
Limited Set of Amino Acid Residues in a Class Ia Aminoacyl-tRNA Synthetase Is
Crucial for tRNA Binding†

Renaud Geslain,‡ Gilbert Bey,§ Jean Cavarelli,§ and Gilbert Eriani*,‡

UPR 9002 SMBMR du CNRS, Institut de Biologie Mole´culaire et Cellulaire, 15, rue Rene´ Descartes, 67084 Strasbourg, France,
and UMR7104 Laboratoire de Biologie et Ge´nomique Structurales, Institut de Ge´nétique et de Biologie Mole´culaire et

Cellulaire, CNRS, INSERM, ULP, 1, rue Laurent Fries, BP163, 67004 Illkirch, France

ReceiVed September 3, 2003; ReVised Manuscript ReceiVed October 16, 2003

ABSTRACT: The aim of this work was to characterize crucial amino acids for the aminoacylation of tRNAArg

by yeast arginyl-tRNA synthetase. Alanine mutagenesis was used to probe all the side chain mediated
interactions that occur between tRNAArg2

ICG and ArgRS. The effects of the substitutions were analyzed in
vivo in an ArgRS-knockout strain and in vitro by measuring the aminoacylation efficiencies for two
distinct tRNAArg isoacceptors. Nine mutants that generate lethal phenotypes were identified, suggesting
that only a limited set of side chain mediated interactions is essential for tRNA recognition. The majority
of the lethal mutants was mapped to the anticodon binding domain of ArgRS, a helix bundle that is
characteristic for class Ia synthetases. The alanine mutations induce drastic decreases in the tRNA charging
rates, which is correlated with a loss in affinity in the catalytic site for ATP. One of those lethal mutations
corresponds to an Arg residue that is strictly conserved in all class Ia synthetases. In the known
crystallographic structures of complexes of tRNAs and class Ia synthetases, this invariant Arg residue
stabilizes the idiosyncratic conformation of the anticodon loop. This paper also highlights the crucial role
of the tRNA and enzyme plasticity upon binding. Divalent ions are also shown to contribute to the induced
fit process as they may stabilize the local tRNA-enzyme interface. Furthermore, one lethal phenotype can
be reverted in the presence of high Mg2+ concentrations. In contrast with the bacterial system, in yeast
arginyl-tRNA synthetase, no lethal mutation has been found in the ArgRS specific domain recognizing
the Dhu-loop of the tRNAArg. Mutations in this domain have no effects on tRNAArg aminoacylation, thus
confirming thatSaccharomyces cereVisiae and other fungi belong to a distinct class of ArgRS.

Aminoacyl-tRNA synthetases (ARS)1 link tRNAs with
their cognate amino acid generally through a reversible two-
step reaction in which the first step consists of the activation
of the amino acid by ATP to produce aminoacyl-adenylate
with release of pyrophosphate. In the second step, the
activated compound is transferred onto the 3′ end of the
cognate tRNA molecule. Each of the ARSs discriminates
against chemically and structurally very similar substrates
with a very high specificity.

Aminoacyl-tRNA synthetases have been classified into two
classes, on the basis of two scaffolds of the active site core
characterized by conserved amino acid residues (1, 2). Class
I ARSs are built around a canonical dinucleotide binding
fold (Rossmann fold), whereas class II ARSs share a mixed
â-sheet partly closed by helices. Aminoacyl-tRNA syn-
thetases constitute one of the best textbook examples of

multidomain proteins including a large diversity of insertion
and terminal functional modules appended to one of the two
class-specific active-site architectures. Diversity is also found
at the level of the quaternary structure where at least five
types of oligomeric structure are found:R, R2, Râ, R2â2,
and R4. Monomeric ARSs, which all belong to class I,
display some peculiar behavior. Among them, three of the
canonical class I ARSs (ArgRS, GlnRS, and GluRS) and
the recently discovered class I type LysRS are unable to
catalyze the activation of the amino acid without the presence
of their cognate tRNA. This requirement is supposed to
establish the specific recognition of the substrates. Three
other monomers (IleRS, LeuRS, and ValRS) have acquired
additional domains to edit the wrong amino acid they may
activate and charge.

Arginyl-tRNA synthetase (ArgRS) is one of the mono-
meric enzymes that needs cognate tRNA to activate arginine.
The question as to why ArgRS requires its tRNA to activate
arginine has been addressed by X-ray crystallography. Four
crystal structures of the yeastSaccharomyces cereVisae
ArgRS (yArgRS) have been solved, three of them corre-
sponding to complexes of yArgRS and one of its cognate
tRNAs, the second major tRNAArg isoacceptor in yeast
(tRNAArg2

ICG) (3, 4). The highest resolution (2.2 Å) has been
obtained with a ternary complex of ArgRS and tRNAArg in
the presence of theL-arginine substrate. On the basis of these
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structures, the yeast ArgRS can be schematically divided into
five domains (Figure 1): the catalytic domain and two
additional (Add1 and Add2) and two insertion domains (Ins1
and Ins2). Add1 and Add2, two nucleic acid binding
modules, are attached, respectively, at the N- and C-terminal
sides of the active site. The active site of ArgRS, which forms
the scaffold of the Rossmann fold, is composed of two halves
assembled from three peptides. Domain Ins1 is inserted into
the first half of the catalytic core, while domain Ins2 links
the two halves of the Rossmann fold.

Add1 and Add2 of yArgRS cooperate for tRNAArg

recognition, and the contact area can be schematically divided
into three different parts: (i) the first zone of interaction
involves Add2 and the tRNA anticodon loop, (ii) the second
zone involves the Dhu-stem and Dhu-loop of the tRNA and
Add1 of the protein, and (iii) the third zone of contact
involves the end of the acceptor stem and the terminal CCA
interacting with the catalytic center of the protein (Figure
1).

Add1, the ArgRS specific domain, is the most character-
istic domain of ArgRS and is missing in other class I ARS
structures. Moreover, no other domain has been found at a
similar spatial position in all other class I ARSs. This is
correlated to the main function of domain Add1, the specific
recognition of the Dhu-loop of the tRNAArg (4). The core of
domain Add1 exhibits similar topology with several other
RNA binding proteins including a module of the ribosome
recycling factor protein. Add2, anR-helical domain, is the
most widespread domain in ARSs after the catalytic domain
characteristic of each class since a similar module has been
found in mainly all other class Ia ARSs (CysRS, IleRS,
LeuRS, MetRS, and ValRS). Add2 corresponds to the
anticodon binding site (ACBS) of those enzymes.

