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Translationisthe processbywhichribosomesdirectproteinsynthesisusingthege
neticinfor mation con tained in messenger RNA (mRNA). Transfer RNAs (tRNAs) are
charged with an amino acid and brought to the ri bo some, where they are paired with
the cor re spond ing trinucleotide codon in mMRNA. Theamino acid is at tached to the na
scent polypeptide and the ri bo some moves on to the next codon. Thus, the se quen tial
pair ing of codons in mMRNA with tRNA anticodons de ter mines the or der of amino ac
idsinaprotein. ItisthereforeimperativeforaccuratetranslationthattRNAsareonly
cou pled to amino ac ids cor re spond ing to the RNA anticodon. This is mostly, but not
exclusively, achieved by the di rect at tach ment of the ap pro pri ate amino acid to the
3'-end of the cor re spond ing tRNA by the aminoacyl-tRNA synthetases. Toensurethe
accurate translation of genetic information, the aminoacyl-tRNA synthetases must
displayanextremely highlevel of substrate specificity. De spite thishighly conserved
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function, re centstud iesarising fromthe anal y sis of whole genomes have shown asig
nificantdegreeofevolutionarydiversityinaminoacyl-tRNAsynthesis. Forexample,
non-canonical routes have been iden ti fied for the syn the sis of Asn-tRNA, Cys-tRNA,
GIn-tRNA and Lys-tRNA. Char ac ter ization of non-canonical aminoacyl-tRNA syn the
sishasrevealedanunexpected level ofevolutionarydivergenceandhasalsoprovided
newinsightsintothepossible precursorsofcontemporaryaminoacyl-tRNAsynthetas

€s.

The ribosomal synthesis of proteins from a
messenger RNA (mRNA) template is one of
the de fin ing fea tures of the cen tral dogma of
molecularbiology (Crick,1970). Proteinsare
made by the sequential translation of codons
into their corresponding amino acids, result-
ing in the syn the sis of a polypeptide whose se
guence cor re sponds to that de fined in the re
spective mRNA. Amino acids are delivered
for protein synthesis as aminoacyl-
tRNA:translationfactorcomplexes. Theiden
tity of an amino acid inserted at a particular
position in a nascent polypeptide is deter
mined by two key molecular recognition
events: the in ter ac tion of the aminoacyl-tRNA
anticodon with an appropriate codon in
MRNA, and the cor rect pair ing of amino acid
and tRNA anticodon in the aminoacyl-tRNA.
Asaresult, the fidel ity of pro teinsynthesisis
de pend ent on the pres ence in the cell of acom
plete set of correctly aminoacylated tRNAs
(reviewed in Ibba & Soll, 1999).

Given that protein synthesis generally
makes use of a rep er toire of twenty amino ac
ids, the existence of twenty corresponding
aminoacyl-tRNA syn the tases (AARSS), as pre
dicted by Crick in the adaptor hypothesis
(Crick, 1958), was to be ex pected. This ex pec
tation was confirmed by the discovery of the
twenty AARSs during the 1960s and early
1970s (reviewed in SoOll & Schimmel, 1974;
Ibba & Soll, 2000). During this time the first
alternative route of aminoacyl-tRNA synthe-
sis was also reported in bacteria (Wilcox &
Nirenberg, 1968) and sub se quently in archaea
(White & Bayley, 1972) and eukaryal
organelles (Schonet al., 1988). This path way,
which circumvents glutaminyl-tRNA synthe-
tase during qutaminyI-tRNAGln synthesis
(see below), was generally assumed to be no

morethanarareevolutionarycuriosity. Simk
larly, the discovery of co-translational inser
tion of selenocysteine upon suppression of
certain in-frame UGA codons (reviewed in
Commans & Bock, 1999) was held to be no
more than another rare exception to the
near-universal use of the 20 canon i cal AARSs.
Recentstudies, principally driven by the avail
ability of numerous complete genome se-
quences, have now shown that con trary toall
expectations,numerousorganismsdonotuse
a full complement of twenty canonical AARS
enzymes to synthesize aminoacyl-tRNAs for
protein synthesis. In such cases, a reduced
number of canonical AARSs (the minimal
known complement is 16; Bult et al., 1996;
Smith et al., 1997) are com ple mented by a va
riety of novel enzymes and pathways to pro-
vide the full range of aminoacyl-tRNAs neces-
sary for protein synthesis. Here we will de-
scribe recent advances in our understanding
of these non-canonical routes of amino-
acyl-tRNA synthesis. The implications of
these findings for our understanding of the
evolution of aminoacyl-tRNA synthesis will
also be discussed.

