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Abstract. Recent progress in genome sequencing
has revealed a correspondence between the evolution
of multicellularity and the appending of new peptides
onto age-old enzyme bodies. Indicative of the per-
vasive nature of these appended peptides, in some
cases the same sequences have been appended to a
number of different enzymes. By analyzing the posi-
tions of introns within one such roaming peptide, an
approximately 50-amino acid motif appended to five
human aminoacyl-tRNA synthetases, I have delin-
eated its path in eukaryote evolution. The motif was
first acquired as an N-terminal extension by histidyl-
and glycyl-tRNA synthetases at a very early stage of
eukaryote evolution. Later, but not less than 1200
million years ago, the motif spread from histidyl-
tRNA synthetase to the C and N terminals of glut-
amyl- and prolyl-tRNA synthetase, respectively, and
then spread further during the evolution of the
Chordate lineage to the N terminal of tryptophanyl-
tRNA synthetase. In similar fashion, the motif in
glycyl-tRNA synthetase spread to the C terminal of
methionyl-tRNA synthetase not later than 1000 mil-
lion years ago.
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Introduction

The family of aminoacyl-tRNA synthetases, enzymes
catalyzing the attachment of amino acids to their
cognate tRNAs, is believed to be among the oldest of
enzyme families. Indeed, the observation that existing
aminoacyl-tRNA synthetases from Bacteria, Eu-
carya, and Archaea all share sequence similarities
(Brown and Doolittle 1995) suggests that the emer-
gence of this catalyst was a prerequisite for the es-
tablishment of the modern genetic code system.
Human cells use 19 (or 20, when bifunctional
glutamyl-prolyl-tRNA synthetase is counted as 2)
cytoplasmic aminoacyl-tRNA synthetases to catalyze
attachment of the 20 amino acids used to synthesize
proteins. The primary structures of 18 of these en-
zymes share a high degree of sequence similarity with
those of E. coli, indicating the enzymes from H. sa-
piens and E. coli to have evolved from common an-
cestors. The only exception, glycyl-tRNA synthetase,
has a rather complicated evolutionary history—i.e.,
humans and E. coli use distinct forms of the enzyme
that must have evolved from different origins (Shiba
et al. 1994a). Nevertheless, the fact that orthologues
of human glycyl-tRNA synthetase are found in the
genomes of Archaea and some Bacteria (Shiba et al.
1997a) is indicative of its antiquity. Reflecting the
structural conservation among these enzymes is the
functional conservation revealed by cross-species
complementation experiments. For example, we have
shown that the gene encoding human lysyl-tRNA
synthetases can support cell growth of a mutant
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E. coli strain in which the chromosomal genes en-
coding its two lysyl-tRNA synthetases were deleted
(Shiba et al. 1997b). Apparently, human lysyl-tRNA
synthetase has all the necessary functionality of E.
coli lysyl-tRNA synthetase, which is to be expected
given its pivotal role in translation.

Besides aminoacylation, some aminoacyl-tRNA
synthetases, especially those from eukaryotes, have
acquired surprising new functions that are not ob-
served in enzymes from other organisms. In many
cases, these new functions were acquired by ap-
pending extra domains to the age-old core catalytic
domain (Kisselev and Wolfson 1994; Mirande 1991).
For example, human tyrosyl-tRNA synthetase has
acquired an extra domain at its C terminus that is
absent from prokaryotic and lower eukaryotic tyro-
syl-tRNA synthetases (Kleeman et al. 1997). The new
domain is approximately 170 amino acids in length
and exerts cytokine-like effects in leukocytes and
monocytes, including stimulation of chemotaxis and
induction of myeloperoxidase, TNF-o, and tissue
factor (Wakasugi and Schimmel 1999). Because or-
thologous ornamented tyrosyl-tRNA synthetases are
found only in the mouse, bovine, and fruit fly, this
domain would seem to have been acquired by the
enzyme when the common ancestor of chordates and
arthropods emerged.

