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Abstract. Previous sequence analyses have suggested 
the existence of two distinct classes of aminoacyl-tRNA 
synthetase. The partition was established on the basis of 
exclusive sets of sequence motifs (Eriani et al. [1990] 
Nature 347:203-306). X-ray studies have now well de- 
fined the structural basis of the two classes: the class I 
enzymes share with dehydrogenases and kinases the 
classic nucleotide binding fold called the Rossmann fold, 
whereas the class II enzymes possess a different fold, not 
found elsewhere, built around a six-stranded antiparallel 
[3-sheet. The two classes of synthetases catalyze the same 
global reaction that is the attachment of an amino acid to 
the tRNA, but differ as to where on the terminal adeno- 
sine of the tRNA the amino acid is placed: class I 
enzymes act on the 2' hydroxyl whereas the class II 
enzymes prefer the 3' hydroxyl group. The three- 
dimensional structure of aspartyl-tRNA synthetase from 
yeast, a typical class I! enzyme, is described here, in 
relation to its function. The crucial role of the sequence 
motifs in substrate binding and enzyme structure is high- 
lighted. Overall these results underline the existence of 
an intimate evolutionary link between the aminoacyl- 
tRNA synthetases, despite their actual structural diver- 
sity. 
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Introduction 

Aminoacylation of tRNA is a crucial step in the process 
of translation of the genetic message. This reaction, the 
esterification or charging of a specific amino acid onto 
the corresponding tRNA, is catalyzed by a family of 
enzymes, the aminoacyl-tRNA synthetases (aaRS), and 
occurs in two steps: 

Mg 2+ 

ATP + aa + aaRS ~ aaRS - (aa-AMP) + PPi (1) 

aaRS • (aa-AMP) + PPi ~ aa-tRNA + aaRS + AMP 
(2) 

The first step of the reaction (1) consists of the amino 
acid activation by ATP-Mg 2+ with formation aminoacyl- 
adenylate and release of PPi. The second step of the 
reaction (2) leads to tRNA aminoacylation and release of 
AMP. 

Twenty of these enzymes, one per amino acid, con- 
stitute the minimum set for the protein biosynthesis. The 
ATP substrate is common to all aaRS whereas each en- 
zyme is specific for the amino acid and the tRNA. More 
than one tRNA isoacceptor is often recognized by the 
enzyme; seryl-tRNA synthetase, for example, recognizes 
six different tRNA set isoacceptors. 
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A CLASS I 

sec. structure 

MetRS E. coli 15 _PYAN~SI~ LG 
MetRS B. stear. 12 YY_PSDKLR I G 
ValRS E. coli 42 _PNVT~SI~ MG 
ValRS S. cer. 190 ~NVT~Ai ~ I G 
LeuRS E. coli 42 ~Y~S~Ri~ MG 
LeuRS S. cer. 66 ~YMN~V~ E A G 
IIeRS E. coli 58 _PYAN~SIR I G 
IIeRS S. cer. 47 ~FATOT~YG 
CysRS E. coli 30 ITVYDLC~ I G 
CysRS B. subtilis 32 ~TVYNY] ~ I G 
ArgRS E. coli 122 _PNVAKE~ E V G 
ArgRS B. lacto. 130 AN~T~PIE L G 

GInRS E. coli 34 ~E~N~YI E I G 
GInRS S. cer. 258 _PE_PNGYI ~ I G 
GIuRS E. coli 9 _PS_PTOY/~ VG 
GIuRS B. subtilis ii _PS~T~HI ~ I G 

TyrRS E. coli 38 DPTADSi R I G 
TyrRS B. stear. 40 DPTADSLRLG 
TrpRS E. coli i0 AQ~S~ELT I G 
TrpRS S. cer. mito 41 IQ~T~C~HILS 
Cons. p p g (plhl*_~ 

Fig. 1. 