The enzyme and the tRNAArg form an extensive interface,
and two schemes of interactions are found. Interactions with
the three important recognition signals of the tRNAArg (the
nucleotides of the anticodon loop, the Dhu20 of the Dhu-
loop, and the 3′-terminal CCA) are mainly direct protein-
RNA interactions, while the binding of the amino acid

acceptor stem is mainly achieved by water mediated interac-
tions. These different schemes of interactions may be
correlated with the high variability in the sequences of the
amino acid acceptor ends of the four tRNAArg isoacceptors
in yeastS. cereVisiae. One may therefore hypothesize that
the water mediated interactions confer a high adaptability
to the interface while providing the required specificity and
affinity.

More than giving a detailed picture of the interactions
between the substrates and the enzyme, those crystal
structures reveal that several key residues of the active site
play multiple roles in the catalytic pathway. Comparison of
those structures revealed that while ArgRS requires its
cognate tRNA for the first step of the aminoacylation
reaction, the presence of tRNAArg is not a prerequisite for
L-arginine binding. Moreover, using a molecular switch based
on two different conformations of a phylogenetically invari-
ant tyrosine, it has been shown thatL-arginine binding is a
prerequisite that triggers the correct positioning of the CCA
end of the tRNA. The structural data have also shown that
the binding of tRNAArg produces conformational changes of
the ATP binding cleft and builds up the functional ATP
binding pocket. Communications between the different
modules of ArgRS that contribute to the efficiency and
specificity of the arginylation reaction have also been
revealed.

In parallel to this structural work, using random mutagen-
esis followed by a genetic screening in yeast, we have
isolated 26 mutations that inactivateS. cereVisiaeArgRS (5).
Eighteen mutated residues were found in the catalytic site
around the arginine binding pocket. Eight others were found
into the C-terminal domain of the enzyme (Add2). They act
on the catalytic site through a distal effect by strongly
impairing the rates of tRNA charging and arginine activation.

In the present work, all the ArgRS residues that are located
at a hydrogen-bonding distance of the tRNAArg molecule and
involved in nonwater mediated RNA-protein interactions
have been mutated into alanine residues. ArgRS mutants
were first tested in vivo for the complementation of a yeast

FIGURE 1: Overall structure of arginyl-tRNA synthetase in complex with tRNAArg2
ICG. (A) Overview of one monomer of yArgRS interacting

with tRNAArg2
ICG (Figures 1 and 2 were drawn with PyMol (47)). The tRNAArg2

ICG backbone is drawn with its phosphate chain traced with
a thick pink line. The substrateL-arginine is shown into the active site, as well as the putative position of the ATP molecule obtained from
structural superimposition with the ternary complex GlnRS:tRNAGln:ATP (48). (B) Overview of one monomer of yArgRS. The 18 mutated
side chains of the protein are shown. Three of them (N106, F109, and Q111) are located in the N-terminal domain (Add1). Two other
residues (N153 and Y347) are located in the catalytic core, and the 13 other residues are located in the C-terminal domain (Add2 or
ACBS). Add-1 or ArgRS specific domain is formed by residues 1-143; the catalytic domain comprises residues 144-194, 267-293,
346-410; Ins-1 is made of residues 195-266 and Ins-2 of residues 294-345; Add-2 or ACBS is composed of residues 411-607.
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knockout strain deprived of ArgRS. The mutated proteins
were then overexpressed inEscherichia coli and were
analyzed in vitro for the kinetic parameters with two different
tRNAArg isoacceptors. In addition, the in vivo steady-state
level of charging of the four tRNAArg isoacceptors was
studied by Northern blot under acidic conditions.

This paper focuses on the analysis of the tRNA binding
site of yeast ArgRS and reveals the existence of a conserved
set of functional amino acid residues shared by the other
class Ia synthetases (CysRS, IleRS, LeuRS, MetRS, and
ValRS). It then reveals several clues on the evolution process
of the tRNAArg recognition in a group of lower eukaryotes
comprising several fungi.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Yeast Strain Manipulations. E. coli
TB1 (F- ara∆(lac-proAB) hsdR (rk- mk+) rpsL(Strr) [φ80,
dlac ∆ (lacZ)M15] was used as a recipient for cloning
procedures. The haploidS. cereVisiae YAL4 (n rrs1::HIS3
ura3-52 lys2-801am trp1-∆63 his3-∆200 leu2-∆1 ade2-
∆450 ade3-∆1483 pAL4 [Ura+, Ade3+, RRS1+]) was used
to assay the mutant phenotypes. This strain carries a knockout
of the ArgRS gene (RRS1) and is maintained by a plasmidic
copy of the native gene (5). The bacterial and yeast strains
were grown and transformed according to standard proce-
dures.

Plasmid pTrc99B was used to express the mutants of yeast
ArgRS in E. coli (5). Plasmid pRS314-RRS1contained the
native ArgRS gene andTRP1marker. The uracil single strand
template was used to generate the ArgRS variants by site-
directed mutagenesis (6). To assay the mutant phenotypes,
the shuffle protocol previously described was used (5). The
YAL4 strain was transformed with the mutated pRS314-
RRS1and plated on minimal medium supplemented with
adenine (limiting concentration of 2µg mL-1), histidine (20
µg mL-1), uracil (20µg mL-1), lysine (20µg mL-1), and
leucine (60µg mL-1). After a 72 h incubation at 30°C, the
Trp+ colonies were isolated and checked for their colored
phenotypes (red nonsectoring colonies: sect-, or white/red
sectoring colonies: sect+). Then they were screened for
5-FOA resistance (5-FOA was from Toronto Research
Chemicals, Canada). The Trp+ red (sect-) and 5-FOAS

colonies were unable to lose their rescuing pAL4 plasmid;
they contained an inactive ArgRS gene on the pRS314
plasmid. For the shuffle assay with increasing Mg2+ con-
centrations, minimal medium with adenine, histidine, uracil,
lysine, and leucine (see above for concentrations) was
supplemented with increasing concentrations of MgCl2: 1,
5, 20, 50, 100, 250, and 500 mM. The white/sectoring
phenotype was observed as above.