tRNA-DEPENDENT TRANSAMIDATION
AS A ROUTE TO AsntRNA AND
GIn-tRNA

Re centstud ies re veal that the most com mon
divergence from canonical aminoacyl-tRNA
synthesisisexhibited by the tRNA-dependent
amino acid transformation pathways (Eqns.
1-4). These two-step, indirect routes to
glutaminyl-tRNAC"  (GIn-tRNA®")  and
asparaginyltRNA”S" (AsntRNA”S") gener-
ally exist when glutaminyl-tRNA synthetase
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(GINRS) or asparaginyl-tRNA synthetase
(AsnRS), respectively, is absent. During
GINtRNAC!" synthesis (Eqns. 1—2), tRNAC!
is

Glu + tRNAC" + ATP < GIutRNAC" +
AMP + PP; 1)

GIUtRNACM + GIn + ATP < GIntRNAC
+ Glu + ADP + P; (2)

Asp + tRNAAS" + ATP < Asp-tRNAAS" +

AMP + PP; (3)
AsptRNAAS" + GIn + ATP &
AsntRNAASN + Glu + ADP + P (4)

first misaminoacylated with glutamate by a
non-discriminating (relaxedtRNAspecificity)

glutamyl-tRNA synthetase (GIuRS%, which, in
addition to generating Glu-tRNAC!Y, can also
synthesize GIu-tRNAC'™. The resulting mis-
charged tRNA is then specifically recognized
by qutamyI-tRNAGln amidotransferase
(GIuAdT, Curnow et al., 1997) and converted
into GIN-tRNAC!". Similarly, AsntRNAAS s
formed (Eqgns. 3—4) via a non-discriminating
aspartyl-tRNA synthetase (AspRS) and an
aspartytRNA*S" amidotransferase (AspAdT,
Curnow et al., 1996). For both GIUAdT and
AspAdT activity, bacteria and archaea use a
single, heterotrimeric enzyme encoded by
gatCAB (Curnow et al., 1998; Tumbula et al.,
2000). In addition,archaeapossessaunique
GIuAdT (Tumbulaetal., 2000). Thus, the am-
ide aminoacyl-tRNA pathways of the three
kingdoms (Bacteria, Archaea and Eukarya)
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use different enzymes and mechanisms
(Fig.1). Similarly, king dom-specific tRNA-de
pendentaminoacid trans for mation path ways
are also responsible for synthesizing
selenocysteinyl-tRNA (from Ser-tRNASE,
Commans & Bock, 1999) and formyl-
methionyltRNA (from MettRNAM®t, Raj-
Bhandary, 1994).