HMLEHIQA~VWV~YQRMR~ 295 TVNGAKMSlKSRGTFIKAST 332 
HAYTTVAG~AMABYKRLR~ 252 LMKDGKMSIKSKG~VVDPVM 349 
HAFQQTIM~TMIBYQRMQ~ 479 DDEGQKMSKSKG~VIDPLDI 384 
HALTIAIQ~SLIBYNRMKG 480 DAQGRKMSIKL.G~VIDPLD 389 
HVRNYTIG~VIA~YQHML~ 544 YTGMSKMSiKSKN~GIDPQV 228 
HCFTLSKVEFSIGFERMN~ 610 MLNNSKMSIKSTG~FMTLEQ 348 
HSVNKILK~IIVKSKGLS~ 511 DGQGRKMS!KSTG~TVSPQD 325 
HILASTIK~IVPBYATMT~ 522 AADGRKMSIKSLK~YPDPSI 457 
HGRTFVAF~VVABYLRFL~ 203 MVDREKMSiKSLG~FFTVRD 181 
NARPAIVY~TVRNYLEYK~ 202 NIDNEKMSKSLG~FVLVHD 186 
HLRSTIIG~AAVBTLEFL@ 223 LGKDGKPFKTRAGGGTVLA 186 
GTRWAAVG~SLGBVLEAS~ 211 DGKAVRMSKR.AGTVVTLD 165 

HAKSICLNFGIAQDYKGQC 200 NLEYTVMSKRKL~LLVTDK 271 
HSKAIMVMFGYAKYHNGTC 203 NITGTVLSKRKIAQLVDEK 302 
GARTALYSWLFABNHGGEF 195 GDDGKKLSKRHGAVSVMQY 221 
NARTALFNYLFARNQGGKF 247 NESRKKLSKRDESIIQFIE 218 

HLVPLLCLKRFQQAGHKPV 161 KADGTKFGKTEGGAVWLDP 195 
HLATILTMRRFGQAGHRPI 171 KADGTKFGKTESGTIWLDK 176 
NYMGALRQWVKMQDDYHCI 151 LEPTKKMSKSDD~RNNVIG 126 
HYLGATRVWTDLCELKQP~ 170 STPEKKMSKSDP~NHDSVI 119 

h~ ~ ~ r g kmsKs n 

Sequence alignments of (A) the two signature sequences of 
the class I synthetases and (B) of the three peptidic motifs found in the 
class II aaRS. The position of the beginning of each sequence is indi- 
cated as well as residue number between the different stretches and of 
the end of the protein. Invariant residues are boxed; strongly conserved 
are in boM and underlined. The top lines indicate the secondary struc- 
ture; the bottom lines indicate the strongly conserved residues accord- 
ing to: I for small residues (Ala, Gly, Pro, Ser, Thr), 0 for hydrophobic 
residues (Cys, Val, Leu, Ile Met, Phe, Tyr, Trp), + for positively 
charged and polar residues (His, Lys, Arg), - for negatively charged 

and polar residues (Asp, Asn, Glu, Gln). The alignment (A) is derived 
of Eriani et al. (1991). The alignment (B) proposed is derived of Eriani 
et al. (1990) with the following modifications: motif 2 of AlaRS, pro- 
posed by Cusack et al. (1991), has been added after correction by Lu 
and Hill (1994). Motif 1 of the same enzyme has been added following 
Ribas de Pouplana et al. (1993). Motif 1 of PheRS and GlyRS have 
been corrected and added, respectively, according to the structural ar- 
guments of Mosyak and Saffro (1993). HisRS has been classified in the 
SerRS subgroup by virtue of significant homologies in the carboxy 
terminal part of the molecules (Cusack et al. 1991). 

Like the RNA replicases, which were probably the 
first r ibozymes in the RNA world, the aminoacyl- tRNA 

synthetases which arose early in the evolution of  protein 
synthesis appeared to increase fidelity of protein biosyn- 
thesis by charging specifically one tRNA. They may 
have been the first set of functional proteins. The impor- 
tance of the aminoacylation reaction can be easily un- 
derstood since at the r ibosome level the transfer of in- 
formation used for the protein synthesis depends only on 
the recognition anticodon-codon of mRNA. 

Because of  their universal conservation we can as- 
sume that aminoacyl- tRNA synthetases arose very early, 
taking into account the job  of  the RNA catalysts affected 
at the same function in a primitive biosynthetic system 
and genetic code. Once the bases of the specificity were 
well established we can expect a more rapid evolution of  
the code. Thus, studying the aaRS relationships can bring 
crucial information on the mechanism of  appearance, de- 
velopment, and expression of  the genetic code. 