OVerexpression of the Different ArgRS.The mutated
ArgRS genes were cloned into the bacterial expression vector
pTrc99B-RRS1by replacing the 1.9 kbp DNA fragment
EcoRI-XhoI of the nativeRRS1. The recipient strain TB1
was grown to an OD700 of 0.5 and then induced by adding
IPTG to a final concentration of 0.5 mM. After 12 h of
induction, the cells were harvested by centrifugation and
washed with TE buffer (10 mM Tris-HCl (pH 8), 1 mM
EDTA). Enzyme extraction and purification to homogeneity
was essentially performed according to the protocol estab-
lished for AspRS (7), except that the ArgRS protein was

eluted from the hydroxyapatite column with 150 mM
potassium phosphate buffer (pH 7.5).

Measurement of Kinetic Parameters.The aminoacylation
mixture contained 100 mM HEPES-NaOH (pH 7.5), 30 mM
KCl, 0.1 mg/mL bovine serum albumin, 5 mM glutathione,
5 mM ATP, 50µM L-[14C] arginine (25-350 Ci/mol),L-[14C]
arginine (Amersham Biosciences, UK), 5-15 mM MgCl2,
and 10µM pure tRNAArg or 200µM unfractionated tRNA.
The reaction was initiated by the addition of enzyme and
followed at 37°C. At varying time intervals (usually 1 min),
aliquots of 20µL were spotted onto Whatman 3 MM disks
and TCA precipitated, the and radioactivity was measured
by liquid scintillation. For ATP and tRNAArg KM measure-
ments, the substrate concentrations were varied from 0.25
to 2 times theKM value. We used yeast total tRNA from
Boehringer Mannheim (Batch 12375221-66) to measure the
KM for ATP and a free excess of 2 mM MgCl2. To measure
theKM for tRNAArg, we used a concentration of 5 mM ATP
and 5 or 12 mM MgCl2.

For the ATP-PPi exchange reaction, the mixture con-
tained 100 mM HEPES-NaOH (pH 7.5), 10 mM MgCl2, 2
mM [32P]PPi (1-2 cpm/pmol), 5µM tRNAArg2

ICG (purified
according to ref4), 2 mM ATP, 15 mM arginine, and 10
mM KF. The reaction was started by enzyme addition, and
after various incubation times at 37°C, 20µL aliquots were
measured for [32P]ATP formation. For arginineKM measure-
ments, the arginine concentrations were varied from 0.25 to
2 times theKM value.

RNA Analysis.Crude yeast RNA was prepared by phenol
extraction under acidic conditions according to ref8. A total
of 30 µg of RNA was separated under acidic conditions by
denaturing PAGE (10%) and transferred on Hybond-XL
membrane (Amersham Pharmacia Biotech). Membranes were
hybridized at 60°C with one of the tRNAArg probes, a 5S
probe (control for RNA content), and a tRNALeu

UAA probe
(control for the acidic extraction procedure). The probes were
tRNAArg1

CCU(5′TGGCGTTCCGTACGGGACTC),tRNAArg2
ICG

(5′TGGCTTCCCCGCCAGGACTT), tRNAArg3
UCU (5′GAAC-

CCATAATCTT CTGATTAGAAG), tRNAArg4
CCG (5′CTC-

GAACCCGGATCACAGCC), 5S (5′ACCCAC TACACT-
ACTCGGTCAGGCTCTTAC), and tRNALeu

UAA (5′GGAT-
GCGAGGTTCGAA CTCGCGCGG) (oligonucleotides were
from Genset, France). The quantification of signals was
performed with a Fuji Bioimager Bas2000.

RESULTS

On the basis of the crystal structure of yeast ArgRS in
complex with tRNAArg2

ICG, we selected 18 residues of ArgRS
that interact by their side chains with the tRNA at distances
less than 3.5 Å (Figure 1) (4). Three of them (N106, F109,
and Q111) are located in the N-terminal domain (Add1). Two
other residues (N153 and Y347) are located in the catalytic
core and interact with Ade76 of the tRNA. The 13 other
residues are located in the C-terminal domain (Add2 or
ACBS); they are mainly binding the concave face of the
L-shape of the tRNA from the elbow region to the anticodon-
loop of the tRNA (Table 1). Among the 18 selected residues,
five are strictly conserved in all ArgRS sequences; these are
N153, Y347, Y491, R495, and M607. Five other residues
(F109, Y488, S498, R501, and Y565) are highly conserved
in all ArgRS sequences. Six other residues show limited
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conservation among ArgRS sequences (K439, N469, D484,
T552, H559, and W569), whereas two residues located in
the N-terminal domain (N106 and Q111) are only conserved
in class-A ArgRS sequences (see below).

The 18 residues were mutated into alanine residues, and
the mutated genes were tested for their ability to rescue the
RRS1-disrupted strain YAL4. In addition, we also constructed
a deletion mutation of the last residue (M607) of ArgRS.
Among these 19 mutations, nine induced lethal phenotypes.
For these nine lethal mutants and five viable mutants, the
proteins were expressed inE. coli and purified, and their
catalytic properties were analyzed.

Nine Mutations Induce Lethality in the Yeast Cells.Nine
mutations are lethal in the yeast strain disrupted for the
ArgRS gene (Table 1). These mutations can be arranged into
two groups according to the 3-D structure.

A first group includes three mutations (NA153, YA347,
and NA469); N153 and Y347 are located in the active site
of the protein and are involved in the catalytic reaction, and
N469 belongs to the tRNA-anchoring platform that interacts
with the concave face of the tRNA.

The second group contains five Ala mutations located in
the C-terminal domain (YA488, YA491, RA495, YA559,
and WA569) and in addition, a deletion of the last residue
of the protein (M607stop). M607 is a quasi-invariant residue
that stabilizes the distorted anticodon loop conformation by
its main chain atoms and stabilizes Y491 by its side chain
atoms. Therefore, two mutants were generated to test the
two types of interactions: a substitution (MA607) to remove
the side chain and a deletion (M607stop) to remove both
side chain and main chain. The in vivo assay has shown
that only the deletion mutant was unable to rescue the
knockout strain, whereas the alanine substitution was viable.
This demonstrates that M607-main chain interactions that

occur with nucleotides 36 and 38 have an essential function
in vivo (see Table 1).

