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Abstract. Two aspects of the evolution of aminoacyl-
tRNA synthetases are discussed. Firstly, using recent
crystal structure information on seryl-tRNA synthetase
and its substrate complexes, the coevolution of the mode
of recognition between seryl-tRNA synthetase and
tRNA®" in different organisms is reviewed. Secondly,
using sequence alignments and phylogenetic trees, the
early evolution of class 2 aminoacyl-tRNA synthetases is
traced. Arguments are presented to suggest that syn-
thetases are not the oldest of protein enzymes, but sur-
vived as RNA enzymes during the early period of the
evolution of protein catalysts. In this view, the related-
ness of the current synthetases, as evidenced by the di-
vision into two classes with their associated subclasses,
reflects the replacement of RNA synthetases by protein
synthetases. This process would have been triggered by
the acquisition of tRNA 3’ end charging activity by early
proteins capable of activating small molecules (e.g.,
amino acids) with ATP. If these arguments are correct,
the genetic code was essentially frozen before the protein
synthetases that we know today came into existence.
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Introduction

The fidelity of modern protein biosynthesis rests on two
key interactions, the specific attachment of amino acids
to their cognate tRNA species and the accurate codon-
anticodon interaction between mRNA and tRNA. The
former process is catalyzed by the aminoacyl-tRNA syn-
thetases which discriminate with remarkable selectivity
amongst many structurally similar tRNAs and amino ac-
ids. The accuracy of the aminoacylation reaction is based
on the existence of positive and negative elements in
both tRNAs (“‘identity’’ elements) and synthetases
which permit both recognition and productive binding of
cognate pairs and discrimination against or nonproduc-
tive binding of noncognate pairs. The latter is particu-
larly important in the in vivo context where synthetases
compete for uncharged tRNAs with sometimes overlap-
ping identity sets. In spite of their common catalytic
function, the synthetases have long been known to be
diverse in subunit structure, polypeptide size, and amino
acid sequence (Table 1). Quaternary structures include o,
0, 0, and 0,PB,, and subunit polypeptide sizes range in
E. coli from 334 residues (tryptophanyl-tRNA synthe-
tase) to 951 (valyl-tRNA synthetase). Synthetases in
higher eukaryotes are generally larger than their prokary-
otic counterparts due to additional sequences dispensible
for aminoacylation (Mirande et al. 1993). Amino acid
sequence analysis (Eriani et al. 1990) and X-ray crystal-
lography of seryl-tRNA synthetase (Cusack et al. 1990)
have shown that the 20 aminoacyl-tRNA synthetases can
be partitioned into two distinct structural classes of ten
members each (Table 2). Each class is characterized by
different short sequence motifs and a distinctive topol-
ogy of the catalytic domain (Table 2). In addition there is
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Table 1.  Size and subunit composition of aminoacyl-tRNA synthetases®
Enzyme Prokaryotes Lower eukaryotes Higher eukaryotes
Cys o 461 — — — —
Glu o 471 — — o 1,714 CX +PRO
Gln 3 550 — 809 — — CcX
Arg o 577 o — o 661 CcX
Leu o 860 o 1,090 o — X
Ile o 939 o 1,073 o 1,266 X
Val o 951 o 1,058 o 1,265 CX +Ef-1H
Trp o, 334 o, — [+ 475
His ' 424 'S 526 0y 509
Tyr o, 424 o, — o, —
Ser 0, 430 oy 462 0, 505
Asn o, 465 o, 492 o, 552
Lys o, 505 Oy 591 ' 597 cX
Pro Oy 572 [V — 0y 1,714 CX +GLU
Asp Oy 590 o, 557 oy 501 X
Thr o, 642 o, 734 o, 724
Met oy 677 o 751 o, — X
Ala Oy 876 o — o 967
Gly B, 689 + 303 oy 687 0 687
Phe B, 795 + 327 0,8, 595 + 503 ) o,B, o
o (mito) 474

# Subunit composition and size of aminoacyl-tRNA synthetases from prokaryotes (E. coli), lower eukaroyotes (S. cerevisiae), and higher eukaryotes
(various). The table is an updated version of that found in Mirande et al. (1993). For higher eukaryotes, CX indicates that the synthetase is part of
the multisynthetase complex, the prolyl- and glutamyl-tRNA synthetases being fused into a single polypeptide chain (Mirande et al. 1993). The
valyl-tRNA synthetase of higher eukaryotes forms a separate complex with the heavy form of elongation factor 1 (eEf-1H).

now a clearer appreciation of the modular domain struc-
ture of the synthetases, which allows the identification of
more closely related subclasses and explains the apparent
wide diversity of synthetase subunit size (Cusack et al.
1991; Cusack 1993; Delarue and Moras 1993). These
developments have revived speculation about the posi-
tion of the synthetases in the evolution of the protein
synthesis machinery and their potential role in the origin
and evolution of the genetic code.