Another example is human tryptophanyl-tRNA
synthetase, which has acquired an extra domain of
about 60 amino acids at its N terminus. This sequence,
which is unrelated to the domain appended to tyrosyl-
tRNA synthetase, has an inhibitory effect on the
angiostatic activity that resides in the age-old core
catalytic domain of the enzyme (Otani et al. 2002;
Wakasugi et al. 2002). It is well known that two forms
of tryptophanyl-tRNA synthetase are produced by
alternative splicing in human cells; one has a complete
N-terminal extra domain (full length), while the other
lacks the first half of the extra sequence (Mini-TrpRS)
(Tolstrup et al. 1995; Turpaev et al. 1996). Although
both enzymes possess aminoacylation activity (Tolst-
rup et al. 1995), only Mini-TrpRS exhibits angiostatic
activity (Otani et al. 2002; Wakasugi et al. 2002).
Thus, the N-terminal appended domain somehow
masks the potential angiostatic activity of the core
domain of tryptophanyl-tRNA synthetase.

Of the 19 human cytoplasmic aminoacyl-tRNA
synthetases, 5 have appended domains that share a
common 50-amino acid motif, indicating that they all
propagated from a single common ancestor. These
include the N-terminal appendices of tryptophanyl-,
histidyl-, and glycyl-tRNA synthetases; the C-termi-
nal appendix of methionyl-tRNA synthetase; and the
tandemly repeated (three times) sequences in the
linker peptide that connects the glutamyl- and prolyl-
tRNA synthetase domains in bifunctional glutamyl-
prolyl-tRNA synthetase. This motif was first described

as a conserved block in the N terminal of human
histidyl-tRNA synthetase and in the repeated peptide
of human glutamyl-prolyl-tRNA synthetase (Fett
and Knippers 1991) and was later identified in the N-
terminal appendices of human tryptophanyl- and
Bombyx mori glycyl-tRNA synthetases (Nada et al.
1993) and at the C terminus of human methionyl-
tRNA synthetase (Cahuzac et al. 2000). Analyses of
circular dichroism (Raben et al. 1994) and NMR
chemical shifts (Raben et al. 1994) showed the sec-
ondary structure of the motif to be rich in o-helix;
moreover, the tertiary structure of the motif from
hamster glutamyl-prolyl-tRNA synthetase was de-
termined to be an antiparallel coiled-coil in solution
(Cahuzac et al. 2000).

Although 5 of the 19 human aminoacyl-tRNA
synthetases contain this motif, the number of enzymes
in which it occurs varies in other organisms. For in-
stance, there is no evidence that Bacteria or Archaea
use this motif in any enzyme. In Eucarya, the motif is
popular among vertebrates such as mammals, fish,
and amphibians but is only occasionally found in
fungus or plant genomes. Thus, the motif seems to
have surged during the evolution to H. sapiens. In this
paper, I summarize the distributions of the motif in
five eukaryote genomes whose complete sequences
have been reported and delineate the evolutional path
of the motif using data on intron positions within the
motif. T use the term “Motif-N”’ for the sequence,
which was named to describe the appended motif in
human glycyl-tRNA synthetase (Shiba et al. 1994a).

Methods

Database Analyses

Acquisition of Motif-N by various organisms was investigated in
the NCBI “nr,” “EST,” and “Drosophila genome’” databases using
blastp and tbalstn (Altschul et al. 1990). Multiple sequence align-
ments were calculated using ClustalX (Thompson et al. 1997). In-
tron positions were identified from the genome sequences of
Schizosaccharomyces pombe (Wood et al. 2002), Caenorhabditis
elegans (The C. elegans Sequencing Consortium 1998), Drosophilae
melanogaster (Adams et al. 2000), Homo sapiens (Lander et al.
2001; Venter et al. 2001), and Arabidopsis thaliana (The Arabidopsis
Genome Initiative 2000). Genes for human glutamyl-prolyl-, hist-
idyl-, glycyl-, methionyl-, and tryptophanyl-tRNA synthetase are
located on chromosomes 1, 5, 7, 12, and 14, respectively.

Results
Distributions of Motif-N in Genome Space

Acquisition of Motif-N by histidyl-, glycyl-,
bifunctional glutamyl-prolyl (or monofunctional
glutamyl- and prolyl-)-, tryptophanyl-, and methio-
nyl-aminoacyl-tRNA synthetases from various euk-
aryotes has been reported previously (Cahuzac et al.