Kinetic analyses have been performed on these purified
mutant proteins. Thekcat andKM values for ATP, arginine,
and two tRNA isoacceptors (tRNAArg2

ICG and tRNAArg3
UCU)

have been measured. Our work also includes analyses of the
effect of the Mg2+ concentration and misacylation properties
of tRNAAsp. Data are summarized in Tables 2 and 3.

All nine lethal mutants exhibit large decreases in both
ATP-PPi-exchange and tRNA-charging reactions. Remark-
ably, for the five mutants in the C-terminal domain, these
effects were coupled to decreases in ATP binding strength.
Only slight changes in tRNA affinity and no effect on
arginine binding were observed, except for the mutant of
residue N153 that is involved in both tRNA and arginine
binding.

The five lethal mutants of the C-terminal domain require
an unusually high Mg2+ concentration to reach their highest
catalytic rate. The optimal Mg2+/ATP ratio for the native
ArgRS is 1, while for these mutants the ratio was increased
up to 2.5 (Figure 3). This was observed with tRNAArg2

ICG

and more often with tRNAArg3
UCU, which seemed to be more

Table 1: Growth Phenotypes of the TRNAArg Binding Site Mutants
of ArgRSa

protein residue

phenotype of the
alanine mutation
in the ArgRS-

knockout strain tRNA nucleotide

Asn106 (Oδ1) viable Dhu20 (O2, N3)
Phe109 (stacking) viable Dhu20 (stacking)
Gln111 (Nε2) viable Dhu20 (O4)
Asn153 (Oδ) lethal Ade76 (O2′)
Tyr347 (N, stacking) lethal Ade76 (O1P, stacking)
Lys439 (Nú) viable Gua36 (O1P)
Asn469 (Nδ2,Oδ1) lethal Ade14, Cyt13, 6

(O2P, O3′)
Asp484 (N,Oδ2) viable Gua23, 24 (O2′,O4′)
Tyr488 (OH) lethal Cyt40 (O1P)
Tyr491 (OH) lethal Ade38, Gua36 (O1P, O2′)
Arg495 (NH1, NH2) lethal Gua36, Ade37, Cyt39

(O2′,O1P)
Ser498 (Oγ) viable Gua36 (O2P, N7)
Arg501 (NH2) viable Gua36 (O6)
Thr552 (Oγ1) viable Ade14 (O2′)
His559 (Nε2, Nδ1) lethal Gua23, Cyt40, Tyr488

(O2′,O2P,OH)
Tyr565 (O, OH) viable Cyt35, Gua36 (N4, O2P)
Trp569 (stacking) lethal Ino34, Cyt35 (stacking)
Met607 (N, OT1, OT2) viable/lethalb Gua36, Ade38 (O6N1N6)

a Atom groups of both tRNA and synthetase molecules are indicated
as well as the phenotypes of the corresponding alanine mutants observed
in the yeast ArgRS-knockout strain. The three-code letter has been used
for amino acids and nucleotides.b Two mutants of residue M607 were
constructed: MA607 was viable, and M607stop was lethal.

Table 2: Aminoacylation Properties for the Two Major tRNAArg

Isoacceptorsa

charge of tRNAArg2
ICG charge of tRNAArg3

UCU

Mg2+(mM) KM(µM) kcat(s-1) KM(µM) kcat(s-1)

native
3.5 0.1 5
5 0.15 8

NA106
3.5 0.02 4
5 0.1 8

FA109
3.5 0.08 6
5 0.25 7

QA111
3.5 0.06 7
5 0.07 10

NA153
3.5 0.06 0.009
5 0.4 0.01

YA347
3.5 nm <0.0005
5 nm <0.0005

NA469
3.5 0.65 0.0006
5 0.4 0.001
12 0.3 0.0003 0.10 0.002

YA488
3.5 0.07 0.09
5 0.2 3
12 0.07 2 0.08 0.8

YA491
3.5 0.13 0.007
5 0.2 0.16
12 0.1 0.17 0.05 0.1

RA495
3.5 0.5 0.001
5 0.3 0.005
12 0.2 0.2 0.2 0.05

HA559
3.5 0.4 0.04
5 0.5 3
12 0.2 3 0.1 2

YA 565
3.5 0.2 0.4
5 0.15 0.5
12 0.2 3 0.05 3

WA569
3.5 0.2 0.1
5 0.2 0.8
12 0.2 4 0.1 2

MA607
3.5 0.06 0.35
5 0.1 5
12 0.05 2.6 0.03 2

M607stop
3.5 0.15 0.02
5 0.07 0.25
12 0.1 0.5 0.05 0.1

a Measurements were done at three different Mg2+ concentrations.
Italicized numbers indicate significant increases of activity on mag-
nesium concentration variation. The data in this table are the average
values with a variation of<25% from three independent determinations.
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sensitive to the divalent ion concentration. In contrast, such
excesses of Mg2+ inhibited both active site mutants (NA153
and YA347), the mutant NA469 located in theâ-hairpin (data
not shown), as well as the native ArgRS.

Moreover, as wild type yeast ArgRS spontaneously
catalyzes the misacylation of the heterologous tRNAAsp (9),

the misacylation properties of all ArgRS mutants were also
analyzed. Two mutants (YA491 and RA495) of the ACBS
have exhibited a significant increase of the misacylation ratio
of the heterologous tRNAAsp. The increase was about 10-
fold as compared to the level of the native ArgRS (data not
shown).

Mutations in the N-Terminal Domain HaVe No Effects on
tRNA Aminoacylation.Fungi asS. cereVisiae differ from
bacteria and most of the other organisms by the absence of
the quasi-invariant nucleotide Ade20 that is the major identity
element of tRNAArg (10, 11). To analyze the function of the
corresponding Dhu20 and Cyt20 found inS. cereVisiae
tRNAArg, we have constructed mutants of the ArgRS residues
that recognize these residues. The 3-D structure of ArgRS
in complex with tRNAArg2

ICG shows that N106, F109, and
Q111 bind Dhu20 in a specific way and suggests that the
same residues could also recognize the nucleotide Cyt20 in
tRNAArg3

UCU by a flip of their side chains (4). The mutants
were analyzed for their in vivo and in vitro properties,
including the aminoacylation of the four different tRNAArg

isoacceptors.
In a first step, the mutants were tested in vivo in the

ArgRS-knockout strain. All the mutants were able to rescue
the disrupted strain, demonstrating an absence of dramatic
effect on the mutant properties (Table 1). In addition to the
three single mutants, we built two double mutants (NA106
+ FA109) and (FA109+ QA111) to investigate the
combined effect of the individual mutations. Both double
mutants were also able to sustain the cell growth of the
disrupted strain (data not shown). Altogether, these data show
that the interactions that occur between the protein and the
Dhu-loop of tRNAArg do not play an essential role in vivo.