In this article we would like to review what is known
about seryl-tRNA synthetase structure and function and
the coevolution of seryl-tRNA synthetase and tRNA®* in
different organisms. We will then go further back in time
and comment on what sequence alignments tell us about
the evolution of aminoacyl-tRNA synthetases. Finally,
possible implications for the evolution of the genetic
code will be discussed.

The Structure of Bacterial Seryl-tRNA Synthetases

The crystal structures of seryl-tRNA synthetase from E.
coli (SerRSEC) and Thermus thermophilus (SerRSTT)
have both been determined at 2.5-A resolution (Cusack
et al. 1990; Fujinaga et al. 1993). The T. thermophilus

enzyme comprises 421 residues per subunit with a pri-

mary sequence identity of 39% to the E. coli enzyme
(430 residues per subunit) and the three-dimensional
structures are very similar (Fujinaga et al. 1993). The

Table 2. The two classes of aminoacyl-tRNA synthetases and
their characteristics

Class 1 Class 2
Glutamic acid® (o) Lysine® (0,)
Glutamine®® (o) Asparagine (o)
Arginine (o) Aspartic acid®® (0l)
Leucine® (o) Proline (0)
Isoleucine (o) Threonine® (0ly)
Valine (o)) Serine™® (0)
Cysteine (o) Histidine® (o)
Methionine® (0, O Glycine (0,5, 0y)
Tyrosine® (o) Phenylalanine® (0P, @)
Tryptophan® (aty) Alanine (o, 00)
Motifs (¢ = hydrophobic)
“§-h-¢-G-h’ (1) "gdxx¢xxPh¢’
’k-m-s-K-s’ 2) 'f-R-x-e’-loop—'h/rxxxexx(d/e)’

(3) “g0g0gd(d/e)RO0OGY’

Fold of catalytic domain

Rossmann fold
(Tyr, Met, Gln, Trp)®

Antiparallel fold
(Ser, Asp, Phe, Lys)?

Activity

2’ OH initial aa site 3’ OH initial aa site (exc Phe)®

2 Crystal structure of the synthetase has been determined
® Crystal structure of the cognate complex has been determined
¢ Crystal structure determination is in progress



Arg 386 (Motif 3)

Arg 256 (Motif 2)

Fig. 1. Superposition of the conformations of ATP and Ser-AMP in
the active site of SetRSTT. The @-, -, and y-phosphates of the ATP are
labelled P1, P2, and P3. The position of the divalent cation Mn** is also
shown together with the two class I conserved arginines, Arg-256 from
motif 2 and Arg-386 from motif 3. Arg-271, another arginine which is,
however, not strictly conserved, also interacts with the y-phosphate of
the ATP.

catalytic domain is based on a seven-stranded antiparal-
lel B-sheet with two connecting helices. This antiparallel
fold is characteristic of class II synthetases and has now
been found in the aspartyl-tRNA synthetase (Ruff et al.
1991), phenylalanyl-tRNA synthetase (Mosyak et al.
1993), and lysyl-tRNA synthetase (Onesti et al. 1995). In
addition seryl-tRNA synthetase has a remarkable addi-
tional N-terminal domain comprising a 60-10\-10ng sol-
vent exposed, antiparallel coiled-coil (the ‘‘helical
arm’’).

Structural Basis of the Activation of Serine by
Seryl-tRNA Synthetase

The first step of the overall aminoacylation reaction cat-
alyzed by seryl-tRNA synthetase is activation of serine
by Mg”*-ATP leading to the stable enzyme-bound inter-
mediate, seryl-adenylate (Ser-AMP). A series of crystal
structures at 2.3-3 A resolution of binary and tertiary
complexes involving seryl-tRNA synthetase, ATP, Mn**
or Mg?*, and seryl-adenylate (natural and analogues)
have been determined, which provide the structural basis
required to explain the specificity and mechanism of
serine activation. The most extensive results are avail-
able for SerRSTT (Belrhali et al. 1994, 1995). Figure 1
shows a superposition of the conformations of ATP and
Ser-AMP (enzymatically produced in the crystal) com-
plexed with SerRSTT both in the presence of Mn**.
These small substrates are bound by a network of hydro-
gen bond interactions in a deep hydrophilic cleft formed
by the antiparallel B-sheet and surrounding loops of the
synthetase catalytic domain. Four regions in the enzyme
primary sequence are involved in the interactions includ-
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ing the motif-2 and -3 regions of class Il synthetases.
Apart from the specific recognition of the amino acid
side chain, sequence alignments suggest that the interac-
tions of the ATP and the adenylate are likely to be similar
in all class II synthetases (Belrhali et al. 1994).

