tRNAArg 4.5 1 <3.0 0.53 0.16 1
Y-tRNAArg 1.15 0.25 24 0.45 4.5 0.03

Derivatives of Y-tRNAArg

C20A 0.15 0.03 425 nta nt
C20A,U20a 1.0 0.22 525 nt nt
A43G 0.96 0.21 27 0.021
A49G 0.86 0.19 18 0.024
A43G,A49G 0.74 0.16 18 0.020

Derivatives of Y-tRNAArg,C20A,U20a

A41G 7.0 1.55 45 2.90 4.48 0.19
A43G 4.4 0.98 15 nt nt
A49G 4.3 0.96 17 nt nt
C63U 8.9 1.98 52 1.79 2.16 0.25
A43G,A49G 3.1 0.69 15 nt nt
U27G,A43U 6.1 1.35 47 2.43 3.50 0.21
A49U,U65G 6.1 1.35 47 2.97 4.61 0.19

Derivatives of M-tRNAArg

A20U 0.91 0.20 25 0.016
∆A20 1.0 0.22 77 0.016
A20C,∆U20a 0.45 0.10 600 nt nt
G43A 2.5 0.56 <3.0 0.65 1.1 0.18
G49A 3.46 0.77 <3.0 0.78 1.0 0.24
G43A,G49A 2.88 0.64 25 nt nt

Derivatives of M-tRNAArg,A20C,∆U20a

G43A 1.07 0.24 37 0.51 4.4 0.035
G49A 0.73 0.16 67 0.40 8.0 0.015
G43A,G49A 0.81 0.18 55 0.53 8.5 0.019

aNot tested.

FIGURE 7: Sequence and L-shaped structure of M-tRNAArg, and location of the mutations. The relativekcat in arginyl-adenylate synthesis
for various tRNA substrates are indicated.
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Several models should be considered to understand the role
of tRNA in the tRNA-dependent activation of the catalytic
center of hArgRS.

One of the first remarkable features reported here concerns
the role of the terminal adenosine. A mutant tRNA with a
deletion of A76 (M-tRNAArg,∆76), or a complete tRNA
molecule with A76 displaying a 2′,3′ cyclic phosphate group
generated after cleavage by the HDV ribozyme, was not able
to activate hArgRS. These data strongly suggest that the
terminal adenosine is essential to switch the catalytic site of
hArgRS to its productive mode. Previous studies have also
stressed the importance of the terminal adenosine in activat-
ing E. coli ArgRS (32). Periodate-treated tRNAArg or
phosphodiesterase-treated tRNAArg with a deletion of the
-CCA or only of A76 failed to activate the enzyme. Crystal
structures of ArgRS fromS. cereVisiae have been obtained
with L-arginine bound to the active site in the presence (21)
or in the absence (20) of the tRNA molecule. Despite many
attempts, cocrystals of ArgRS with ATP could not be
obtained (20, 21). L-Arginine is required for the correct
positioning of the CCA-end of the tRNAArg, but the possible
involvement of A76 in the binding of ATP remained elusive.
Thus, although the binding of tRNA does induce important
structural changes, the specific requirement for A76 in the
control of yArgRS activation could not be explained.

In the case of GluRS, another synthetase that requires
tRNA for aminoacyl-adenylate formation, cocrystals of the
enzyme in the presence of ATP have been described. The
comparison of the crystal structures of GluRS fromT.
thermophilusin the complex with ATP or in the complex
with ATP and tRNAGlu showed two distinct subsites for the
binding of ATP (33). In the absence of tRNAGlu, ATP and
glutamate bind to GluRS in a nonproductive manner. In the
presence of tRNAGlu, the 2′-hydroxyl group of A76 directly
interacts with theR- andγ-phosphates of ATP. Consequently,
ATP binds to the productive subsite of the enzyme, which
places theR-phosphate group of ATP in the vicinity of the
R-carboxyl group of glutamate to facilitate the reaction.