The absence of an in vivo effect contrasts with the
structural data and the phylogenetic analyses that predict the
presence of a conserved binding mechanism (J. Cavarelli and
G. Eriani, unpublished data). Therefore, the in vitro catalytic
parameters of the three single mutants NA106, FA109, and
QA111 were analyzed to detect partial inactivation. However,
we could not observe any significant change on the steady-
state kinetic parameters and on theKM for ATP, arginine,
tRNAArg2

ICG, and tRNAArg3
UCU. Thus, both in vitro and in

vivo results are in good agreement.
To verify the steady-state levels of aminoacylation of the

four tRNAArg isoacceptors in vivo, we performed Northern
blot analyses under acidic conditions (8). Figure 4 shows
the hybridization pattern observed with tRNAArg2

ICG, one of

Table 3: Catalytic Properties of the Mutated ArgRS Proteinsa

aminoacylation reaction ATP-PPi-exchange reaction

KM ATP (mM) kcat(s-1) KM arginine (µM) kcat(s-1)

native 0.3 1 5 15
NA106 0.3 1 ndb nd
FA109 0.3 2 4 16
QA111 0.3 1.5 nd nd
NA153 2 0.4 50 0.1
YA347 3 0.05 nmc <0.005
NA469 1.4 0.002 nm 0.005
YA488 0.7 0.3 5 4
YA491 9 0.2 6 0.7
RA495 3 0.03 6 0.9
HA559 0.7 0.4 3 3
YA565 0.6 1 4 9
WA569 0.8 0.3 2 2
MA607 1.6 0.4 5 3
M607stop 5 0.05 5 0.3

a The data in this table are the average values with a variation of
<25% from three independent determinations.b nd, not determined.
c nm, nonmeasurable.

FIGURE 2: View of helix bundle domain (shown in yellow) of three
class Ia aminoacyl-tRNA synthetases illustrating the structural
position of the highly conserved arginine. This domain is found in
all six class Ia ARSs (ArgRS, CysRS, IleRS, LeuRS, MetRS, and
ValRS). Only three of them, for which the structures are known in
the presence of the cognate tRNA, are displayed here. Panels A
and B correspond to yArgRS (PDB code 1F7U); panel C corre-
sponds toS. aureusIleRS (PDB code 1FFY); and panel D
corresponds toT. thermophilusValRS (PDB code 1IVS). For clarity
of the figures, the conformation of the cognate tRNA is only shown
for yArgRS in panel A. Despite a common fold, the helices of the
ACBS domain have idiosyncratic deformations. In the three known
structures of class Ia ARS:tRNA complexes, the conserved arginine
residue (R495 in yArgRS, R653 in IleRS, and R587 in ValRS) is
involved in the stabilization of the idiosyncratic conformation of
the cognate tRNA.

FIGURE 3: Mg2+ dependence of the aminoacylation of tRNAArg3
UCG

by yeast ArgRS. For clarity, all the relative activities have been
normalized to one.
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the major tRNAArg. Quantification of the signals shows that
the Arg-tRNAArg levels are similar when comparing the
native and mutant samples. In vivo, the level of aminoacyl-
ated tRNAArg2

ICG reaches 71%, a value similar to those
measured for the other isoacceptors: 68% for tRNAArg1

CCU,
74% for tRNAArg3

UCU, and 59% for tRNAArg4
CCG (data not

shown). These results definitely confirm that the single
mutations NA106, FA109, and QA111 have no effect on
the aminoacylation of any tRNAArg isoacceptor. These data
collectively demonstrate that despite a conserved framework
of tRNA recognition, the recognition of residue 20 in the
yeast does not follow the canonical rules of tRNAArg identity
and differs from most living organisms.

DISCUSSION

Binding of the Dhu-Arm but Not Dhu-Loop Is Important
for Aminoacylation by Yeast ArgRS.In many tRNAs, the
major identity elements are found in the anticodon triplet
and at the discriminator base. However, some systems have
evolved to select their identity elements outside of the
anticodon. In tRNAArg, the highly conserved residue Ade20
of the Dhu-loop is one of the major identity elements of the
bacterial system (10-12). However, fungi likeS. cereVisiae
or Schizosaccharomyces pombe, Neurospora crassa, and
some mitochondrial tRNAArg contain Cyt or Dhu instead of
the canonical Ade20. In tRNAArg from S. cereVisiae, it was
shown that this residue is not an identity element but rather
an antideterminant for noncognate enzymes such asE. coli
ArgRS. Accordingly, when mutated into Ade20, the yeast
tRNA becomes a good substrate for theE. coli enzyme (13).
More recently, it was shown that yeast cells can grow with
tRNAArg4

CCG carrying the UA20 or UG20 mutations (14).
The only detectable effect was on the steady-state levels of
the aminoacylated tRNA, which were decreased by a factor
of 3.5 in vivo. Therefore, unlike in theE. coli tRNAArg-
ArgRS system where residue 20 (Ade) is a major identity
element, in yeast this position is of limited consequence (14).