In the presence of a divalent cation (Mg>* or Mn
the ATP is found to be in an unusual ‘bent’” conformation
(Fig. 1). The major divalent cation site bridges the o and
B phosphates and also has two ligands in the protein,
Glu-345 and Ser-348 (residue numbers are for
SerRSTT). In addition two other Mn** sites are found on
either side of the B-y bridging phosphates, but without
protein ligands. The position of the major divalent cation
site differs from that attributed to it in the case of aspar-
tyl-tRNA synthetase, where it is claimed to be between
Pg and P, (Caverelli et al. 1993). The y-phosphate inter-
acts with Arg-386 in motif 3 and the a-phosphate with
Arg-256 in motif 2, both absolutely conserved in all class
H synthetases. Previous reports (Biou et al. 1994) that the
ATP has an extended conformation can now be ex-
plained by the absence of Mg®* binding in the crystalli-
zation medium which contains high concentrations of
ammonium sulphate. If the ammonium sulphate is re-
placed by sodium citrate, the bent conformation of ATP
is also observed in the presence of Mg®*. ATP specificity
is guaranteed by hydrogen bond interactions with three
of the purine ring nitrogens. The Ser-AMP molecule is
found in a very similar conformation to that already re-
ported for two seryl-adenylate analogues (Belrhali et al.
1994). Serine specificity is ensured firstly by the inter-
action of the side-chain hydroxyl group with Thr-380 (in
motif 3) of the enzyme and secondly by the small size of
the side-chain pocket. The superposition of the enzyme-
bound ATP and Ser-AMP structures provides strong sup-
port for an in-line displacement mechanism for serine
activation (Fig. 1). The pentavalent transition state is
presumably stabilized by the conserved motif-2 arginine
(Arg-256 in SerRSTT) and possibly also by the divalent
cation. These findings will be described in more detail
elsewhere, together with the structural evidence for a
similar mechanism for the synthesis of Ap,A by the
same enzyme (Belrhali et al. 1995).

2+)

The Structure of the SerRS-tRNA*" Complex

The crystal structure of the complex between seryl-tRNA
synthetase and ERNASCI(CGA) from E. coli has been de-
termined at 4 A resolution (Price et al. 1993) and be-
tween seryl-tRNA synthetase and tRNA(GCA) from T.
thermophilus at 2.9 A resolution (Biou et al. 1994). In-
terestingly, the stoichiometry of the T. thermophilus
complex is 1 tRNA:1 synthetase dimer (and the tRNA is
partially disordered) although it is known from both so-
lution studies and from the E. coli complex crystal struc-
ture that the synthetase can simultaneously bind two
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tRNA molecules. The main conclusions from these crys-
tal structures can be summarized as follows: (1) the
tRINA binds across the two subunits of the dimer; (2)
upon tRNA binding the helical arm of the synthetase is
stabilized in a new orientation and curves between the
TWC loop and the long variable arm of the tRNA; (3) the
synthetase makes several backbone contacts but few
base-specific interactions; (4) contacts with the tRNA
long variable-arm backbone extend until the sixth base-
pair, explaining the need for a minimum length of the
arm, but allowing longer arms (as in tRNAY%) o be
accommodated; (5) bases 20A and 20B inserted into the
D-loop in prokaryotic tRNA®* both play novel roles in
tertiary interactions in the core of the tRNA. In particular
the base of Gua-20B is stacked against the first base-pair
of the long variable arm and thus defines the direction of
the latter; and (6) disorder of the 3" end of the tRNA in
this crystal form prevents detailed description of the in-
teractions of this part of the tRNA with the active site.
(See Biou et al. 1994.)

Implication of the N-Terminal Domain of
Seryl-tRNA Synthetase in Aminoacylation Activity
and Specificity

To test the exact role of the synthetase helical arm in
aminoacylation, two mutants of the E. coli synthetase
have been constructed with a partial or full deletion of
the helical arm (Borel et al. 1994). These mutants are not
affected in the serine activation function, but have dra-
matically reduced aminoacylation activity. The kcat/Km
value for the mutant enzyme with a full-arm deletion is
reduced by more than 4 orders of magnitude, with a
nearly 30-fold increased Km value for tRNA®, The only
slightly truncated mutant form (16 amino acids of the tip
of the arm replaced by a glycine) has an intermediate
aminoacylation activity. The mutant synthetases have
lost their specificity for tRNA®*" and charge also non-
cognate type 1 tRNA(s). These results support the hy-
pothesis that class II synthetases have evolved from an
ancestral catalytic core enzyme by adding noncatalytic
N-terminal or C-terminal tRNA binding (specificity) do-
mains which act as determinants for cognate and antide-
terminants for noncognate tRNAs.

