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Trans la tion is the pro cess by which ri bo somes di rect pro tein syn the sis us ing the ge -
netic in for ma tion con tained in mes sen ger RNA (mRNA).  Trans fer 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 mRNA.  The amino 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 mRNA with tRNA anticodons de ter mines the or der of amino ac -
ids in a pro tein.  It is there fore im per a tive for ac cu rate trans la tion that tRNAs are only 
cou pled to amino ac ids cor re spond ing to the RNA anticodon.  This is mostly, but not
ex clu sively, 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 syn the tas es.  To en sure the
ac cu rate trans la tion of ge netic in for ma tion, the aminoacyl-tRNA syn the tas es must
dis play an ex tremely high level of sub strate spec i fic ity.  De spite this highly con served
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func tion, re cent stud ies aris ing from the anal y sis of whole genomes have shown a sig -
nif i cant de gree of evo lu tion ary di ver sity in aminoacyl-tRNA syn the sis.  For ex am ple,
non-canonical routes have been iden ti fied for the syn the sis of Asn-tRNA, Cys-tRNA,
Gln-tRNA and Lys-tRNA.  Char ac ter iza tion of non-canonical aminoacyl-tRNA syn the -
sis has re vealed an un ex pected level of evo lu tion ary di ver gence and has also pro vided
new in sights into the pos si ble pre cur sors of con tem po rary aminoacyl-tRNA syn the tas -
es.

The ri bo somal syn the sis of pro teins from a
mes sen ger RNA (mRNA) tem plate is one of
the de fin ing fea tures of the cen tral dogma of
mo lec u lar bi ol ogy (Crick, 1970).  Pro teins are
made by the se quen tial trans la tion of codons
into their cor re spond ing amino ac ids, re sult -
ing in the syn the sis of a polypeptide whose se -
quence cor re sponds to that de fined in the re -
spec tive mRNA.  Amino ac ids are de liv ered
for pro tein syn the sis as amino acyl-
tRNA:trans la tion fac tor com plexes. The iden -
tity of an amino acid in serted at a par tic u lar
po si tion in a na scent polypeptide is de ter -
mined by two key mo lec u lar rec og ni tion
events: the in ter ac tion of the aminoacyl-tRNA 
anticodon with an ap pro pri ate codon in
mRNA, and the cor rect pair ing of amino acid
and tRNA anticodon in the aminoacyl-tRNA. 
As a re sult, the fi del ity of pro tein syn the sis is
de pend ent on the pres ence in the cell of a com -
plete set of cor rectly amino acylated tRNAs
(re viewed in Ibba & Söll, 1999).
Given that pro tein syn the sis gen er ally

makes use of a rep er toire of twenty amino ac -
ids, the ex is tence of twenty cor re spond ing
aminoacyl-tRNA syn the tas es (AARSs), as pre -
dicted by Crick in the adap tor hy poth e sis
(Crick, 1958), was to be ex pected.  This ex pec -
ta tion was con firmed by the dis cov ery of the
twenty AARSs dur ing the 1960s and early
1970s (re viewed in Söll & Schimmel, 1974;
Ibba & Söll, 2000). Dur ing this time the first
al ter na tive route of aminoacyl-tRNA syn the -
sis was also re ported in bac te ria (Wilcox &
Nirenberg, 1968) and sub se quently in archaea 
(White & Bayley, 1972) and eukaryal
organelles (Schön et al., 1988).  This path way,
which cir cum vents glutaminyl-tRNA synthe -
tase dur ing glutaminyl-tRNAGln syn the sis
(see be low), was gen er ally as sumed to be no