2000; Cerini et al. 1991; Fett and Knippers 1991;
Kaminska et al. 2001; Nada et al. 1993; Shiba et al.
1994a). In addition, blast searches using updated
versions of the databases have added asparginyl-
tRNA synthetase from A. thaliana, an organism
whose genome contains four genes (SYNCO, SYNCI,
SYNC2, and SYNC3) for asparginyl-tRNA synthe-
tase (Peeters et al. 2000). Phylogenetic analysis
showed that these four genes arose through repeated
duplication of a gene transferred from an ancestral
plastid genome (Peeters et al. 2000). SYNCO, which is
closest to the ancestral gene, has a 60-amino acid
extension at its N terminal and is believed to be tar-
geted to both mitochondria and chloroplasts. The
newly evolved SYNCI-SYNC3 lack this N-terminal
extension; instead, they have acquired an approxi-
mately 90-amino acid insertion within their catalytic
domains (Peeters et al. 2000). The sequence of the
insert resembles that of other Motif-N’s, leading to
the conclusion that three of four A. thaliana aspar-
ginyl-tRNA synthetases contain Motif-N as an in-
sertion domain (data not shown).

The analysis of the acquisition of Motif-N by the
five eukaryotic lineages studied, along with the esti-
mated divergence times, is summarized in Fig. 1.
Motif-N’s are found in methionyl- and tryptophanyl-
tRNA synthetases from H. sapiens but not in those
from either D. melanogaster or C. elegans. Blast
searches using EST sequences from various organ-
isms revealed that Xenopus laevis (frog) and Danio
rerio (zebrafish) acquired the motif both at the C
terminal of methionyl-tRNA synthetase and at the N
terminal of tryptophanyl-tRNA synthetase (data not
shown). This means that the acquisition of Motif-N
by methionyl- and tryptophanyl-tRNA synthetase
must have occurred after the divergence of Chordata
and Arthropoda, about 1000 million years ago.

In human and fruit fly, the glutamyl- and prolyl-
tRNA synthetases exist as a fused bifunctional glut-
amyl-prolyl-tRNA synthetase, and motif-N is present
in the form of tandem repeats within the linker region
that connects the two synthetase domains (three re-
peats in human and six repeats in fruit fly) (Cerini
et al. 1991; Fett and Knippers 1991). Interestingly,
Motif-N is appended at the C terminal (six repeats) of
the monofunctional glutamyl-tRNA synthetase and
at the N terminal (one repeat) of the prolyl-tRNA
synthetase from C. elegans (Cahuzac et al. 2000). One
simple interpretation of that observation is that ho-
mologous recombination between the C-terminal
Motif-N of prolyl-tRNA synthetase and the N-ter-
minal Motif-N of glutamyl-tRNA synthetase evolved
a bifunctional glutamyl-prolyl-tRNA synthetase after
divergence into Nematoda and the ancestor of
Chordata and Arthropoda, about 1200 million years
ago. However, additional sequence data from a va-
riety of other organisms will need to be analyzed
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Fig. 1. Distributions of Motif-N in six aminoacyl-tRNA syn-

thetases from five eukaryotes. The tree shows the relationships of
eubacteria, fungi, plants, and animals. The scale on the right pane
indicates the divergence time of these lineages expressed as thou-
sands of millions of years ago (Ma) (Wang et al. 1999): MetRS,
methionyl-; TrpRS, tryptophanyl-; GluProRS, bifunctional glut-
amyl-prolyl-; GlyRS, glycyl-; HisRS, histidyl-; and AsnRS, aspar-
ginyl-tRNA synthetase. “N” and “C” indicate that the motif is
located at the N-terminal and C-terminal end of an enzyme, re-
spectively. “CN” in C. elegans GluProRS indicates that the motif is
appended at the C terminal of prolyl- and the N terminal of glut-
amyl-tRNA synthetase, respectively. “I”” indicates that the motif
has been acquired as an insertion peptide into the catalytic core.
Bacteria and Archaea (not shown in the figure) do not use the motif
in their proteome.