The Apparent Structural Diversity of 
Aminoacyl-tRNA Synthetases 

The fact that aaRS catalyze the same type of  reaction and 
use a common strategy to activate the amino acid led the 
first investigators to expect some structural homogeneity 

in this class of  proteins. However,  structural studies un- 
derlined an important structural diversity with molecular 
weights ranging from 51,000 (CysRS, monomer)  to 
384,000 (AlaRS, homotetramer)  (Schimmel and $611 
1979), suggesting a polymorphic adaptation of the en- 
zymes to the specific type of  recognition needed. 

In the last 4 years important discoveries in the field of  
tRNAs and aminoacyl- tRNA synthetases have pointed 

the way to an understanding of the relationships between 
the synthetase family and the origin of  the genetic code 
and the translation apparatus. The most significant ad- 
vances come from aaRS gene-sequence analysis, crys- 
tallographic structure determination of the enzymes com- 
plexed with their substrates, and studies of  the rules 
which govern specific recognition of tRNAs. From these 
different approaches has emerged a new view of  the 
aminoacyl- tRNA synthetase family, its substrates, and 

the genetic code. 

The Two Classes of Aminoacyl-tRNA Synthetases 

For a long time the synthetase family was thought to be 
a unique class of enzymes whose active site was based on 
the Rossmann fold (Rossmann et al. 1974). This tertiary 
structure was observed in the first three enzymes whose 
crystallographic structures were solved: TyrRS, MetRS, 
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and GlnRS (Rubin and Blow 1981; Risler et al. 1981; 
Rould et al. 1989). These enzymes share with other aaRS 
two consensus functional peptides which were consid- 
ered the signature sequences of  the active site (HIGH and 
KMSKS sequences) (Webster et al. 1984; Hountondji et 
al. 1986) (Fig. 1, class I enzymes). 

However, all attempts to unify the synthetase family 
were unsuccessful until the comprehensive classification 
of aminoacyl-tRNA synthetases into two classes of ten 
members each (Eriani et al. 1990), which takes into ac- 
count the existence of  sequence homologies in three pep- 
tidic regions of the enzymes (called motifs 1, 2, and 3 for 
the class II enzymes) (Fig. 1), as well as the new and 
specific tertiary fold observed in the crystallographic 
structures of  seryl- and aspartyl-tRNA synthetases (Cu- 
sack et al. 1990; Ruff et al. 1991). Moreover, a functional 
correlation was established with the primary site of at- 
tachment of the amino acid on the 3' terminus of the 
tRNA. The class I enzymes aminoacylate the 2'  hydroxyl 
of the terminal adenosine whereas the class II enzymes 
charge the 3' hydroxyl, as measured earlier (Fraser and 
Rich 1975; Sprinzl and Cramer 1975). In each of the two 
families, the synthetases can be divided into subgroups 
of enzymes where homologies can be extended beyond 
the motifs (Eriani et al. 1990; Cusack et al. 1991; Carter, 
1993) (Fig. 1). 

Another point which has strengthened the classifica- 
tion is the oligomeric distribution of the enzymes. Most 
of  the class I enzymes are monomeric, with the exception 
of  MetRS (dimer in prokaryotes but monomer in eukary- 
otes), and TrpRS and TyrRS, two dimers which display 
allosteric properties. We can also find the three mono- 
meric aaRS--ArgRS,  GluRS, and GlnRS--which  need 
tRNA to ensure the activation step of  the amino acid. In 
contrast, most of  the class II aaRS are dimers, heterotet- 
ramers, or tetramers with the exception of  yeast mito- 
chondrial PheRS (monomer) and eukaryotic AlaRS 
(monomer). 

Structural Basis that Defines the Two Classes of 
Aminoacyl-tRNA Synthetases 

a 

Fig. 2. The aaRS active sites with bound ATP. a In a class I aaRS: 
GlnRS. The active site is built around a parallel ~-sheet surrounded by 
(x-helices with a topology reminiscent of the nucleotide binding domain 
first discovered in the dehydrogenases and known as the Rossmann 
fold. b In a class II aaRS: AspRS. The core of the active site is built 
around a six-stranded antiparallel ~-sheet partly closed by loops and 
helices. This and all other images were created using the program 
MOLSCRIPT (Kraulis 1991). 

The resolution of  the first three crystallographic struc- 
tures of aaRS (MetRS, TyrRS, GlnRS) provided the 
structural basis for the HIGH and KMSKS consensus 
sequences of the class I family. These peptides are lo- 
cated in the nucleotide binding fold (called the Ross- 
mann fold) constituted of  alternating c~-helices and 
p-strands (Fig. 2). This type of  structure is similar to the 
fold found in enzymes that bind an adenine coenzyme, 
such as NADH in dehydrogenases and ATP in kinases. 
In the three enzymes the consensus peptides are located 
in similar tridimensional positions and together they 
form the ATP binding site. 