However, the crystal structure of the yArgRS:tRNAArg

complex reveals a specific recognition mode between ArgRS

and the Dhu-loop of the tRNA, which was not expected from
the biochemical data obtained forS. cereVisiaeArgRS. The
yArgRS:tRNAArg complex is the first structural example in
which the Dhu-loop plays a crucial role for tRNA selectivity.
The ArgRS specific domain of yArgRS recognizes the Dhu-
loop of the tRNAArg and interacts specifically with nucleotide
Dhu20. Moreover, the yArgRS:tRNAArg complex together
with the analysis of the ArgRS sequences suggests two
schemes of recognition for the nucleotide in position 20 of
the tRNAArg. Phylogenetically, very conserved amino acids
create a partition of ArgRS sequences into two classes, each
class using a different scheme of recognition of nucleotide
20 using the same structural platform. The first class (class-A
ArgRS) contains ArgRS from yeast and very few other
organisms, while the second one (class-B ArgRS) includes
all other organisms. Class-A ArgRSs recognize nucleotide
at position 20 in tRNAArg (Dhu20 in yeast tRNAArg2) by
mainly three invariant residues: N106, F109, and Q111.
F109, a highly conserved residue in all ArgRS sequences,
is involved in a stacking type interaction with Dhu20.
Residues N106 and Q111 are only conserved within class-A
ArgRS. Class-B ArgRSs recognize an invariant Ade20 in
tRNAArg with an asparagine residue located in position 111
(yArgRS numbering). Position 106 in class-B ArgRSs
(yArgRS numbering) is occupied by a tiny residue to
accommodate the adenosine ring. Class-B ArgRS is therefore
characterized by an adenosine-asparagine interaction. On
the basis of the yArgRS:tRNAArg complex, which corre-
sponds to the class-A enzyme, a model of Ade20 recognition
by the canonical ArgRS (class-B) has been proposed. This
model has been validated by site-directed mutagenesis of
Thermus thermophilusArgRS (15).

In this paper, we have shown that single and double
mutants that cumulate the loss of interactions have no
consequence on the in vivo and in vitro parameters.
Moreover, no effect was observed on the growth phenotype
of the ArgRS-knockout strain. The in vitro aminoacylation
parameters of these mutants were unchanged for the two
major tRNAArg isoacceptors. Moreover, we could see no
difference in the in vivo steady-state levels of the amino-
acylated forms of the four tRNAArg isoacceptors as shown
by Northern blot analyses under acidic conditions. Alto-
gether, the results suggest that the three residues have not
the crucial importance suggested by the structural data. This
contrasts remarkably with theT. thermophilusArgRS, where
Ala mutations of the F109- and Q111-equivalent residues
(Y77 and N79, respectively) induce a drastic inactivation of
the ArgRS (15). This discrepancy between the results of both
systems can be explained by the fact that fungi likeS.
cereVisiae bind other nucleotides than Ade20. Dhu20 or
Cyt20 are frequently found in these organisms (16). Thus,
we suggest that during evolution, fungi have gradually
reduced the importance of the interaction with nucleotide
20 of tRNAArg. Alternatively, we cannot exclude that these
interactions are maintained for the negative role they could
play against noncognate tRNAs. However, such loss of
function would lead to lethal dominant mutants unable to
grow, a phenotype that we did not observe.

A significant loss in binding energy should obviously result
from the loss of the canonical Dhu-loop interactions.
Therefore, we examined the results of the mutational analysis
to find some interactions able to counterbalance this loss. In

FIGURE 4: Northern blot analysis of tRNA extracts electrophoresed
on a 6.5% polyacrylamide gel containing 8 M urea (pH 5.0), at 4
°C. Total RNA was extracted under acidic conditions, separated,
and transferred to Hybond membrane. The blot was probed with a
mixture of32P-labeled oliogonucleotides complementary to 5S RNA
(control for RNA content), to tRNALeu (control for the acidic
extraction procedure), and to tRNAArg2

ICG. The aminoacylation level
is given by comparison of the deacylated samples (lanes+, obtained
at pH 9.0) and the acid samples (lanes-). 30µg of total RNA was
loaded in the- lanes (acid samples) and 10µg in the + lanes
(deacylated samples).
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the neighboring region, we found that a nonconserved residue
(N469) generates a strong effect when replaced by an alanine
residue. The NA469 mutant was unable to rescue the ArgRS-
knockout strain and displayed a very low activity and one
of the highestKM values for tRNAArg2

ICG and tRNAArg3
UCU

charging. N469 is localized in theâ-hairpin formed by
strands S13 and S14 on which the Dhu-loop side of the tRNA
seats and interacts (4). In the crystal structures of the tRNA-
bound ArgRS, N469 mainly interacts with the phosphate of
nucleotide Ade14. It therefore appears that N469 stabilizes
the unusual conformation of the Dhu-loop resulting from the
presence of an additional non-Watson-Crick base pair
between residues Ade14 and Ade21. Moreover, a shift of
the â-hairpin is observed upon tRNA binding, suggesting
that in addition to the Dhu-loop stabilization, this interaction
might participate in the induced fit mechanism that may
transmit the anticodon binding signal to the catalytic site.
Residue N469 is not conserved in the different ArgRS
sequences; a small residue (A, S, or T) is often found in this
position in other known sequences. However, an asparagine
residue is only found in a minority of organisms including
the fungi S. cereVisiae, S. pombe, andN. crassa. Thus, in
these organisms, N469 is certainly involved in the structural
features that compensate in Class-A ArgRS for the lack of
catalytically productive recognition of the canonical identity
element A20.

However, it should be pointed out that this loss of binding
energy caused by the lack of catalytically productive interac-
tions with the Dhu-loop in Class-A ArgRS may be also
compensated by supplementary interactions involving main
chain atoms of the protein. A complete understanding of
those effects requires at least a structure of a complex
containing a Class-B ArgRS and its cognate tRNAArg in
addition to the structures already known; unfortunately, such
a structure is not yet available.

Six Residues of ACBS Are Essential for tRNA Aminoacyl-
ation. A previous study has shown that nucleotides Cyt35,
Gua36, or Uri36 of the anticodon loop are the major identity
elements of yeast tRNAArg3

UCU (17). In addition, it was shown
that a Gua38 was not tolerated. The crystal structure of the
complex with tRNAArg2

ICG confirms that Cyt35, Gua36, and
Ade38 are recognized in a base specific manner by side chain
and by main chain interactions with the ArgRS C-terminal
domain. The anticodon loop adopts a highly distorted
conformation that seems to be entirely dedicated to the
binding of the strongest identity element C35 (4).

In the present paper, we identified six residues that
displayed a lethal phenotype (YA488, YA491, RA495,
HA559, WA569, and M607stop). In addition, two viable
mutants (YA565 and MA607) exhibited drastic decreases
in kcat values of 17- and 13-fold, respectively. All these
residues are located in the helix-bundle domain and altogether
contribute to the establishment of an intricate network of
interactions that is responsible for the anticodon-loop distor-
tion and binding. The six class Ia synthetases contain a
similar antiparallelR-helix bundle appended to the C-terminal
end of the Rossmann fold. The structure of this domain
varied from a minimalist structure made of four helices
(CysRS) (18) to larger structures made of five helices
connected by variable sized loops (Met-, Leu-, Ile-, Val-,
and ArgRS) (3, 19-22). So far, three structures of class Ia
synthetases in complex with their tRNA have been solved.