Cross-Dimer Binding During Aminoacylation

Deletion of the N-terminal part of E. coli SerRS does not
affect the amino acid activation step of the reaction, but
reduces aminoacylation activity by more than 3 orders of
magnitude. (See above.) Heterodimers formed from two
aminoacylation defective mutants, this N-terminal dele-
tion and an active site mutant, restore charging activity:
Aminoacylation activity in a mixture containing the het-
erodimers was compared to solutions containing the

same concentrations of homodimers. It was eight times
higher than the activities of the homodimer solutions and
reached 50% of the theoretical value one would expect if
50% of the mixture would have been in the heterodimer
form and supposing that a heterodimer contains one ac-
tive site. Details of the complementation experiment will
be published elsewhere. These results are in full agree-
ment with the crystal structures of SerRS complexed
with its cognate tRNA and provide functional evidence
for tRNA cross-dimer binding originally suggested by
Asahara et al. (1991).

Seryl-tRNA Synthetases in Prokaryotes
and Eukaryotes

Complete primary structures of several bacterial seryl-
tRNA synthetases (Escherichia coli, Coxiella burnetti,
Bacillus subtilis, and Thermus thermophilus) are known
as well as for a lower eukaryote S. cerevisiae. For higher
eukaryotes, partial but overlapping sequences from
mouse, Chinese hamster, and human are available and
can be assembled into a composite mammalian sequence
(Table 3). Sequence identity scores were obtained after
pairwise alignment of the sequences using the program
BESTFIT (Smith and Waterman) with standard gap
weight (3) and gap length weight (0.1). Compared to the
E. coli enzyme, the highest degree of identity (61%) is
with C. burnetti (a gram-variable obligatory intracellular
bacterium), followed by the gram-positive B. subtilis
(52%). The identity falls to 39% when compared with 7.
thermophilus possibly due to amino acid replacements
which maintain enzyme activity and stability at high
temperature. When the E. coli enzyme was compared
with the lower (yeast) and higher (composite mamma-
lian) eukaryote SerRS sequences identity scores of 31%
and 37% respectively are obtained. The identity score for
the comparison of the two eukaryotic enzymes is 50%.
From immunochemical noncross reactivity between the
eukaryotic and prokaryotic seryl-tRNA synthetases,
Sidorik et al. (1991) proposed that prokaryotic and eu-
karyotic SerRS evolve from different ancestor genes.
Due to the relatively high sequence identities (up to
37%), convergent evolution seems very unlikely. An al-
ternative explanation for the absence of immunochemi-
cal noncross reactivity might be the fact that the less-
conserved N-terminal (tRNA binding) domain is
probably the most antigenic. Evidence for this comes
from our observation that antiserum raised against the
native E. coli enzyme only very inefficiently recognizes
a N-terminal deletion mutant (catalytic domain mutant).
A multiple sequence alignment (Table 3) and a similarity
plot (Fig. 2) of aligned SerRS sequences also demon-
strate that the most variability occurs in the N-terminal
helical arm domain, which is involved in non-sequence-
specific recognition of the long variable arm of tRNA®*"
(Biou et al. 1994). This can be interpreted as an example
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of ongoing coevolution of isoacceptor tRNAs and tRNA
binding domains in different organisms.

tRNA®*" Structure and Identity in Evolution

tRNA*" from E. coli

Escherichia coli possesses five isoaccepting tRNA™'s
(with four distinct anticodons) in order to cope with the
six codons for serine which are from two distinct codon
groups. In addition the tRNA® (an opal suppressor
tRNA) necessary for the cotranslational incorporation of
selenocysteine into proteins and an amber suppressor
tRNA (supD gene product) are also specifically ami-
noacylated by SerRS. As a result there is no consistency
in the anticodon bases. Not unsurprisingly therefore, it
turns out that the anticodon is not recognized by seryl-
tRNA synthetase, as was originally shown by Normanly
et al. (1986, 1992). Amongst the 20 systems, this excep-
tional feature is shared only by leucyl- and alanyl-tRNA
synthetase (Schulman 1991; Saks et al. 1994). The in
vivo identity switch experiments of Normanly et al.
(1992) have shown the importance for serine identity of
the discriminator base and bases from the first three pairs
of the acceptor stem as well as the D-stem base pair
C11-G24. The latter, which is not directly in contact with
the synthetase (Biou et al. 1994), seems to be a negative
determinant to avoid mischarging with leucine and glu-

tamate. Another special feature of serine iso-accepting
tRNAs is that with the exception of those from animal
mitochondria they possess a long variable arm of 14-20
nucleotides rather than the usual four or five. This feature
is shared in prokaryotes by tRNA™ and tRNA' isoac-
ceptors. Experiments by Himeno et al. (1990) and Nor-
manly et al. (1992) have highlighted the importance of
the long variable arm as an essential recognition element
and this is also clearly apparent from the crystal structure
of the complex (Biou et al. 1994). A conserved feature in
prokaryotic tRNA®" isoacceptors is the absence of un-
paired nucleotides at the base of the variable arm stem.
The tRNA" isoacceptors have one unpaired nucleotide
at the 3’ end of the variable stem and tRNA"" have two.
These differences, which are correlated with the number
of insertions in the D-loop (Table 4), may influence the
orientation of the variable arm; the role of D-loop inser-
tion G20B in orientating the long variable arm in
tRNA*" has been clearly observed in the crystal structure
of the SerRSTT complex (Biou et al. 1994). Himeno et
al. (1990) have argued that these factors are crucial for
the discrimination between long variable arm (type 2)
tRNAs and have demonstrated this for tRNA®" and
tRNAS" (Himeno et al. 1990) and tRNA'" (Asahara et
al. 1993). The contribution of discrete tRNA**" domains
to aminoacylation by SerRS was studied by Sampson
and Saks (1993). The long variable arm is the domain
that makes the largest contribution to kcat/Km of ami-
noacylation. The acceptor stem is the second most im-
portant domain for recognition by SerRS, whereas the