The following three structures to be solved were 
SerRS, AspRS, and, more recently, PheRS (Mosyak and 

Saffro 1993), of the class II family. These enzymes share 
a structure different from the Rossmann fold of class I 
aaRS, which is built around a central sheet of  six anti- 
parallel p-strands and two long helices (Fig. 2). The three 
sequence motifs are found in crucial positions of the 
structure: motif 1 constitutes in part the long helix lo- 
cated at the interface and a distorded strand, whereas 
motifs 2 and 3 axe spatially close to form the active site 
of the enzyme (Cavarelli et al. 1994). 

Thus, the consensus sequences which served to clas- 
sify the 20 synthetases are located in defined and con- 
served places of  the two types of tertiary structure. Dur- 
ing evolution, additional domains were transplanted on 
the two basic folds, to give the actual observed diversity 



in the aminoacyl-tRNA synthetase family. The main 
function of these domains is to select and bind the spe- 
cific tRNA. Thus, GlnRS uses four globular domains to 
achieve binding and discrimination of tRNA Gin, and 
AspRS uses one domain arranged as a ~-barrel to bind 
the anticodon region of tRNA Asp, whereas SerRS uses a 
hairpin formed of two long helices to bind the extra arm 
of tRNA s~r (Rould et al. 1989; Ruff et al. 1991; Cusack 
et al. 1994). Another role of these extra domains can be 
dimerization, as shown for Escherichia coli MetRS (Cas- 
sio and Waller 1971). The best illustration of the modular 
character of the aaRS family is certainly the eukaryotic 
Drosophila melanogaster gluprolyl-tRNA synthetase, 
which displays both glutamyl- and prolyl-tRNA synthe- 
tase activities as the result of the fusion of the two gene 
sequences (Cerini et al. 1991). Additional functions of 
aaRS such as splicing of RNAs can be assumed by these 
extra domains (Akins and Lambowitz 1987). 

d Module 
1 Binding 
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An Example of Class II Active Site: Yeast 
Aspartyl-tRNA Synthetase 

Cytoplasmic AspRS from yeast is an o~ 2 homodimeric 
enzyme (Sellami et al. 1986). Its crystallographic struc- 
ture has been solved in its complexed form with tRNA, 
aspartic acid, ATP, and AMPPcP (Ruff et al. 1991; Ca- 
varelli et al. 1994). The overall structure of this enzyme 
clearly illustrates the modularity of aaRS, assigning one 
function to each particular domain (Fig. 3). Each mono- 
mer contains 557 amino acids, binds 1 tRNA, and can be 
structurally divided into 3 domains. 

The N-terminal domain (residues 1-207) is built 
around a five-stranded [~-barrel and an ~-helix inserted 
between the third and the fourth strands. This module 
recognizes the anticodon loop of tRNA ASp. 

The second domain is a small globular hinge module 
(residues 207-241) connecting the C-terminal and the 
N-terminal domains and composed of four short helices. 
This region anchors tRNA Asp at the D stem level (base 
pair G10:U25). 

The last module is the C-terminal domain formed by 
a six-stranded antiparallel p-sheet, partly closed by loops 
and helices. This domain, or core enzyme, is expected to 
be conserved in all class II synthetases. The three con- 
served motifs characteristic of class II synthetases are 
located in this domain. (See below.) The function of the 
core enzyme is to bind the acceptor stem of the tRNA 
and to perform the catalysis, 

General Binding of tRNA Asp 

The binding of tRNA Asp on AspRS proceeds in a differ- 
ent way than that of tRNA Gin to GlnRS (Rould et al. 
1989). The aspartyl-tRNA synthetase approaches the 
tRNA on the variable loop side, thus interacting with the 

Fig. 3. Yeast AspRS structure: Representation of one monomer (a), 
in interaction with tRNA Asp (b), Motifs 1, 2, and 3 are shown in dark. 

major groove side of the helical amino acid acceptor 
stem (Ruff et al. 1991; Cavarelli et al. 1993). Four loops 
clamp the acceptor stem and arm of the tRNA in the 
active site pocket. The variable loop of motif 2 (mainly 
residues 326-335) is responsible for the specific interac- 
tion in the major groove, in particular with the discrim- 
inator base G73. The correct positioning of the tRNA is 
assumed by contacts with the connecting domain (resi- 
dues 207-241) and, as a consequence, of the anticodon 
stem and loop with the N-terminal domain. As opposed 
to SerRS, which binds its tRNA across the subunits, each 
monomer of AspRS binds independently a molecule of 
tRNA. 