Characterization of the indirect synthetic
pathways to GINtRNA®" and Asn-tRNAASY
indi cates that they evolved as dis tinct sys tems
in the three king doms. All known ex am ples of
eukaryalcytoplasmicproteinsynthesisuseex
clu sively GInRS and AsnRS. In con trast, bac
teria and eukaryal organelles use predomt
nantly GIUAdT and AsnRS (reviewed in
Tumbula et al., 2000). Most of the ex cep tions
to this rule seem to result from horizontal
gene trans fer (i.e., trans fer of genes be tween
different organisms). For example, GInRS
has been described only in some
proteobacteria (reviewed in Brown &
Doolittle, 1999), in the Thermus/Deinococcus
group (Becker & Kern, 1998; Curnow et al.,
1998) and in the mitochondria of
trypanosomatids (Nabholz et al., 1997). The
current lack of sequence data on this last
grouprestrictsspeculationontheoriginofits
GInRS. Phylogenetic analyses of bacterial
GInRS sequences consistently suggest a re-
cent gene transfer from the eukarya (e.g.,
Brown & Doolittle, 1999). This, in turn, is sug
ges tive of loss of the in di rect path way in some
of these organisms, or for recruitment of
GatCAB to Asn-tRNA”S" for mationasseenin
Deinococcus radiodurans and Thermus
thermophilus (Becker & Kern, 1998; Curnow et
al., 1998). Most strikingly, the archaea use
the indirect transamidation pathway almost
exclusively (Tumbula et al., 1999), as GInRS
activity and the corresponding gene have
never been found in this king dom. Only a few
archaea have AsnRS genes (Tumbula et al.,
2000) (phylogeneticanal y sisagainsuggesting
horizontal transfer, Woese et al., 2000),
whereas the vast majority use the AspAdT
pathway characterized in Haloferax volcanii

(Curnow et al.,, 1996) and Methanobac-
terium thermoautotrophicum (Tumbula et al.,
2000). While some archaeacould po ten tially
use GatCAB for both GIUAdT and AspAdT
func tion, each archaeal ge nome also en codes
a second GIUAdT enzyme. This hetero-
dimeric enzyme, encoded by the gatD and
gatE genes, is strictly archaeal and not found
elsewhere. The purified M. thermoautotro-
phicum GatDE enzyme has GIUAdT activity
in vitro and is unable to form Asn-tRNA
(Tumbula et al., 2000). The respectiveroles
of the two archaeal GIUAdT en zymes have yet
to be de ter mined. How ever, the exis tence of
GatDE inevery archaeal ge nome, even in the
presence of GatCAB, sug gestsacritical func
tion.

CLASS I-TYPE LYSYL-tRNA
SYNTHETASES

The aminoacyl-tRNA synthetases can be di-
vided into two classes (I and 1) of ten mem-
bers each based on the presence of mutually
exclusive amino-acid sequence motifs (re-
viewed in Arnez & Moras, 1997). This divi
sion reflects structurally distinct topologies
within the ac tive site, class | AARSs con tain
ing a Rossmann fold and class Il a unique
anti-parallel g fold. In addition, it has been
observed that class | en zymes bind the ac cep
tor helix of tRNA on the minor groove side
whereas class Il enzymes bind the major
groove side. An AARS of par ticu lar sub strate
specificity will al ways be long to the same class
regardless of its biological origin, reflecting
the ancient evolution of this enzyme family.
The only known ex cep tions to this rule are the
lysyltRNA synthetases which are class | en-
zymes in cer tain archaea and bac te riabut are
otherwise members of class Il (Ibba et al.
1997a; 1997b). This surprising finding arose
from stud ies based upon anal y sis of the com
plete ge nome se quences of the archaea Metha-
nococcus jannaschii and M. thermoautotro-
phicum. Sequence-homology searches indk
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cated that only 16 identifiable open reading
frames in each of these genomes en coded rec
ognizable AARSs, with AsnRS, cysteinyl-
tRNA synthetase (CysRS), GInRS and lysyl-
tRNA synthetase (LysRS) apparently absent
from both organisms. Whereas the wide-
spread absence of AsnRS- and GInRS-en-
coding genes could be readily explained by
their functional replacement by the corre-
sponding transamidation pathways (see
above), the ab sence of CysRS and LysRS was
ini tially more prob lem atic. For LysRS the an
swer proved to be relatively straightforward,
the majority of archaea and a scattering of
bacteria being found to contain a previously
unidentified class-I-type LysRS. Thisisin con
trast to all previously identified LysRS en-
zymes which be long to class 11, thereby vi o lat
ing the “class rule” of AARS classification.
Despite their lack of structural homology,
both class I and class Il LysRSs are able to rec
og nize the same amino acid and highly similar
tRNA substrates, providing an example of
functional convergencebydivergentenzymes
(Ibba et al., 1999). Furthermore, the similar-
ity in the tRNA iden tity sets for the class | and
1 en zymes may also in di cate that tRNAMYS it:
self predates at least one of the LysRS fami-
lies (Ribas de Pouplanaetal., 1998; Ibbaet al,.
1999).