One is the ternary complex ArgRS:tRNAArg2
ICG:arginine

studied here (4), another one is IleRS:tRNAIle:mupirocin (23),
and the last one is ValRS:tRNAVal:Val-AMS (22, 24). In all
three complexes, the tRNA approaches the helix-bundle
domain in the same manner as expected from enzymes that
derive from a common ancestor. Moreover, one of the key
residues for the tRNAArg recognition (R495 in ArgRS) is
also present in IleRS (R653) (23) and in ValRS (R587) (24)
(Figure 2). As the structure of the anticodon loop is different
for those three systems, the stabilization of the local tRNA
conformations by this conserved arginine residue is idio-
syncratic to each of the three aminoacyl-tRNA synthetases.
Other class Ia synthetases also share an arginine residue at
this position, but structural data of complexes with tRNAs
are yet not available (MetRS, CysRS, and LeuRS). However,
it was shown that the R residue found at this position inE.
coli MetRS (R395) plays a determinant role in tRNAMet

binding (25, 26). The same was observed in yeast MetRS
(27). Three other lethal mutations isolated in yeast ArgRS
have functional counterparts in MetRS, like residues N391,
D449, and W461 that correspond to ArgRS residues Y491,
H559, and W569, respectively. In MetRS, it has been shown
that these residues are essential for tRNAMet

CAU binding and
for the discrimination of noncognate tRNAs (28-32).

Misarginylation of tRNAAsp Is ImproVed by Mutations in
the Anticodon Binding Site.It has been early described that
yeast ArgRS misacylates tRNAAsp with arginine in a tRNA-
dependent way (9). It was proposed that this spontaneous
misacylation resulted from an imperfect tRNA recognition
that allowed the noncognate tRNAAsp acceptor end to reach
the active site pocket in a reactive conformation. Neverthe-
less, this misacylation only reached 1/2750 of the charging
rate of tRNAArg, a value that was significantly enhanced using
unmodified synthetic transcripts that relaxed the tRNA
structure (33, 34) or by mutating the ACBS of ArgRS (5).
Therefore, all the factors that improve the fit of the
noncognate tRNAAsp increase the misacylation ratio; thus,
the misacylation assay can be used as a tool to verify the
integrity of the tRNA binding site and the stringency of the
tRNA recognition. Among the 14 mutations tested, two
mutants, YA491 and RA495, exhibited an increase of the
misacylation ratio of tRNAAsp that reached 1/280 and 1/340
of the tRNAArg charging ratio, respectively. These results
suggest that in addition to the binding of the nucleotides
Gua36, Ade37, Ade38, and Cyt39, Y491 and R495 act
negatively on the noncognate tRNAs such as tRNAAsp and
can be considered as antideterminants for the tRNAAsp

recognition.
Synergistic Effects on tRNA Aminoacylation and ATP

Binding.The kinetic analyses performed on ArgRS variants
show that ATP binding is influenced by the lethal mutations
that also drastically reduce the tRNA aminoacylation rate.
This covariation suggests the presence of a probable link
between the tRNA and the ATP binding sites. However, most
of the mutations are located in the ACBS domain, more than
30 Å away from the presumed ATP binding site of ArgRS.
This would mean that distant effects govern ATP binding
and that an accurate binding of the tRNA is a prerequisite
for correct binding of ATP, as suggested before (4). Indeed,
comparison of the tRNA-free ArgRS and ternary ArgRS:
tRNAArg:arginine complex reveals that tRNAArg and arginine
binding induce conformational changes that result in a
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catalytically competent conformation of ArgRS (4). Com-
munication between the ACBS and the catalytic domain of
yeast ArgRS has been shown to be mediated through
conformational changes of two long helices (H15 and H17)
of the helix-bundle domain. Those two helices may serve as
a structural path of communication that links the ACBS and
HIGH and KMSKS sequences. The function of this path
would be to inform the active site of the tRNA binding;
consequently, the productive conformation of the catalytic
platform will be created. Extensive works on GlnRS and
GluRS have also shown that the cognate tRNA has to be
considered as an obligate macromolecular cofactor in the
first step of the aminoacylation reaction and is therefore
required to build up a catalytically competent conformation
of the active site of the enzyme. InE. coli GlnRS, a structural
linkage (a long two-strandedâ-ribbon) that may transmit a
signal from the ACBS to the active site domain, in the
presence of the cognate tRNAGln, has been proposed a long
time ago (35). The structure of the free GlnRS has now
shown that binding of the substrates is coupled to active site
assembly and that neither the ATP nor the glutamine binding
sites are fully formed in the unliganded GlnRS (36). Four
new crystal structures of GluRS fromT. thermophilushave
also shown recently that GluRS possesses two modes for
ATP binding, a nonproductive and a productive binding
mode that can be switched in a tRNA dependent manner
(37). However, in this case, no structural linkage between
the ACBS and the catalytic site has been visualized. The
damages on the ATP binding observed in this study confirm
the functional role of these movements that link the ACBS
and the ATP binding site and suggest that the interdomain
communication plays a major role in active site activation
of ArgRS. A similar model was suggested for Chinese
hamster ovary ArgRS (38).

tRNA Aminoacylation Can Be ImproVed by High Magne-
sium Concentrations.Aminoacyl-tRNA synthetases display
a typical activity curve as a function of the Mg2+ concentra-
tion, starting by an increase and reaching an optimum at a
ratio of Mg2+/ATP close to one for the class I enzymes and
three or more for the class II enzymes (39, 40). Up to these
values, both activities (amino acid activation and tRNA
charging) decrease with the excess of Mg2+. Magnesium ions
are cofactors of ATP (one ion for class I enzymes and three
for class II enzymes), and in addition, they stabilize the tRNA
structure. In the case of native yeast ArgRS, a singularly
narrow curve of activity versus Mg2+ concentration is
observed that renders the activity very sensitive to the Mg2+

concentration (41). We confirm in our work that a Mg2+/
ATP ratio of 0.7:1 is optimal for the wild type enzyme,
whereas for the variants of the ACBS, the optimal Mg2+/
ATP ratio reaches up to three (Figure 3 and Table 2). With
tRNAArg2

ICG, this phenomenon was observed for three
mutants (RA495, YA565, and WA569), whereas for
tRNAArg3

UCU, it was observed for all eight mutants of the
ACBS. The fact that the lethal mutants were unable to grow
suggests that the poor magnesium concentration found in
the cell (about 0.1-1 mM) is inadequate to saturate the
magnesium binding sites of the mutated enzymes. As the
Mg2+ mediated reactivation is exclusively observed for
variants of the ACBS, it is likely that the extra Mg2+ ions
bind at the level of the anticodon loop and stabilize a more
reactive conformation of the tRNA-enzyme complex. A

similar Mg2+ dependence was observed with tRNA tran-
scripts from phage T5. It was shown that mutants of the
anticodon triplet are more efficiently charged at high Mg2+

concentration in contrast to native tRNA and mutants of the
Dhu-loop (42). These results all together show that increasing
the divalent ion concentration can expand the plasticity of
the tRNA anticodon loop, and as a result, stabilize the
mutated tRNA-enzyme complexes.