525

Table 4. Characteristics of some type 2 tRNAs*
E. coli
Yeast Human
tRNA tRNA®® tRNA tRNAP" tRNAS RNA
Unpaired bases at base
of variable arm 0 0 1 2 1 1
D-loop -17 -17 +17 -17 -17 -17
+20A +20A +20A +20A +20A +20A
+20B +20B

# Characteristics of long variable arm (type 2) tRNAs which may influence the orientation of the long variable arm

anticodon stem/loop does not significantly contribute to
it. Asahara et al. (1994) have studied intensively the role
of the acceptor stem and variable arm in tRNA recogni-
tion by the synthetase in vitro and conclude that seryl-
tRNA synthetase selectively recognizes tRNA®" on the
basis of its characteristic tertiary structure rather than on
the basis of sequence specificity. A similar conclusion
was reached from the analysis of the crystal structure of
the SerRSTT-tRNA®" complex (Biou et al. 1994).

The E. coli SelC gene product (tRNA**) is a key
molecule in the cotranslational incorporation of seleno-
cysteine in certain enzymes (Bock et al. 1991), but is
initially charged with serine by seryl-tRNA synthetase. It
is a structurally untypical tRNA and with 95 nucleotides
is the longest tRNA known to date (Baron et al. 1993).
However its overall L-shape resembles that of canonical
E. coli tRNA®" with comparable distances between the
CCA end and the anticodon of the molecules, indicating
that the unusual extra base-pair in the acceptor stem does
not provoke a severe structural distorsion. The extra arm
is composed of eight base-pairs (exclusively G- C and
G - U), with no unpaired nucleotides at its base (Table 4).
On the other hand, compared to canonical tRNA®, there
is no D-loop insertion at position 20b, which plays a
crucial role in determining the orientation of the variable
arm in tRNA®®, (See above.) This difference, combined
with the eight-base-pair acceptor stem, may explain why
tRNA®*“ has a 100-fold decrease in charging activity as
compared to tRNA® (Baron and Bock 1991), since the
other tRNA®" identity elements, apart from C11:G24, are
present. '

tRNA*" from S. cerevisiae

There are significant differences between tRNA" from
yeast and from E. coli, notably in the acceptor stem
sequences and the determinants of the orientation of the
long variable arm (Table 4). These differences could ex-
plain the low cross-aminoacylation of yeast tRNA" with
E. coli SerRS. On the other hand, it has been demon-
strated that yeast seryl-tRNA synthetase expressed in E.
coli recognizes bacterial serine-specific tRNA in vivo
(Weygand-Durasevic et al. 1993). A model for yeast

tRNA®" based on chemical probing experiments has
been proposed (Dock-Bregeon et al. 1989) and also the
complex with yeast SerRS has been studied in solution
(Dock-Bregeon et al. 1990); as in E. coli the long vari-
able arm of the tRNA makes contact with the synthetase.

ser

Higher Eukaryotic Cytoplasmic RN,

Animal, plant, and yeast serine isoaccepting tRNAs have
the same features regarding the orientation of the long
variable arm (Achsel and Gross 1993). The system most
extensively studied is that of human. Achsel and Gross
(1993) identified major and minor identity elements by
an identity switch from human tRNA"* to tRNA®" in
vitro. The discriminator base (G) and the long extra arm
are absolutely required for aminoacylation by human
seryl-tRNA synthetase. This is in contrast to E. coli
tRINA®" where the discriminator base is unimportant (at
least in vitro), whereas identity determinants in the ac-
ceptor stem are required. The long extra arms of human
tRINA®" and tRNA®**° function as major identity elements
in an orientation-dependent but not sequence-specific
manner (Wu and Gross 1993). The exchange of the dis-
criminator base A73 for G is alone sufficient to convert
human tRNA'®" into a serine acceptor in vitro
(Breitschopf and Gross 1994). Human amber suppressor
serine tRNA functions in vivo with the cognate enzyme
from yeast, but not with that from E. coli, indicating that
not all determinants specifying the tRNA®**" identity are
conserved in evolution (Weygand-Durasevic et al. 1994).