The anticodon binding of tRNA asp is essential for 
specific recognition by AspRS. The anticodon loop con- 
tains four out of the six identity elements of this tRNA, 
the two other being located in the acceptor arm (discrim- 
inator base G73) and D stem (base pair G10:U25). It 
interacts with the N-terminal domain (residues 90-201) 
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Fig. 4. a View of the active site of yeast AspRS, showing the ATP and aspartic acid substrate, b The acceptor end of tRNA Asp lies on top of the 
ATP. c Schematic representation of the molecular interactions of ATP and aspartic acid in their binding sites. 

of the synthetase. The most characteristic feature of  this 
interaction is the complete disruption of the anticodon 
loop conformation. The three bases of  the anticodon pro- 
trude out in order to maximize contacts with the protein. 
The backbone forms a bulge at the modified purine 37 
(m1G37) which is stabilized by two intramolecular 
H-bonds in the tRNA and hydrophobic interactions with 
the protein (Cavarelli et al. 1993). In this domain, five 
amino acids responsible for the specific interaction with 
the tRNA are common to the subgroup containing 
AspRS, AsnRS, and LysRS, three enzymes which rec- 
ognize proximal anticodons (XUX) (Eriani et al. 1990; 
Anselme and Hartlein 1989; L6vaque et al. 1990). 

While tRNA Asp conserves its overall topology, as 
seen in the crystal structure of  free tRNA Asp, the two 
crystal structures have demonstrated the great flexibility 
of the tRNA and its ability to adopt noncanonical local 

structures. This is illustrated by the large conformational 
changes in the anticodon loop and in the amino acid 
acceptor end. The deformations seen in the two mole- 
cules at the level of  the tRNA were certainly not pre- 
dictable. 

Binding of ATP, Aspartic Acid, and the Acceptor end 
of the tRNA in the Active Site 

The central ~-sheet of  six antiparallel strands binds the 
small substrates (ATP, aspartic acid) and the acceptor 
end of  the tRNA (Fig. 4). The three motifs defined orig- 
inally by sequence comparison are located in this part of  
the molecule. Motif 1 (residues 258-275) is located at 
the interface of the subunits and forms" an (x-helix and a 
distorted ~-strand. The invariant proline residue of this 



motif is located in this strand at an apparently insignif- 
icant position. However, substitution of this residue 
shows its crucial function in catalysis, through interface 
structure and communication between the monomers 
(Eriani et al. 1993). The crucial function of this residue 
and its invariance underline the importance of the oligo- 
mefization of the class II aaRS, all multimeric enzymes 
with the sole exceptions of eukaryotic AlaRS and mito- 
chondrial PheRS. The two other conserved motifs are 
implied in ATP binding. Motif 2 (residues 316-349 with 
invariant Arg325) is composed of two antiparallel 
strands connected by a large loop. Motif 3 (residues 517- 
548, with invariant Arg531) is constituted by a strand 
followed by an c~-helix. We must also note the presence 
of two strongly conserved residues of motif 2 (Phe324 
and Glu337) at the dimer interface. Like Pro273 of motif 
1 they can structure in a functional way the interface of 
the dimeric class II enzymes. 

The crystallographic results show that the ATP mol- 
ecule lies on the ~-sheet (Fig. 4). The adenine ring is 
firmly held by n-electron interactions with Phe338 on 
one side and Arg531 on the other side. Arg325, a strictly 
invariant class II residue, forms a salt-bridge interaction 
with the (z-phosphate of the ATP. The ATP molecule 
adopts a bent conformation, stabilized by the interaction 
of Arg531 with y-phosphate and the presence of a mag- 
nesium ion located between the ~-phosphate and the 
y-phosphate. Two acidic residues, invariant in class II 
synthetase--namely, Glu478 and Asp471--are part of 
the magnesium binding site. Substitution of anyone of 
these residues leads to important decreases of the cata- 
lytical parameters with important losses of ATP affinity. 
(See Table 2 and Cavarelli et al. 1994 for more details.) 