more than a rare evo lu tion ary cu ri os ity.  Sim i -
larly, the dis cov ery of co-translational in ser -
tion of selenocysteine upon sup pres sion of
cer tain in-frame UGA codons (re viewed in
Commans & Böck, 1999) was held to be no
more than an other rare ex cep tion to the
near-universal use of the 20 ca non i cal AARSs.  
Re cent stud ies, prin ci pally driven by the avail -
abil ity of nu mer ous com plete ge nome se -
quences, have now shown that con trary to all
ex pec ta tions, nu mer ous or gan isms do not use
a full com ple ment of twenty ca non i cal AARS
en zymes to syn the size aminoacyl-tRNAs for
pro tein syn the sis.  In such cases, a re duced
num ber of ca non i cal AARSs (the min i mal
known com ple ment is 16; Bult et al., 1996;
Smith et al., 1997) are com ple mented by a va -
ri ety of novel en zymes and path ways to pro -
vide the full range of aminoacyl-tRNAs nec es -
sary for pro tein syn the sis.  Here we will de -
scribe re cent ad vances in our un der stand ing
of these non-canonical routes of amino -
acyl-tRNA syn the sis. The im pli ca tions of
these find ings for our un der stand ing of the
evo lu tion of amino acyl-tRNA syn the sis will
also be dis cussed.

tRNA-DEPENDENT TRANSAMIDATION
AS A ROUTE TO Asn-tRNA AND
Gln-tRNA

Re cent stud ies re veal that the most com mon
di ver gence from ca non i cal aminoacyl-tRNA
syn the sis is ex hib ited by the tRNA-dependent
amino acid trans for ma tion path ways (Eqns.
1–4). These two-step, in di rect routes to
glutaminyl-tRNAGln (Gln-tRNAGln) and
asparaginyl-tRNAAsn (Asn-tRNAAsn) gen er -
ally ex ist when glutaminyl-tRNA synthetase
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(GlnRS) or asparaginyl-tRNA synthetase
(AsnRS), re spec tively, is ab sent.  Dur ing
Gln-tRNAGln syn the sis (Eqns. 1–2), tRNAGln

is

Glu + tRNAGln + ATP  ⇔  Glu-tRNAGln +

 AMP + PPi (1)

Glu-tRNAGln + Gln + ATP  ⇔  Gln-tRNAGln

 + Glu + ADP + Pi (2)

Asp + tRNAAsn + ATP  ⇔  Asp-tRNAAsn +

 AMP + PPi (3)

Asp-tRNAAsn  + Gln + ATP  ⇔ 

 Asn-tRNAAsn + Glu + ADP + Pi (4)

first misaminoacylated with glu ta mate by a
non-discriminating (re laxed tRNA spec i fic ity)

glutamyl-tRNA synthetase (GluRS), which, in
ad di tion to gen er at ing Glu-tRNAGlu, can also
syn the size Glu-tRNAGln. The re sult ing mis -
charged tRNA is then spe cif i cally rec og nized
by glutamyl-tRNAGln amidotransferase
(GluAdT, Curnow et al., 1997) and con verted
into Gln-tRNAGln.  Sim i larly, Asn-tRNAAsn is
formed (Eqns. 3–4) via a non-discriminating
aspartyl-tRNA synthetase (AspRS) and an
aspartyl-tRNAAsn amidotransferase (AspAdT, 
Curnow et al., 1996).  For both GluAdT and
AspAdT ac tiv ity, bac te ria and archaea use a
sin gle, heterotrimeric en zyme en coded by
gatCAB (Curnow et al., 1998; Tumbula et al.,
2000).  In ad di tion, archaea pos sess a unique
GluAdT (Tumbula et al ., 2000).  Thus, the am -
ide aminoacyl-tRNA path ways of the three
king doms (Bac te ria, Archaea and Eukarya)
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Fig ure 1. Phylo gen etic dis -
tri bu tion of the in di rect
and di rect path ways of am -
ide aminoacyl-tRNA syn -
the sis.