Structural and mutational analyses also exemplified the
crucial role of the 3′-terminal adenosine of tRNAGln in
positioning ATP and glutamine in a productive conformation
within the active site ofE. coli GlnRS (34-36). GlnRS also
requires tRNA for activation of glutamine. The crystal
structure ofE. coli GlnRS complexed with tRNAGln sug-
gested that stacking of the terminal nucleotide, A76, against
Tyr211 may orient the hydroxyl group in a conformation
suited for binding glutamine (36).

Our results show that the 3′-terminal adenosine of tRNAArg

also plays an active role in switching the catalytic center of
hArgRS into a productive mode. A possible scenario would
be that binding ofL-arginine induces the correct positioning
of the CCA-end of tRNA, thus enabling A76 to bind ATP
in a productive manner, as observed for GluRS and GlnRS.
However, despite the fact that A76 is necessary to activate
hArgRS, it is not sufficient.

Several lines of evidence have suggested that binding of
the complete tRNA molecule to the enzyme, and especially
binding of the anticodon stem-loop to the anticodon binding
domain of ArgRS and GlnRS, may produce a signal that
propagates to the active site and induces its activation (21,
37). It is noteworthy thatE. coli GlnRS is able to amino-
acylate a seven-base pair RNA microhelix mimicking the

acceptor stem of tRNAGln (38) whereas hArgRS does not
(this study). Furthermore, the acceptor stem of M-tRNAArg

is not able to activate hArgRS in the ATP-PPi exchange
reaction. Thus, even if the catalytic efficiency of GlnRS is
severely impaired in the absence of the anticodon moiety of
tRNA (kcat/Km reduced by over 107-fold), the enzyme is not
completely inactive in aminoacylation. By contrast, our
results suggest that binding of the full-length tRNAArg

molecule is absolutely required to induce conformational
changes that promote activation of ArgRS. Moreover,
aminoacylation and aminoacyl adenylate formation do not
seem to be strictly coupled in the GlnRS system. We showed
previously that yeast tRNA and mammalian tRNA both
efficiently activate human GlnRS in the ATP-PPi exchange
reaction, but that yeast tRNA is a poor substrate in amino-
acylation (39). It is remarkable that the tRNA mutants
described in this study which were good activators of
hArgRS were also good substrates of that enzyme in
aminoacylation, suggesting that the two reactions are tightly
coupled. Thus, in addition to the prerequisite of A76 in the
active site of hArgRS, the building of an active enzyme also
requires global conformational changes induced by binding
of tRNAArg.

Comparison of the structures of unliganded enzymes and
of tRNA-bound complexes revealed that tRNA binding
generates significant conformational changes in ArgRS and
GlnRS (20, 21, 37, 40). It has been proposed that structural
elements of ArgRS and GlnRS may transfer the signal of
tRNA-binding from the anticodon to the catalytic site. Indeed,
it is remarkable that the mutant tRNAArg,C35U not only
abolished aminoacylation but also was unable to promote
activation of hArgRS. However, it is noteworthy that the
productive mode of hArgRS could not be attained by the
sole addition of an RNA minihelix mimicking the anticodon
stem-loop of M-tRNAArg, in the presence or in the absence
of the acceptor-TΨC stem-loop structure of tRNA. There-
fore, a simple tRNA:protein contact is not sufficient to trigger
a conformation change to the active site. Somehow, the
continuity of the tRNA molecule is a prerequisite. Similarly,
E. coli GlnRS poorly aminoacylates an RNA microhelix
mimicking the acceptor stem of tRNAGln, and addition of
an anticodon microhelix did not enhance its aminoacylation
(38).