The aspartic acid binding site is formed by a pocket 
mapped by amino acids conserved in aspartyl-tRNA syn- 
thetase enzymes from different origins. The side-chain 
functional group of aspartic acid is recognized by a net- 
work of interactions specific to the aspartic system (Ca- 
varelli et al. 1994). The only conserved class II-type 
interaction involves the residue Asp342 which should 
mediate the o¢-amino group recognition of the substrate. 

The interaction of the acceptor stem of the tRNA and 
the fine positioning of the CCA require interactions spe- 
cific to the aspartic system. However, two residues of 
motif 2 (Glu327 and His334) may be involved in tRNA 
binding as well as ATP binding. In its reactive position 
the CCA arm of tRNA Asp presents the 3' hydroxyl to the 
aminoacyl adenylate. This final positioning is in large 
part due to the mode of entry of the CCA end in the 
active site of the enzyme, and this could be responsible 
of the distinction 2' and 3' of the two synthetase classes. 

Class II aminoacyl-tRNA synthetases are built around 
a central active site made up by a six-stranded antipar- 
allel ~-sheet which is the framework for a new ATP 
binding domain. The dimeric organization of this domain 
seems to be necessary, as suggested by the residue con- 
servation of motif 1 and some of motif 2. The amino 
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acids involved in ATP binding are highly conserved res- 
idues belonging to motifs 2 and 3, common to all class II 
aaRS. Attached to the central core, the class II aaRS have 
extra or inserted domains which perform specific func- 
tions in each system: anticodon binding or recognition of 
other parts of the tRNA molecule. 

Functional and Evolutionary Considerations 

The 20 actual aminoacyl-tRNA synthetases probably 
evolved from two ancestral molecules, the ancestors of 
the Rossman fold (class I) and of the antiparallel ~-sheet 
(class II). The equal distribution into two families of ten 
enzymes suggests a parallel evolution. 

The fact that the enzymes have conserved their spe- 
cific aminoacylation site (except Phe) suggests a func- 
tional importance for the site. However, once the syn- 
thesis of the aa-tRNA is performed, a rapid isomerization 
between the two sites occurs with a half-time for migra- 
tion of approximately two-tenths of millisecond (Griffin 
et al. 1966). During protein synthesis, only the 3' species 
are carried to the ribosome by the elongation factor Tu, 
which seems to block the isomerization in the 3' position. 

The existence of two different sites of aminoacylation 
may be related to the proofreading mechanisms observed 
in some cases. Some synthetases are able to hydrolyze 
the incorrect aa-tRNA when fixed on the hydroxyl which 
doesn't serve as a primary binding site (vonder Haar and 
Cramer 1976). This hydrolytic function is called post- 
transfer proofreading and is used by the enzyme to cor- 
rect the nonspecifically aminoacylated tRNA once the 
isomerization has occurred. The existence of a second 
binding site for the correction remains to be demon- 
strated. Proofreading has been well studied for some en- 
zymes of class I which aminoacylate hydrophobic amino 
acids--ValRS and IleRS--where it plays a pivotal role 
in accuracy of the aminoacylation reaction (Igloi et al. 
1978; Freist et al. 1987). For other enzymes like ArgRS 
and TyrRS such reaction seems to be marginal, the pre- 
transfer proofreading reaction being the main correction 
step (Freist et al. 1989; Freist and Sternbach 1988). 

The conservation of the two distinct aminoacylation 
sites may support the necessity of having a correction 
mechanism of the acylated product. This distinction cer- 
tainly appeared very early since the distribution of the 
sites matches perfectly the partition of the two classes 
(PheRS excepted). Early in the development of the ge- 
netic code and protein biosynthesis we can suppose that 
the primordial aaRS were not perfectly adapted to the 
amino acid recognition, and then used more often the 
posttransfer proofreading to increase fidelity. Now, the 
biosynthetic apparatus uses synthetases with very 
evolved structures which can sometimes discriminate al- 
most perfectly for the correct amino acid (example, 
TyrRS; Freist and Sternbach 1988). 