The com mon an ces tor roots
the sche matic evo lu tion ary
tree.  Pres ence of the di rect or 
in di rect routes of aspara -
ginyl-tRNA (asn-tRNA) or
glutaminyl-tRNA (gln-tRNA)
for ma tion is in di cated by the
pres ence of the genes en cod -
ing the en zymes re spon si ble
for these path ways. gatCAB,
gatDE, tRNA-dependent ami -
do trans ferase and in di rect
route;  asnS, glnS, aspara gi -
nyl-tRNA synthetase, gluta -
minyl-tRNA synthetase and
di rect route.  Blue, Asn-tRNA
syn the sis. Red Gln-tRNA syn -
the sis. Green,  Asn-tRNA and
Gln-tRNA syn the sis.  The dif -
fer ent ex ist ing com bi na tions
of en zymes re spon si ble for
am ide amino acyl-tRNA for -
ma tion are in di cated on the
top of the dif fer ent branches
of the tree, rep re sen ta tive or -
gan isms are given.



use dif fer ent en zymes and mech a nisms
(Fig. 1).  Sim i larly, king dom-specific tRNA-de -
pendent amino acid trans for ma tion path ways
are also re spon si ble for syn the siz ing
selenocysteinyl-tRNA (from Ser-tRNASec,
Commans & Böck, 1999) and formyl -
methionyl-tRNA (from Met-tRNAi

Met, Raj -
Bhandary, 1994).
Char ac ter iza tion of the in di rect syn thetic

path ways to Gln-tRNAGln and Asn-tRNAAsn

in di cates that they evolved as dis tinct sys tems 
in the three king doms.  All known ex am ples of 
eukaryal cy to plas mic pro tein syn the sis use ex -
clu sively GlnRS and AsnRS.  In con trast, bac -
te ria and eukaryal organelles use pre dom i -
nantly GluAdT and AsnRS (re viewed in
Tumbula et al., 2000).  Most of the ex cep tions
to this rule seem to re sult from hor i zon tal
gene trans fer (i.e., trans fer of genes be tween
dif fer ent or gan isms).  For ex am ple, GlnRS
has been de scribed only in some
proteobacteria (re viewed in Brown &
Doolittle, 1999), in the Thermus/Deinococcus
group (Becker & Kern, 1998; Curnow et al.,
1998) and in the mi to chon dria of
trypanosomatids (Nabholz et al., 1997).  The
cur rent lack of se quence data on this last
group re stricts spec u la tion on the or i gin of its
GlnRS. Phylo gen etic anal y ses of bac te rial
GlnRS se quences con sis tently sug gest a re -
cent gene trans fer 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 or gan isms, or for re cruit ment of
GatCAB to Asn-tRNAAsn for ma tion as seen in
Deinococcus radiodurans and Thermus
thermophilus (Becker & Kern, 1998; Curnow et 
al., 1998).  Most strik ingly, the archaea use
the in di rect transamidation path way al most
ex clu sively (Tumbula et al., 1999), as GlnRS
ac tiv ity and the cor re spond ing gene have
never been found in this king dom.  Only a few
archaea have AsnRS genes (Tumbula et al.,
2000) (phylo gen etic anal y sis again sug gest ing 
hor i zon tal trans fer, Woese et al., 2000),
whereas the vast ma jor ity use the AspAdT
path way char ac ter ized in Haloferax volcanii

(Curnow et al., 1996) and Methanobac -
terium thermoautotrophicum (Tumbula et al.,
2000).  While some archaea could po ten tially
use GatCAB for both GluAdT and AspAdT
func tion, each archaeal ge nome also en codes
a sec ond GluAdT en zyme.  This hetero -
dimeric en zyme, en coded by the gatD and
gatE genes, is strictly archaeal and not found
else where. The pu ri fied M. thermo auto tro -
phicum GatDE en zyme has GluAdT ac tiv ity
in vi tro and is un able to form Asn-tRNA
(Tumbula et al., 2000).  The re spec tive roles
of the two archaeal GluAdT en zymes have yet 
to be de ter mined.  How ever, the ex is tence of
GatDE in ev ery archaeal ge nome, even in the
pres ence of GatCAB, sug gests a crit i cal func -
tion.