What are the consequences of these findings on our
understanding of the tRNA-induced activation of ArgRS?
The 3′-terminal adenosine of tRNA and the cytosine at
position 35 of the anticodon are both crucial for amino-
acylation and activation of hArgRS. However, these two
bases, located at the two extremities of the tRNA molecule,
have to be physically linked to promote activation of the
enzyme. A possible explanation would be that interaction
of the anticodon of tRNA with the anticodon-binding domain
of the enzyme may propagate a signal to the active site via
the tRNA molecule. However, this simple model does not
account for all the data available to date. In this connection,
it is remarkable that mutations located at the interface of
the anticodon-binding domain and the catalytic domain of
hArgRS impair the catalytic parameters of the enzyme (9).
The mutation Cys599 to Tyr is located at the N-terminal
extremity of helix H22 that makes contact with the floor of
the active site. This mutant showed a reduced activity in
ATP-PPi exchange and tRNA aminoacylation reactions.
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Consequently, the mutant strain showed a marked hyper-
auxotrophy for arginine (41). Strikingly, hArgRSC599Y dis-
played two distinctKm for L-arginine in aminoacylation (1.8
µM and 141µM at 37 °C, as compared to 2.4µM for the
wild-type enzyme). One possible explanation to this finding
could be that the population of hArgRSC599Y is heterogeneous,
displaying two activation states of the catalytic center. These
results suggested that the conformational changes induced
in the active site by binding of the tRNA to the anticodon-
binding domain of the synthetase may be rate limiting in
the mutant enzyme. These results also suggested that the
building of a productive active site involves interdomain
communication in hArgRS.

The requirement for a complete tRNA molecule, as well
as the suggestion that transduction of the signal of tRNA-
binding to the active site rests on the ability of the enzyme
to achieve a proper conformational change that implies
interdomain communication, supports an induced fit model
for hArgRS activation. This model assumes that the substrate
and the enzyme both undergo conformational changes
following the initial recognition step. In the case of the
tRNAArg:ArgRS complex, this model would require that the
two partners are able to undergo concerted conformational
changes to reach the most favorable final activation state.
In that connection, it is worth mentioning that the interaction
between nucleotide at position 20 and the N-terminal module
of the protein is not essential to produce an active enzyme
but is important to modulate the efficiency of activation of
hArgRS. Our data are consistent with the interpretation
according to which activation of hArgRS is a two step
process: (i) initial pairing of the tRNA and the protein and
(ii) conformational adjustment of the two partners via an
induced fit mechanism. The three major points of contact
between tRNAArg and hArgRS (A20, C35, and A76) are
involved in building a productive active site, but the
efficiency of this process rests on the accurate presentation
of these three determinants to the enzyme, that is on the
geometry of the tRNA molecule, but also seems to require
some flexibility of the tRNA molecule and of the protein to
achieve the correct final adjustment leading to the productive
conformation of the active site of the enzyme. The flexibility
of the tRNA molecule may be correlated with the occurrence
of U:G base pairs. The anticodon and TΨC stems of tRNAArg

with a conserved A20 nucleotide invariably possess a U:G
base pair at variable positions. Because this base pair is found
at variable positions, its conservation is probably not related
to a specific RNA-protein interaction, but may be the
consequence of an important structural role. Accordingly,
no specific contact between the enzyme and the TΨC and
anticodon stems of tRNAArg were depicted within the crystal
structure of the complex formed by Y-ArgRS with its cognate
tRNA (20). A G:U base pair induces an overwinding of the
helix and provides more conformational flexibility to the
RNA double helix (42). Because G:U and U:G base pairs
are equally efficient to promote hArgRS activation, it seems
unlikely that overwinding of the acceptor-TΨC stem or of
the anticodon-D stem helices of M-tRNAArg contributes a
pivotal element of ArgRS activation. However, increased
flexibility of the RNA helix associated with the presence of
a G:U or U:G base pair may allow for a better recognition
by induced fit.

Finally, it is worth mentioning that tRNA-dependent amino
acid activation is not a prerequisite for catalysis by active
sites of paralog enzymes. TheE. coli YadB gene product
aminoacylates queuosine at position 34 of the anticodon of
tRNAAsp with glutamate (43, 44). This protein, a paralog of
GluRS deprived of the anticodon binding domain charac-
teristic of all GluRSs, was shown to be active in amino acid
activation and aminoacylation. The first step of the reaction
can be accomplished in the absence of tRNA. Further
understanding of the atomic features involved in generating
the catalytically productive active site of GluRS, and of the
other tRNA-dependent enzymes GlnRS and ArgRS, would
benefit from the knowledge of the mutations that have been
introduced into a GluRS-like domain to switch the Rossman
fold of YadB into a constitutively activated conformation.
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