Animal Mitochondrial tRNA*®"

In general mitochondrial synthetases appear to be capa-
ble of charging eubacterial as well as mitochondrial
tRNA, whereas their eubacterial counterparts do not
charge efficiently cognate mitochondrial tRNAs (Ku-
mazawa et al. 1991). This unilaterality in aminoacylation
may imply that, in response to simplifications in the spe-
cies number and structural elements of animal mitochon-
drial tRNAs, the mitochondrial synthetases have evolved
simpler tRNA recognition mechanisms possibly reminis-
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Fig. 3. Domain structure of class I aminoacyl-tRNA synthetases. Homologous domains attached to the N- or C-terminal of the catalytic domain
have similar shading. The sequence numbering refers to the E. coli enzyme except where otherwise stated.

cent of ancestral forms. Interestingly, bovine mitochon-
drial seryl-tRNA synthetase not only charges cognate E.
coli tRNA species, but also extensively misacylates non-
cognate E. coli tRNA species (Kumazawa et al. 1991).
Unlike all other serine-specific tRNAs, only those from
animal mitochondria do not possess a long variable arm,
and in some cases (those for the AGY codons) the
D-stem/loop is even missing (Steinberg et al. 1994). We
have shown that in bacteria the long variable arm of the
tRNA interacts with the N-terminal helical arm domain
of the synthetase. If the mitochondrial seryl-tRNA syn-
thetase has to recognize tRNAs without a long variable
arm it is possible that it does not have a N-terminal
helical arm and has developed other methods of specific
recognition (e.g., for the mitochondrial tRNA**'TAGY] it
has been shown that the T-loop is the main recognition
site for the mitochondrial seryl-tRNA synthetase; Ueda
et al. 1992). This might explain the apparent promiscuity
of this enzyme with E. coli tRNAs, since it is reminiscent
of the situation with the N-terminal deletion mutants of
E. coli SerRS. (See above and Borel et al. 1994.) The
animal mitochondrial seryl-tRNA synthetases are clearly
enzymes of great interest; the first indications of whether
or not they have a helical arm might come when the
sequence of such an enzyme is determined.

The Evolution of Aminoacyl-tRNA Synthetases

The accumulation of primary sequence and structural
information on aminoacyl-tRNA synthetases over recent
years puts us now in a position to try to draw up evolu-

tionary trees of these enzymes for each of the two
classes. This should clearly be done using structurally
based sequence alignments as far as possible rather than
relying on automatic ‘‘blind”” methods of multiple se-
quence alignment which can lead to avoidable errors.
Structurally based sequence alignments for the ten class
I synthetases have been presented previously (Cusack et
al. 1991; Cusack 1993; Belrhali et al. 1994) and will
soon be published for class I synthetases (Risler et al.
private communication). Here we would like to summa-
rize where we are with regard to class II synthetases.
As described in Cusack et al. (1993), the three class II
motifs can now be identified in all class II synthetases
following recent results on the glycyl, alanyl, and phe-
nylalanyl systems.' Figure 3 shows schematically the
domain structure of class II aminoacyl-tRNA synthetases
based on the multiple alignments. Identification of ho-
mologous domains N-terminal or C-terminal to the cat-
alytic domain permit separation of the homodimeric
class IT synthetases into class IIa (the enzymes for serine,

! Examination of the sequence of glycyl-tRNA synthetase from human
and a putative GlyRS sequence from yeast suggests a different position
of motif 1 than that proposed on the basis of the Bombyx mori enzyme
alone (Cusack 1993). In this new alignment, the normally conserved
motif 1 proline is replaced by a serine or a threonine. Furthermore, the
position of motif 1 in the large B-subunit of phenylalanyl-tRNA syn-
thetase has also been modified from that shown in Cusack (1993) and
Mosyak et al. (1993) in the light of further refinement of the crystal
structure of PheRS from 7. thermophilus (Safro and Mosyak private
communication). Neither of these corrections changes the basic con-
clusions presented in Cusack (1993).



threonine, glycine [except E. coli], and histidine) and
clags IIb (the enzymes for aspartic acid, asparagine, and
lysine) (Cusack et al. 1991; Delarue and Moras 1993;
Cusack 1993). These putative tRNA binding domains are
apparently conserved throughout evolution for a given
system. In the case of aspartyl-tRNA synthetase, the
N-terminal domain is involved in specific anticodon rec-
ognition (Cavarelli et al. 1993) and a similar domain
topology is found in other oligonucleotide binding pro-
teins (Murzin 1993). As expected a very similar fold has
been found for the N-terminal domain in lysyl-tRNA
synthetase (Onesti et al. personal communication). The
C-terminal domain characteristic of class Ila has not yet
been proved to be an anticodon binding domain but is a
very strong candidate; its absence from seryl-tRNA syn-
thetase is consistent with the fact that only this class Ila
synthetase does not recognize the anticodon. The region
between motifs 2 and 3 is also a site for the insertion of
extra domains that are even more idiosyncratic and thus
probably more recent acquisitions; the example of aspar-
tyl-tRNA synthetase shows that this insertion domain is
not conserved even between the yeast and bacterial en-
zymes (Delarue et al. 1994). Glycyl-tRNA synthetase
from E. coli, and the phenylalanyl-tRNA synthetases
(except that from yeast mitochondria, which is mono-
meric) have an o[, composition, the o-subunits having
the characteristic class I motifs (Table 1 and Fig. 3). The
remarkable structure of the phenylalanyl-tRNA synthe-
tase from T. thermophilus shows that both the o~ and
[B-subunits contain class II antiparallel fold, although
only that of the o-subunit is apparently catalytically ac-
tive (Mosyak et al. 1993).