CLASS I-TYPE LYSYL-tRNA
SYNTHETASES

The aminoacyl-tRNA syn the tas es can be di -
vided into two classes (I and II) of ten mem -
bers each based on the pres ence of mu tu ally
ex clu sive amino-acid se quence mo tifs (re -
viewed in Arnez & Moras, 1997).  This di vi -
sion re flects struc tur ally dis tinct to pol o gies
within the ac tive site, class I AARSs con tain -
ing a Rossmann fold and class II a unique
anti-parallel  β fold.  In ad di tion, it has been
ob served that class I en zymes bind the ac cep -
tor he lix of tRNA on the mi nor groove side
whereas class II en zymes bind the ma jor
groove side.  An AARS of par tic u lar sub strate
spec i fic ity will al ways be long to the same class 
re gard less of its bi o log i cal or i gin, re flect ing
the an cient evo lu tion of this en zyme fam ily. 
The only known ex cep tions to this rule are the
lysyl-tRNA syn the tas es which are class I en -
zymes in cer tain archaea and bac te ria but are
oth er wise mem bers of class II (Ibba et al.
1997a; 1997b).  This sur pris ing find ing arose
from stud ies based upon anal y sis of the com -
plete ge nome se quences of the archaea Metha -
no coccus jannaschii and M. thermo auto tro -
phicum.  Se quence-homology searches in di -
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cated that only 16 iden ti fi able open read ing
frames in each of these genomes en coded rec -
og niz able AARSs, with AsnRS, cyste inyl-
tRNA synthetase (CysRS), GlnRS and lysyl-
tRNA synthetase (LysRS) ap par ently ab sent
from both or gan isms.  Whereas the wide -
spread ab sence of AsnRS- and GlnRS-en -
coding genes could be readily ex plained by
their func tional re place ment by the cor re -
spond ing transamidation path ways (see
above), the ab sence of CysRS and LysRS was
ini tially more prob lem atic.  For LysRS the an -
swer proved to be rel a tively straight for ward,
the ma jor ity of archaea and a scat ter ing of
bac te ria be ing found to con tain a pre vi ously
un iden ti fied class-I-type LysRS. This is in con -
trast to all pre vi ously iden ti fied LysRS en -
zymes which be long to class II, thereby vi o lat -
ing the “class rule” of AARS clas si fi ca tion. 
De spite their lack of struc tural homology,
both class I and class II LysRSs are able to rec -
og nize the same amino acid and highly sim i lar 
tRNA sub strates, pro vid ing an ex am ple of
func tional con ver gence by di ver gent en zymes
(Ibba et al., 1999).  Fur ther more, the sim i lar -
ity in the tRNA iden tity sets for the class I and 
II en zymes may also in di cate that tRNALys it -
self pre dates at least one of the LysRS fam i -
lies (Ribas de Pouplana et al., 1998; Ibba et al,.
1999).

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

The ge nome se quences of the thermophilic
archaea M. jannaschii and M. thermo auto -
trophicum do not con tain any iden ti fi able
genes en cod ing CysRS pro teins, in con trast to 
the genomes of more than 40 other or gan isms 
from all the three king doms, which en code ca -
non i cal class I CysRS en zymes.  This ap par ent 
dis crep ancy was re solved by bio chem i cal and
ge netic stud ies that showed the en zyme re -
spon si ble for the for ma tion of Cys-tRNACys to
be a class II en zyme, prolyl-tRNA synthetase

(ProRS) (Statho poulos et al., 2000 and ref er -
ences therein).
The ProRS of M. jannaschii (re ferred to as

ProCysRS) can syn the size both Cys-tRNACys

and Pro-tRNAPro, but not Cys-tRNAPro or
Pro-tRNACys, in vi tro and in vivo.  To date, this 
is the only known ex am ple of a sin gle AARS
that can spec ify two dif fer ent amino ac ids in
trans la tion.  While no or gan isms out side of
the archaea have yet been found to lack a gene 
en cod ing a ca non i cal CysRS, the dual func -
tion ProRS is not con fined to archaea.  Mo lec -
u lar phylogenies of ProRS amino-acid se -
quences sug gested that the deep-rooted
eukaryon Giardia lamblia might also con tain a 
ProRS with CysRS ac tiv ity.  This pos si bil ity
was sub se quently con firmed ex per i men tally,
rais ing the pos si bil ity that ProCysRS en -
zymes may be pres ent in other or gan isms
(Bunjun et al., 2000).
The ba sis of the dual sub strate spec i fic ity of