The amino acid specificity distribution (Table 1) re- 
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Table 1. Classification of the 20 aminoacyl-tRNA synthetases into 
two classes of ten members a 

Class I synthetases 

(HIGH + KMSKS sequences 
charge of 2' OH) 

Class II synthetases 

(3 Peptidic motifs, charge 
of 3' OH) 

CysRA c~ X G X  AspRS ~2 X A  X 
ValRS ~ X U X  AsnRS ~2 X A  X 
LeuRS ot X U X  LysRS c~2 X A  X 

IleRS ot X U X SerRS ~z2 X C  X 
MetRS c~2 (~) X U X ThrRS c~2 X C / G X  
ArgRS c~ X G X  ProRS ~z2 X C  X 

TrpRS c~2 X G X HisRS ~2 X A X 

TyrRS c~2 X U X AlaRS c~4 (~) X C X 

.GluRS ~z X A X GlyRS o~2~2  (a2) X G X 

GlnRS c~ X A X PheRS b e~2~2 (c~, c~2) X U  X 

a The partition takes into account the existence of sequence homologies 
and site of attachment of the amino acid on the acceptor hydroxyl of the 
tRNA. The oligomeric structures of the enzymes as well as the second 
base of the codon are mentioned. 
b PheRS aminoacylate on the 2' OH of tRNA phe 

mains also an interesting puzzle of diversity. No absolute 
correlation between this partition and the genetic code 
and tRNA mode of recognition has been detected; how- 
ever, concerning the physico-chemical properties of the 
amino acids and their distribution in Table 1, some ob- 
servations can be made: 

1. The hydrophobic amino acids are mainly charged by 
the class I enzymes. This could reflect a specialization 
of the active site of the class I enzymes on hydropho- 
bic recognition which involves hydrophobic and van 
de Waals interactions. On the other hand, the small 
polar residues are preferred by the class II enzymes 
which are in the same subgroup of enzymes. 

2. The charged residues are equally distributed in the 
two classes, but with a preference of class I enzymes 
for the largest amino acid when homologous enzymes 
are considered (example, Glu by class I whereas Asp 
by class II; Arg by class I whereas His by class II). 
Finally, the recognition of Tyr is assumed by a class 
I enzyme whereas Phe (the smaller) is assumed by a 
class II enzyme. 

Thus it seems that the specialization of the classes for 
some homologous amino acids is not a general rule since 
.an equal distribution in the two classes is sometimes 
observed. Nature could have selected two different bind- 
ing sites in order to improve discrimination between re- 
lated substrates differing only by size. 

The actual observed partition suggests an ordered dis- 
tribution of the specificities whose mechanism could 
have begun at the origin of life. Considering the first 

prebiotic amino acids we can see that Val, Leu, and Ile 
could have been selected by class I synthetases (XUX 
codons) whereas Ala, Gly, Asp, and Set could have been 
selected by class II synthetases (XAX, XCX, and XGX 
codons); aaRS probably appeared before the existence of 
the 20 amino acids. When the new biosynthetic pathways 
appeared, new aaRS specificities had to be generated, 
probably by divergence from the first enzymes, as shown 
by the existence of only two aaRS classes. From what 
enzyme they originated remains an important question. 
The Rossman fold has been found in numerous enzymes 
which bind adenine coenzymes, the central sheet of the 
class II enzymes has only been found recently in the 
structure of another protein, the biotine synthetase/ 
repressor protein (BirA), an enzyme which proceeds 
through acyl-adenylate intermediate (Artymiuk et al. 
1994). 

The amino acid allocation in the genetic code raises 
some questions and remarks on its parallel evolution 
with the aaRS family. What were the relationships be- 
tween amino acid appearances, codons, and aaRS assign- 
ment? To be incorporated in the genetic code, the new 
amino acids had to take codons (and corresponding 
tRNAs) and to acquire an aminoacyl-tRNA synthetase 
specificity. To minimize the effect of such mis- 
incorporations in the biosynthesis the codons for the new 
amino acids were probably taken to the more related one 
(Sonneborn 1965; Woese 1965), which in turn could fa- 
vor synthetase recognition since the physicochemical 
properties of the amino acids would have been similar. 
The subgroup of hydrophobic residues (codons XUX) 
and small polar residues (codons XCX) would support, 
in part, this theory. However, this phenomenon of dis- 
tance minimization between physicochemical properties 
and codons would have played only a subsidiaa3~ role in 
the evolution of the genetic code. 