Clearly it is of great interest to use this growing
wealth of structural and sequence information on ami-
noacyl-tRNA synthetases to try to reconstruct the evolu-
tion of these enzymes, despite the difficulty of defining a
time axis in such problems (Benner et al. 1993). In the
above paragraph the modular nature of the class II syn-
thetases has been emphasized. Consideration of this
leads to the almost inevitable conclusion that the com-
mon ancestor to these enzymes consisted of a class 1T
catalytic domain on to which were subsequently added
N- or C-terminal anticodon binding domains and more
recently (since the evolution of different cell types), in-
sertions between motif 2 and motif 3 (and elsewhere). If
we consider only the extended sequences around the
three motifs, that is, the only regions that can be aligned
amongst all class II synthetases, we can calculate, using,
for example, the program CLUSTALV (Higgins and
Sharp 1988), an unrooted ‘‘evolutionary’’ tree (Fig. 4).
This shows that even without putting any information in
about the extra domains, the subclass divisions into class
Ia, class IIb, and others (GlyRSEC, PheRS, AlaRS) is
clearly reproduced.

This tree poses many questions. Amongst these are
the different origin of the a,B3, GlyRS from E. coli and
the o, GlyRS from other organisms (Cusack 1993). Sim-
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Fig. 4. Unrooted tree of class II aminoacyl-tRNA synthetases based
on alignment of 140 residues from extended regions around the three
class II motifs. Abbreviations used: GIyECA: d-subunit of glycyl-
tRNA synthetase from E. coli, TT: T. thermophilus SC(m): S. cerevi-
siae (mitochondrial), HU: human, DM: Drosophila melanogaster, BM:
Bombyx mori, SE: Streptococcus equisimilis, CT: Chlamydia tracho-

. matis. Figure prepared using the program CLUSTALV (Higgins and
. Sharp 1988).

ilarly, why did yeast mitochondrial PheRS simplify to a
monomeric enzyme, or alternatively, why did the o,f,
PheRS become more complex with the addition of a
second catalytic-like domain (Mosyak et al. 1993)? An-
other question concerns the significance of the sub-
classes. The tree suggests that at some earlier time, there
were significantly fewer synthetases. For instance, class
Ib synthetases AspRS and LysRS have apparently di-
verged from a common ancestor by gene duplication and
adaptation of the amino acid site and the tRNA specific-
ity. (Note: Without loss of generality we do not consider
AsnRS in the following argument.) What was the func-
tion of this common ancestor? Was it such an inaccurate
synthetase that it could not tell the difference between
aspartic acid and lysine and charged a tRNA with either
of them? Or was it, on the contrary, such a good enzyme
that it could act as a double synthetase with specific
LysRS and AspRS activity? Both possibilities seem un-
likely. Did the common ancestor have just one of the two
activities then? This possibility begs the question of what
performed the synthetase function for the other amino
acid. Obviously the problem is compounded if one con-
siders the common ancestor of all the ten class II syn-
thetases. Very recently an interesting piece of informa-
tion has emerged which may shed light on the nature of
the common ancestor of class II synthetases. Whereas
many enzymes with the same catalytic fold as class I
aminoacyl-tRNA synthetases are known (kinases, dehy-
drogenases, etc.), until now, no other enzyme has been
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found with the antiparallel ATP binding fold character-
istic of class II synthetases. However it has recently been
shown (Artymiuk et al. 1994) that biotin synthetase
(BirA) from E. coli, whose crystal structure is known
(Wilson et al. 1992), has such a fold, although there is no
obvious sequence homology. Biotin synthetase activates
biotin with ATP to form an intermediate biotin-AMP.
The same enzyme then transfers the biotin to lysines of
certain target proteins (acetyl-CoA carboxylase); BirA
thus has a close functional similarity to an aminoacyl-
tRNA synthetase. Although convergent evolution cannot
be ruled out, this finding permits one to hypothesize that
BirA and class II synthetases had a common ancestor
which was capable of activating small molecules with
ATP. Class II synthetases would then have evolved when
an activation domain, specialized to an amino acid, also
became able to transfer the amino acid to the 3" end of a
tRNA molecule. This is clearly consistent with the view,
based on sequence alignments (e.g., Cusack et al. 1993)
and on experiments with mini-RNA helices (Schimmel
et al. 1993), that early synthetases acquired tRNA bind-
ing specificity firstly through acceptor stem interactions
with the activation domain (via the motif 2 loop in the
case of class II synthetases) and later by addition of extra
tRNA binding domains (notably anticodon recognition
domains).