before one can draw a conclusion about the origin of
the bifunctional glutamyl-prolyl-tRNA synthetase.
As described above, the histidyl-, glycyl-, gluta-
myl-, and prolyl-tRNA synthetases of an ancestral
multicellular eukaryote seems to have acquired Mo-
tif-N before divergence into Nematoda, Arthropoda,
and Chordata; it spread to the tryptophanyl- and
methionyl-tRNA synthetases of chordates only after
their separation from the arthropods. The pattern of
spread of Motif-N within the genome of A. thaliana is
particularly intriguing given that multicellularity may
have evolved separately in plants and animals (Kaiser
2001). My analysis showed Motif-N to be appended
to two aminoacyl-tRNA synthetases in Arabidopsis:
one at the N terminal of glycyl-tRNA synthetase, as
seen in animals, and the other within the catalytic
domain of the three asparaginyl-tRNA synthetases
described above. The latter must have been acquired
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Hs-TrpRS LFNSIATQGELVRSLRAGNASKDEIDSAVKMLVSLKMSYKAAAGE
Fig. 2. Intron positions within Motif-N sequences. The amino acid

sequences of 11 Motif-N’s are shown. a-Helices within the motif,
which were identified by NMR analysis of a peptide from hamster
GluProRS, are shown at the rop (Cahuzacet al. 2000). Arrowsindicate
intron insertion positions. When amino acid identities are conserved
in seven sequences at a given position, they are shaded. Boxes show

after separation of plant and animal, because
A. thaliana asparaginyl-tRNA synthetases have an
origin in the plastid genome, which is believed to have
arisen through endosymbiosis of cyanobacteria after
the separation of animal (Meyerowitz 2002). The
genome of A. thaliana thus contains two Motif-Ns,
one of which is plant lineage specific and another that
may have its origin in the last common ancestor of
plants and animals.

The above data suggest that glycyl-tRNA synthe-
tase is the first enzyme to acquire Motif-N before the
divergence of plant and animal. However, this con-
clusion would be inconsistent with the fact that
whereas the single-celled ecukaryote S. pombe ex-
presses Motif-N at the N terminus of histidyl-tRNA
synthetase (Cahuzac et al. 2000), glycyl-tRNA syn-
thetase does not contain the motif (Wood et al. 2002).
Moreover, Motif-N is absent from the genome of
another single-celled eukaryote, Saccharomyces cere-
visiae (Goffeau et al. 1996). Consequently, more data
will be required before questions surrounding the
antiquity of the Motif-N in glycyl- and histidyl-tRNA
synthetases can be resolved.

Intron Positions of Motif-N'’s

The distributions of Motif-N within the five eukary-
ote genomes studied indicate that the motif was first

tyrosine residues involved in Q-loop formation (Cahuzac et al. 2000).
Hs, Homo sapiens; Ma, Mesocricetus auratus (golden hamster); Tr,
Takifugu rubripes (Japanese pufferfish); Dm, Drosophila melanogas-
ter; Ce, Caenorhabditis elegans. See the legend to Fig. 1 for abbrevi-
ations of enzyme names.

acquired by glycyl- and/or histidyl-tRNA synthetases
at an early stage in the evolution of eukaryotes and
then spread to glutamyl-, prolyl-, tryptophanyl-, and
methionyl-RNA synthetases as multicellularity con-
tinued to evolve. The spread to tryptophanyl- and
methionyl-tRNA synthetases occurred only in the
Chordate lineage and, compared to the spread to
glutamyl- and prolyl-tRNA synthetases, is a rela-
tively recent event. The evolution of Motif-N within
newer synthetases must have been completed via ge-
netic events, including recombination and duplication
of preexisting chromosomal fragments that code for
Motif-N in other aminoacyl-tRNA synthetases. To
determine the immediate parent for each Motif-N in
glutamyl-prolyl-, tryptophanyl-, and methionyl-RNA
synthetases, I compared the positions of the introns
within Motif-N’s from various organisms; intron
position is known to be a reliable marker of evolu-
tionary paths (Iwabe et al. 1990; Kersanach et al.
1994).