A DUAL-SPECIFICITY ProCysRS
CONTRADICTS THE ACCEPTED
DEFINITION OF AN AARS

The genome sequences of the thermophilic
archaea M. jannaschii and M. thermoauto-
trophicum do not contain any identifiable
genesencoding CysRS proteins, incontrastto
the genomes of more than 40 other or gan isms
from all the three king doms, which en code ca
nonical class | CysRSenzymes. Thisap parent
discrepancywas re solved by biochemicaland
genetic studies that showed the enzyme re-
sponssi ble for the for mation of CystRNA®Y to
be a class Il enzyme, prolyl-tRNA synthetase

(ProRS) (Stathopouloset al., 2000 and refer-
ences therein).

The ProRS of M. jannaschii (referred to as
ProCysRS) can synthesize both CystRNA®YS
and ProtRNAP™, but not CystRNAP™ or
ProtRNA®YS, invitro andin vivo. To date, this
is the only known example of a single AARS
that can spec ify two dif fer entaminoacidsin
translation. While no organisms outside of
the archaea have yet been found to lack a gene
encoding a canonical CysRS, the dual func-
tion ProRS is not con fined to archaea. Mo lec
ular phylogenies of ProRS amino-acid se-
quences suggested that the deep-rooted
eukaryon Giardia lambliamight also con taina
ProRS with CysRS activity. This possibility
was subsequently confirmed experimentally,
raising the possibility that ProCysRS en-
zymes may be present in other organisms
(Bunjun et al., 2000).

The basis of the dual sub strate speci fic ity of
ProCysRS is related to differences in the
mechanisms by which the two amino-
acyl-tRNA products are synthesized (Fig. 2).
While ProCysRS does not require the pres-
ence of tRNAP™ for prolyl-adenylate synthe-
sis, the ac ti va tion of cysteine is ob served only
in the presence of tRNA®Y® (Stathopoulos et
al., 2001). The binding and activation of
prolinefacil itatetRNA”™ bind ing, per haps at
dif fer ent sites than used by tRNA®YS, while si-
multaneously preventing tRNA®YS binding
perhaps by stearic hindrance. In a similar
way, when tRNASYS is bound on the enzyme,
activationof prolineisblocked (pos sibly by an
allosteric ef fect) and thus only cysteine can be
activated. Although the structural basis for
thisactivityiscurrentlyunclear,mutagenesis
of ac tive site res i dues sug gests that the bind
ing sites for cysteine and proline overlap
(Stathopoulos et al., 2001).

How widespread is the distribution of dual
specificity enzymes? A recent study of
transposon mutagenesis of Mycoplasma
genitalium, the smallest free-living organism,
reported that two aminoacyl-tRNA synthetas-
es may be dis pens able as cells were found con
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taininginsertionsinthecorrespondinggenes
(Hutchison et al., 1999). This suggested that
inthese cellsotherenzy maticactivitiessub sti

knockout strains shows that all 20 canonical
AARS involvedincytoplasmicproteinsynthe
sisare es sen tial. Thus, the like li hood of wide
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tute for tyrosyl-tRNA synthetase (TyrRS) and
isoleucyl-tRNA synthetase (lleRS) function.

We there fore at tempted to com ple mentanE.
coli tyrSts strain with the other nine teen AARS
genes. Since this was not suc cess ful, we took
acloser look at the transposon in ser tion data;
this analysis suggested that if translation
re-initiation after the transposon block oc-
curred, then gene products of both inter
rupted genes would very likely be functional.
TyrRS would be truncated at the N-terminal
end by only 22 amino acids but still contain
the cru cial HIGH re gion, while the po si tion of
transposon in ser tion inileS would give rise to
two polypeptide fragmentsofanap proximate
size (160 and 732 amino acids) that were
shown to be active in trans complementation
studies of E. coli ileS fragments (Shiba &
Schimmel, 1992). In addition, an examina-
tion of the phenotypes of the yeast genome

spread occurrence of dual-specificity AARSs
is not high.