Implications for the Evolution of the Genetic Code

It has been long recognized that synthetases represent an
evolutionary chicken-and-egg paradox (Hopfield 1978),
since proteins cannot be made accurately without highly
specific synthetases, but synthetases are themselves ac-
curately made proteins. The arguments presented in the
previous paragraphs suggest that the hypothesis that the
first aminoacyl-tRNA synthetases were protein enzymes
runs into great difficulties. The fact that class II syn-
thetases may have evolved from an existing protein with
ATP-mediated activation activity also suggests that syn-
thetases were not necessarily amongst the first protein
enzymes; the same argument can be made for class I
synthetases.

Fortunately, the RNA world hypothesis (Gilbert
1986), provides a way out of this impasse, despite its
difficulties (Joyce and Orgel 1993). A series of discov-
eries in the natural world as well as the *‘artificial’” RNA
world (i.e., that accessible by the in vitro selection of
RNA molecules) go some way toward demonstrating the
chemical plausibility of template directed polypeptide
synthesis by RNA catalysts exclusively. These discover-
ies include (1) the demonstration that extensively depro-
teinized large ribosomal subunits retain peptidyl trans-
ferase activity, suggesting that the catalytic activity
resides in the RNA component (Noller et al. 1992); (2)
the demonstration of the aminoacyl-esterase activity of
the Tetrahymena ribozyme (Piccirilli et al. 1992); (3) the

in vitro selection of RNAs with specific ATP (Sassanfar
and Szostak 1993) or polar (Yarus 1989) and nonpolar
(Mayfield and Yarus 1994) amino acid binding sites; (4)
the in vitro selection of an RNA capable of aminoacy-
lating itself (Illangasekare et al. 1995). It is beyond the
scope of this article to discuss how, why, and to what
sophistication polypeptide synthesis may have evolved
in the RNA world. See, for instance, Orgel 1989; Gibson
and Lamond 1992.) However, in relation to the question
as to whether the present-day protein synthetases have
anything to tell us about the origin of the genetic code, it
is important to ask what the genetic code looked like
when this replacement process occurred. Had the 20-
amino-acid genetic code already evolved at that time and
functioned in a more-or-less rigorous way or did a sim-
pler code with fewer amino acids exist? We are not yet
in a position to answer these questions, although we will
speculate briefly about how RNA synthetases might have
been replaced by protein synthetases. The partition of
modern synthetases into two mutually exclusive and
structurally different classes might, if the modern genetic
code had already evolved at the time, only reflect two
different pathways in the replacement process. Using the
arguments developed above, the key to the replacement
process would have been the acquisition by existing
amino acid activation domains (which must have been
useful in their own right) of tRNA 3’ end binding. It is
then relatively easy to imagine that (1) the development
of an efficient aminoacylation enzyme would soon make
the corresponding RNA synthetase redundant, and (2)
depending on the amino acid specificity (e.g., polar or
nonpolar), different activation domains might have ex-
isted, thus explaining the occurrence of the two classes of
synthetase catalytic domain, and (3) gene duplication and
evolution of the amino acid binding site and tRNA spec-
ificity would give rise to the observed evolutionary tree
of protein synthetases. It cannot be excluded that a glu-
taminyl-tRNA synthetase did not exist in an RNA world
since such an enzyme is not found in several organisms
existing today.

If the evolutionary relationship between protein syn-
thetases only reflects the process of replacing existing
RNA synthetases and not the coevolution of the syn-
thetases with the genetic code, then we have to look
elsewhere for the origins of the genetic code. However,
if we now return to the special case of serine, we can
argue that ongoing evolution of the genetic code can
depend on the nature of the synthetase. The fact that the
anticodon is not recognized by seryl-tRNA synthetase
gives some flexibility to the genetic code and allows
limited codon rearrangements. An example is the cyto-
plasmic genetic code in Candida cylindrea, where a leu-
cine codon (according to the universal genetic code) be-
comes a serine codon (Kawaguchi et al. 1989). Another
example is the use of a very special opal suppressor
serine-accepting tRNA (tRNA*°) in the process of
cotranslational incorporation of selenocysteine, which



has been called the 21st amino acid (Bock et al. 1991).
Anticodon recognition, as occurs in most synthetase sys-
tems, on the other hand, leads to tRNA evolution by the
mixing of tRNA isoacceptor pools without affecting the
genetic code, as pointed out by Saks and Sampson (sub-
mitted). This type of tRNA recognition, in which the
synthetase recognizes directly the amino acid and the
anticodon (and thereby indirectly also the corresponding
codons), might have been used in evolution to contribute
to a freezing of the genetic code.
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