ProCysRS is re lated to dif fer ences in the
mech a nisms by which the two amino -
acyl-tRNA prod ucts are syn the sized (Fig. 2). 
While ProCysRS does not re quire the pres -
ence of tRNAPro for prolyl-adenylate syn the -
sis, the ac ti va tion of cysteine is ob served only
in the pres ence of tRNACys (Stathopoulos et
al., 2001).  The bind ing and ac ti va tion of
proline fa cil i tate tRNAPro bind ing, per haps at
dif fer ent sites than used by tRNACys, while si -
mul ta neously pre vent ing tRNACys bind ing
per haps by stearic hin drance.  In a sim i lar
way, when tRNACys is bound on the en zyme,
ac ti va tion of proline is blocked (pos si bly by an 
allosteric ef fect) and thus only cysteine can be
ac ti vated. Al though the struc tural ba sis for
this ac tiv ity is cur rently un clear, mu ta gen e sis
of ac tive site res i dues sug gests that the bind -
ing sites for cysteine and proline over lap
(Stathopoulos et al., 2001).
How wide spread is the dis tri bu tion of dual

spec i fic ity en zymes? A re cent study of
transposon mu ta gen e sis of Mycoplasma
genitalium, the small est free-living or gan ism,
re ported that two aminoacyl-tRNA syn the tas -
es may be dis pens able as cells were found con -
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tain ing in ser tions in the cor re spond ing genes
(Hutchison et al., 1999). This sug gested that
in these cells other en zy matic ac tiv i ties sub sti -

tute for tyrosyl-tRNA synthetase (TyrRS) and
isoleucyl-tRNA synthetase (IleRS) func tion. 
We there fore at tempted to com ple ment an E.
coli tyrSts strain with the other nine teen AARS 
genes.  Since this was not suc cess ful, we took
a closer look at the transposon in ser tion data;
this anal y sis sug gested that if trans la tion
re-initiation af ter the transposon block oc -
curred, then gene prod ucts of both in ter -
rupted genes would very likely be func tional. 
TyrRS would be trun cated at the N-terminal
end by only 22  amino ac ids but still con tain
the cru cial HIGH re gion, while the po si tion of
transposon in ser tion in ileS would give rise to
two polypeptide frag ments of an ap prox i mate
size (160 and 732 amino ac ids) that were
shown to be ac tive in trans complementation
stud ies of E. coli ileS frag ments (Shiba &
Schimmel, 1992).  In ad di tion, an ex am i na -
tion of the phe no types of the yeast ge nome

knock out strains shows that all 20 ca non i cal
AARS in volved in cy to plas mic pro tein syn the -
sis are es sen tial. Thus, the like li hood of wide -

spread oc cur rence of dual-specificity AARSs
is not high.

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

The need for ac cu rate aminoacyl-tRNA syn -
the sis dur ing in ter pre ta tion of the ge netic
code  sug gests an early or i gin for the pro cess
dur ing the evo lu tion of con tem po rary gene ex -
pres sion.  Con se quently, the pro cess by which
aminoacyl-tRNA syn the sis arose and de vel -
oped into one of the most ac cu rate and spe -
cific func tions in the cell has been the sub ject
of much spec u la tion (e.g. Schimmel & Kelly,
2000). The ex per i men tal de scrip tion of nu -
mer ous cat a lytic RNAs (both nat u ral and syn -
thetic) and the sub se quent for mu la tion and

318 B. Ruan and oth ers 2001

Fig ure 2. Sche matic rep re sen ta tion of the en zy matic mech a nism of M. jannaschii ProCysRS. 