EVOLUTION OF CONTEMPORARY
AMINO-ACYL-tRNA SYNTHESIS FROM
THE RNA WORLD

The need for accurate aminoacyl-tRNA syn-
thesis during interpretation of the genetic
code sug gests an early or i gin for the pro cess
duringtheevolutionofcontemporarygeneex
pression. Conse quently, the process by which
aminoacyl-tRNA synthesis arose and devel-
oped into one of the most accurate and spe-
cific func tions in the cell has been the sub ject
of much speculation (e.g. Schimmel & Kelly,
2000). The experimental description of nu-
mer ous catalytic RNAs (both nat u ral and syn
thetic) and the subsequent formulation and
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refinement of the “RNA World” hypothesis
(reviewed in Gesteland et al., 1999) has pro-
vided the basis for much of this speculation.

For exam ple, the de scrip tion of RNAs able to
catalyze their own aminoacylation suggested
anobviousoriginfortheevolutionofcontem
porary aminoacyl-tRNA synthesis (lllanga-
sekare et al., 1995), al though other ex perimen
tal support for such ideas has remained
scarce. For instance, the pro posal that tRNA
(or its precursor) preceded the evolution of
aminoacyl-tRNA synthesis (Maizels &
Weiner, 1994) only recently found indirect
support from biochemical and phylogenetic
studies of class | LysRSs (Ribas de Pouplana
etal., 1998; Ibbaet al., 1999). More recently,
further direct support for primordial
RNA-based aminoacyl-tRNA synthesis was
provided by the synthesis of a ribozyme able
to recognize an activated amino acid specifi-
cally and transfer it to the 3’ end of a tRNA
(Lee et al., 2000). Such ribozymes can effec-
tively act in trans as bona fide AARSs, pro vid
ingapotential link be tweenthecontemporary
“protein world” and a primordial “RNA
world”. Perhaps even more significantly,
these two examples would seem to provide a
“prologue” (trans-acting ribozymes) and an
“epilogue” (AARSs that arose after tRNAS)
for many of the postulated scenarios for the
evolution of contemporary aminoacyl-tRNA
synthesis. One such scenario is summarized
below. In the RNA world, ribozymes existed
that could catalyze aminoacylation using a
limited repertoire of amino acid substrates.

The specificity of these enzymes then ex-
panded with the recruitment of protein moi-
eties, which al lowed the ac ti va tion of an ever
wider range of amino acids. Within such
ribonucleoprotein com plexes the pro tein mot
eties would, by providing an enhanced range
of functional groups, gradually take over the
catalytic function of aminoacylation. This
would then give rise to the first pri mar ily pro
tein-based AARSSs, each of which could prob a
bly specify more than one amino acid in a
primitive protein synthesis machinery

(Delarue, 1995). Duplication and diversifica-
tion of these primitive syn the taseswould then
form the basis for the evolutionary radiation
that gave rise to the contemporary AARSS.

Until recently, the final transition in this
scheme, from syn the tas es of broad to nar row
substrate specificity, while suggested by
AARS phylogenies (Nagel & Doolittle, 1995),
was not supported by any experimental find-
ings. How ever, re cent data support the va lid
ity of this proposed transition. For example,
studies in archaea have shown that, at least
the canonical cysteinyltRNA synthetase is
not essential for viability (I. Anderson, W.
Whitman, C. Stathopoulos and T. Li, unpub-
lished), suggesting that particular AARS en-
zymes may synthesize more than one
aminoacyl-tRNA. One such enzyme has now
beenidentified, the archaeal genre ProCysRS,
and its further characterization can be ex-
pectedtoprovideunprecedented insightsinto
the evolution of extant aminoacyl-tRNA syn-
thetases.

We thank Clyde Hutchison and Scott Peter-
son for dis cus sions.
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