A total of 11 examples in which one or more in-
trons were located within Motif-N’s was found in six
enzymes from five organisms (Fig. 2). These include
histidyl-tRNA synthetases from Takifugu rubripes
(Japanese pufferfish) (Brenner and Corrochano 1996)
and Mesocricetus auratus (golden hamster) (Tsui
and Siminovitch 1987), in addition to enzymes from
H. sapiens, D. melanogaster, and C. elegans. The



results showed the intron positions to be well con-
served within subclasses of Motif-N. For instance,
the Motif-N in histidyl-tRNA synthetase from H.
sapiens has two introns, one in the middle of the motif
and one in the C-proximal region (Fig. 2). The middle
position is precisely conserved in the same enzyme
from M. auratus, T. rubripes, D. melanogaster, and C.
elegans. Likewise, the intron position in prolyl (or
glutamyl-prolyl-)-tRNA synthetase is conserved be-
tween H. sapiens and C. elegans. Thus, the intron
positions appear to be fairly stable within the relevant
time frame (i.e., 1200 million years), despite the fact
that the positions are believed to “slide” over long
periods of evolutionary history (Stoltzfus et al. 1997).
Assuming that the introns did not slide, the conser-
vation of intron positions within Motif-N’s from
different enzymes is indicative of the close evolu-
tionary relationship between the appended motifs. As
shown in Fig. 2, the intron locations within Motif-N
from human glycyl-tRNA synthetase and methionyl-
tRNA synthetase are strictly conserved, as are the
locations within human tryptophanyl-tRNA synthe-
tase and human glutamyl-prolyl-tRNA synthetase.
This means that the immediate parent of the Motif-N
in methionyl-tRNA synthetase is also the parent of
the Motif-N in glycyl-tRNA synthetase, and the
parent of the Motif-N of tryptophanyl-tRNA syn-
thetase is also the parent of the Motif-N in glutamyl-
prolyl-tRNA synthetase.

Discussion

Inference of the Evolutionary History of Motif-N
in H. sapiens Based on Intron Location

The evolutionary history of Motif-N inferred from
the present analysis is diagramed in Fig. 3. At an
early stage of eukaryote evolution (before the diver-
gence of animal and plant), histidyl-tRNA synthetase
and glycyl-tRNA synthetase first acquired the motif
at their N termini. Why and how this first motif arose
is unclear. Blast searches using current versions of the
databases identified Motif-N’s in aminoacyl-tRNA
synthetases but not in any other enzymes. It is pos-
sible that the sequence emerged in histidyl- and gly-
cyl-tRNA synthetase as a targeting signal for the
transport of a protein translated in cytosol into mi-
tochondria. In fact, the evolution of such a targeting
signal would have been required for the transfer of
mitochondrial genes to the nuclear chromosome,
which is known to have occurred (Gray 1992).
Moreover, Motif-N (Cahuzac et al. 2000) is now
known to share an amphipathic a-helical structure
with a mitochondrial targeting signal (Roise and
Schatz 1988). This means that a single gene for histi-
dyl-tRNA synthetase in the genome of S. pombe
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(Wood et al. 2002) must somehow be localized in
both the cytosol and the mitochondria. S. cerevisiae
accomplishes the dual targeting of histidyl-tRNA
synthetase from a single HT.S/ gene by using two in-
frame translation start sites (Natsoulis et al. 1986),
and a similar mechanism might be employed for dual
targeting of histidyl-tRNA synthetase in S. pombe—
i.e., the longer enzyme, which includes Motif-N,
would be transported into mitochondria, while the
shorter version is localized in the cytosol. Likewise,
one of the two glycyl-tRNA synthetases from
A. thaliana that contain Motif-N’s is localized in both
the mitochondria and the cytosol (Duchéne et al.
2001).