Careful examination of the crystallographic structure of
the native complex ArgRS:tRNAArg

ICG:arginine at 2.2 Å
resolution reveals a striking absence of a coordinated divalent
ion (4). These experimental evidences suggest two possibili-
ties: either the formation of the ArgRS:tRNAArg complex
occurs without Mg2+ or the divalent ions are released after
complex formation and can no more be detected. Although
the hypothesis that no divalent ions are used must still be
confirmed, some functional evidences, like the sharp peak
of the optimal Mg2+/ATP ratio, agree well with this
assumption. Moreover, early studies highlighted the deleteri-
ous effect of high Mg2+ concentration for tRNA binding. It
was shown that high Mg2+ concentrations could decrease
the aminoacylation rate by increasing the tRNA affinity and
consequently by decreasing the dissociation rate of the
enzyme-product (41).

Lethal Phenotype of WA569 Can Be ReVerted by High
Mg2+ Concentration.Following the in vitro investigations
on the Mg2+ effect, we asked whether the same phenomenon
of reactivation can be observed in vivo, or in other words,
if lethal mutations can be rescued by growth on Mg2+

enriched media. In yeast cells, the total cellular concentration
of Mg2+ is in the millimolar range; the vast majority is bound
to negatively bound ligands (particularly phosphate, ATP,
RNA, and DNA), leaving only a small fraction in the free
ionized form (43). Cells of theS. cereVisiae tightly control
intracellular Mg2+ levels, allowing only a 3-4-fold decrease,
when the external concentration changes 4 orders of mag-
nitude (from 10µM to 100 mM) (44). A Mg2+ transporter
has recently been identified in the yeastS. cereVisiae. The
knockout of its geneALR1showed a 60% reduction of total
intracellular Mg2+ as compared to the wild type and failed
to grow in standard media (45). We used the shuffle-colored
assay to test the effect of Mg2+ concentration on the growth
of the six lethal mutants involved in the tRNA anticodon
binding (YA488, YA491, RA495, HA559, WA569, and
M607stop). In this way, we expected to increase the
intracellular Mg2+ concentration by increasing the external
concentration of divalent ions. Yeast cells were grown in
minimal medium supplemented with an increasing concen-
tration of MgCl2 from 1 to 500 mM. A toxic effect was
observed for all the strains and controls above 100 mM
MgCl2. But surprisingly, we observed that the growth of the
inactive mutant WA569 was restored on medium containing
from 10 to 100 mM Mg2+. This in vivo restoration effect
was correlated with a significant increase of the in vitro
activity at high Mg2+ concentration. At the usual ratio Mg2+/
ATP ) 1, the activity of mutant WA569 was only 10 and
2.5% of the wild type charging rates of tRNAArg2

ICG and
tRNAArg3

UCU, respectively. Both activities were increased up
to 50 and 45%, respectively, at the more optimal ratio of
2.5 (Table 2). However, this remarkable result is restricted
to WA569. Another mutant, HA559, was not rescued despite
the fact that it was reactivated up to 33% at the optimal Mg2+
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concentration (Table 2). This suggests that the reversion of
the lethal phenotype by an increase of the Mg2+ concentration
can only benefit mutants that are very close to the threshold
of cellular viability. Therefore, we propose that the activity
of WA569 is below but probably very close to the limit
required for cell growth and that the activity of HA559 and
of the other lethal mutants is clearly below this limit. The
growth-limiting activity can also be approached by the
analysis of the aminoacylation rates of the viable mutants
(YA565, Table 2). Compared with WA569, the only signi-
ficant difference concerns the charging rate of tRNAArg3

UCU

that is 3-fold reduced. This suggests that WA569 is lethal
because of its deficit in tRNAArg3

UCU charging activity.
Altogether, these results would place the minimal activity
required for growth between lethal WA569 and viable
YA565. They also highlight the complexity of the arginine
system where lethality can be induced by effects on only
one tRNA isoacceptor.

Concluding Remarks.The ArgRS-tRNAArg recognition
system is exceptional because of the presence of several
tRNAArg isoacceptors. The sequence diversity found in these
tRNA molecules implies that the atom groups cannot be used
for the recognition as in many tRNA-synthetase systems. In
contrast to other systems, no lethal mutation corresponding
to direct interactions between side chain atoms of the protein
and the base moiety of the nucleotides has been found. Most
of the crucial interactions occur between the main chain
atoms of one residue and the specific groups of the
interacting partner (4). Therefore, this enzyme is adapted to
the recognition of substrates with different sequences. The
conformational changes observed on tRNA binding and the
plasticity of the tRNA molecule revealed by Mg2+ effects
illustrate the high degree of adaptability of the tRNA toward
the enzyme. Recent investigations onE. coli ArgRS-tRNAArg

recognition brought supplementary data that support these
observations (46). By mutagenesis and kinetic analysis of
tRNAArg, it was shown that the enzyme can recognize the
identity elements (usually C35 and G36) shifted to the 5′
side by one residue (becoming C34 and G35) (46). Moreover,
during the misacylation of tRNAAsp by ArgRS, the same
dinucleotide CG of tRNAAsp is recognized by ArgRS but at
position 36-37 (17), which also suggests a shift by one
nucleotide but to the 3′ side. The resolution of the crystal-
lographic structure of ArgRS in complex with other tRNA
isoacceptors is requested to give a definitive answer on the
capacity of the anticodon binding domain to recognize
different tRNA substrates.
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