Another hypothesis, called coevolution of the genetic 
code and biosynthetic apparatus, suggests that the orga- 
nization of the genetic code was primarily determined by 
the mechanism of codon concession by the precursor to 
product amino acid (Wong 1975). In this model the first 
prebiotic amino acids could have served as precursors for 
the formation of other amino acids along prebiotic path- 
ways which became the amino acid biosynthetic path- 
ways of the present-day organisms. Thus the genetic 
code would represent a map of the biosynthetic relation- 
ships between amino acids. Concession of the codons 
would have required competition of the new product for 
tRNA of the precursor and this would have linked 
codons and aaRS. This theory finds support in the sub- 
group Asp, Ash, and Lys, which share proximal codons 
and biosynthetic origins (Gatti and Tzagoloff 1991) as 
well as in the Glu and Gln subgroup (Guildo 1993). 

However, these hypotheses only partially explain 
codon and synthetase distribution. The first attribution of 
codons to amino acids remains a vast subject of discus- 
sion (as well as the attribution to one of the two synthe- 
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Table 2. Summary of the most significant results of mutation of the conserved residues of the three motifs of yeast aspartyl-tRNA synthetase a 

Effect on Effect on Effect Effect on Interaction 
Residue charging activation on ATP Effect on tRNA observed 
mutated rate rate affinity Asp affinity affinity function 

Motif 1 2 5 8 F R E  Y L A T K K F T E V H T [ ~ K L  

e¢3 p.. 
eq 

Pro 273 + + no no no Structure of the interface 
Communication between subunits 

Motif 2 3 1 5 E R  V Y E I G P V F [ ~ A E N S N K L  . . . . . . . .  T H R H M T E F T G L D M E M A F E  

,~- Iln I'.. 
¢'.1 ¢-I ¢q 
eel ~ t ~  

Phe 324 + + + no nd 
Arg 325 +++ +++ +++ +++ no 
Glu 327 ++ ++ + ++ no 
His 334 + + + + + 
Glu 337 + + + + no 
Phe 338 ++ ++ +++ ++ no 
Asp 342 +++ ++ + +++ no 

Motif 3 

t'¢) e*% 

t ' ~  eq 

Structure of the interface 
Binding of m-phosphate of ATP 
Interaction with ATP and tRNA 
Interaction with tRNA and ATP 
Structure of the interface 
Stacking on the adenine part of ATP 
Binding of amino part of Asp 

5 1 7 Y G C P P H A G G G I G L E ~ ] V V  M F Y L D . . L K I R R A S F V P  

eq ~ ¢q t'¢3 
tit3 It3 Ilq It3 

Gly 524 inactive inactive nd nd nd 
Gly 526 inactive ++ +++ +++ no 
Gly 528 + ++ +++ + nd 
Glu 530 + + + + nd 
Arg 531 inactive inactive nd nd no 

Asp and ATP binding surface 
Asp and ATP binding surface 
Interaction with ATP 
Structure of the active site 
Binding of y-phosphate of ATP 
Stacking on the adenine moiety of ATP 

The effects on the tRNA Asp charging rate and ATP-dependent aspartic acid activation rate are expressed in the following terms: + moderate 
decrease, ++ important decrease, +++ drastic decrease. The effects on substrate affinities were estimated by Km measurements (ATP and aspartic 
acid) and Kd measurements (tRNAASp). The three motifs are described according to Fig. 1; nd, not determined. Most of the data compiled in this 
table are from Cavarelli et al. (1994) and Eriani et al. (1993) 

t a se  f a m i l i e s ) .  T h e  p r i m i t i v e  e n z y m e s  w e r e  p r o b a b l y  

p o l y s p e c i f i c  a n d  a d a p t e d  m o r e  to a p h y s i c o c h e m i c a l  t y p e  

t h a n  to s p e c i f i c  s ide  cha in s .  F r o m  t h e s e  a n c e s t r a l  e n -  

z y m e s  t h e  ac tua l  s y n t h e t a s e s  p r o b a b l y  d i v e r g e d  b y  a ca s -  

c a d e  o f  p r e s s u r e s  a n d  s e l e c t i o n s  tha t  w e  are  t r y i n g  n o w  to 

u n d e r s t a n d .  A t  th is  s tep ,  s t u d y  o f  t he  o r i g in s  o f  a a R S  

c o n v e r g e s  w i t h  t he  s t u d y  o f  t h e  o r i g i n s  o f  t h e  g e n e t i c  

c o d e .  U n d e r s t a n d i n g  th is  e v o l u t i o n  is t h e  n e x t  c h a l l e n g e  

fo r  m o l e c u l a r  b i o l o g y .  
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