ProCysRS is ab bre vi ated E, and the dots rep re sent com plexes be tween the en zyme and any of the sub strates or in -
ter me di ates of the re ac tion.  The red and blue boxes out line the steps lead ing to Cys-tRNACys and Pro-tRNAPro for -
ma tion re spec tively.  The steps out lined by the black box rep re sent the pu ta tive ed it ing mech a nism that we sug gest,
to ex plain ab sence of re lease of Pro-tRNACys by M. jannaschii ProCysRS.



re fine ment of the “RNA World” hy poth e sis
(re viewed in Gesteland et al., 1999) has pro -
vided the ba sis for much of this spec u la tion. 
For ex am ple, the de scrip tion of RNAs able to
cat a lyze their own aminoacylation sug gested
an ob vi ous or i gin for the evo lu tion of con tem -
po rary amino acyl-tRNA syn the sis (Illanga -
sekare et al., 1995), al though other ex per i men -
tal sup port for such ideas has re mained
scarce.  For in stance, the pro posal that tRNA
(or its pre cur sor) pre ceded the evo lu tion of
aminoacyl-tRNA syn the sis (Maizels &
Weiner, 1994) only re cently found in di rect
sup port from bio chem i cal and phylo gen etic
stud ies of class I LysRSs (Ribas de Pouplana
et al., 1998; Ibba et al., 1999).  More re cently,
fur ther di rect sup port for pri mor dial
RNA-based amino acyl-tRNA syn the sis was
pro vided by the syn the sis of a ribozyme able
to rec og nize an ac ti vated amino acid spe cif i -
cally and trans fer it to the 3’ end of a tRNA
(Lee et al., 2000).  Such ribozymes can ef fec -
tively act in trans as bona fide AARSs, pro vid -
ing a po ten tial link be tween the con tem po rary 
“pro tein world” and a pri mor dial “RNA
world”. Per haps even more sig nif i cantly,
these two ex am ples would seem to pro vide a
“pro logue” (trans-act ing ribozymes) and an
“ep i logue” (AARSs that arose af ter tRNAs)
for many of the pos tu lated sce nar ios for the
evo lu tion of con tem po rary aminoacyl-tRNA
syn the sis.  One such sce nario is sum ma rized
be low.  In the RNA world, ribozymes ex isted
that could cat a lyze amino acylation us ing a
lim ited rep er toire of amino acid sub strates. 
The spec i fic ity of these en zymes then ex -
panded with the re cruit ment of pro tein moi -
eties, which al lowed the ac ti va tion of an ever
wider range of amino ac ids. Within such
ribonucleoprotein com plexes the pro tein moi -
eties would, by pro vid ing an en hanced range
of func tional groups, grad u ally take over the
cat a lytic func tion of aminoacylation. This
would then give rise to the first pri mar ily pro -
tein-based AARSs, each of which could prob a -
bly spec ify more than one amino acid in a
prim i tive pro tein syn the sis ma chin ery

(Delarue, 1995).  Du pli ca tion and di ver si fi ca -
tion of these prim i tive syn the tas es would then 
form the ba sis for the evo lu tion ary ra di a tion
that gave rise to the con tem po rary AARSs. 
Un til re cently, the fi nal tran si tion in this
scheme, from syn the tas es of broad to nar row
sub strate spec i fic ity, while sug gested by
AARS phylogenies (Nagel & Doolittle, 1995),
was not sup ported by any ex per i men tal find -
ings.  How ever, re cent data support the va lid -
ity of this pro posed tran si tion.  For ex am ple,
stud ies in archaea have shown that, at least
the ca non i cal cysteinyl-tRNA synthetase is
not es sen tial for vi a bil ity (I. An der son, W.
Whit man, C. Stathopoulos and T. Li, un pub -
lished), sug gest ing that par tic u lar AARS en -
zymes may syn the size more than one
aminoacyl-tRNA.  One such en zyme has now
been iden ti fied, the archaeal genre ProCysRS, 
and its fur ther char ac ter iza tion can be ex -
pected to pro vide un prec e dented in sights into 
the evo lu tion of ex tant aminoacyl-tRNA syn -
the tas es.

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