The ancestral Motif-N in histidyl-tRNA synthe-
tase appears to have next spread to the N terminal of
prolyl-tRNA synthetase before the emergence of
nematodes about 1200 million years ago). The pro-
posed sibling relationship between the Motif-N in
histidyl-tRNA synthetase and that in prolyl-tRNA
synthetase is legitimated by the proximity of the in-
tron positions of these motifs (Fig. 2). That their
positions are shifted by two amino acids (six nucleo-
tides) could be explained by “intron sliding” (Stol-
tzfus et al. 1997). The evolutional proximity of the
motif in histidyl- and glutamyl-prolyl-tRNA synthe-
tases has been discussed elsewhere (Brenner and
Corrochano 1996). Glutamyl-tRNA synthetase must
have acquired the motif at its C terminal during this
period, but because the motif in C. elegans glutamyl-
tRNA synthetase has no intron, its immediate parent
is unclear from the present data. Still, one simple
story for the origin of the bifunctional glutamyl-
prolyl-tRNA synthetase found in chordates and
arthropods would be that it arose through the fusion
of the two enzymes at their homologous regions, the
C-terminal and N-terminal Motif-N’s.

The complete retention of intron positions in the
Motif-N’s in tryptophanyl- and glutamyl-prolyl-
tRINA synthetases indicates the former to have orig-
inated from the latter (or prolyl-tRNA synthetase),
and not from histidyl- or glycyl-tRNA synthetase
(Fig. 2). In addition, the conservation of two tyrosine
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residues involved in Q-loop formation in the Motif-N
in glutamyl-prolyl-tRNA synthetase (Cahuzac et al.
2000) and tryptophanyl-tRNA synthetase is consis-
tent with their being closely related (Fig. 2). In a
similar fashion, the Motif-N in the C terminal of
methionyl-tRNA synthetase was propagated from
glycyl-tRNA synthetase. The surge of Motif-N’s in
aminoacyl-tRNA synthetases has thus occurred in
parallel with multicellularity within the animal
lineage. In the plant lineage, in contrast, only glycyl-
and asparaginyl-tRNA synthetases acquired Motif-
N’s.

It is intriguing that more than one biological
function has been attributed to Motif-N. As men-
tioned above, Motif-N in human tryptophanyl-tRNA
synthetase acts to hinder the angiostatic activity em-
bedded in the core domain (Otani et al. 2002; Wa-
kasugi et al. 2002), though it is unnecessary for the
enzyme’s aminoacylation activity (Tolstrup et al.
1995). Similarly, deletion of Motif-N does not abolish
the in vitro aminoacylation activity of glutamyl-
prolyl-tRNA synthetase (Cerini et al. 1991; Stehlin et
al. 1998). On the other hand, the aminoacylation
activity of human histidyl-tRNA synthetase is de-
pendent on the presence of Motif-N (Raben et al.
1994), and the motif is also required for B. mori
glycyl-tRNA synthetase to bind tRNAs (Wu et al.
1995). The involvement of Motif-N in aminoacyla-
tion activity is most likely related to its ability to bind
RNA—e.g., isolated Motif-N from human (Rho et al.
1998) or hamster (Cahuzac et al. 2000) glutamyl-
prolyl-tRNA synthetase binds RNA in vitro, and
Motif-N in human methionyl-tRNA synthetase is
involved in a tRNA-sequestering activity (Kaminska
et al. 2001).

The other potential function of Motif-N is medi-
ating protein—protein interactions. A yeast two-
hybrid screening experiment in which the C-terminal
repeated appendix domain of isoleucyl-tRNA syn-
thetase—a sequence unrelated to Motif-N (Shiba
et al. 1994b)—was used as bait showed that Motif-N
mediates the protein—protein interaction in human
glutamyl-prolyl-tRNA synthetase (Rho et al. 1996).
In metazoans, moreover, eight different aminoacyl-
tRNA synthetases and three non-aminoacyl-tRNA
synthetase components form high molecular weight
complexes, and it has been suggested that it is the
appendix domains, including Motif-N, that mediate
the formation of such complexes (Dang 1986; Kiss-
elev and Wolfson 1994; Mirande 1991). Similarly,
isoleucyl-, glutamyl-prolyl-, and methionyl-tRNA
synthetases interact to form a multi-aminoacyl-tRNA
synthetase complex, perhaps via Motif-N (Quevillon
et al. 1999; Rho et al. 1996, 1999).

It thus appears that a constellation of functions,
including hindrance of angiostatic activity, binding to
tRNA, protein—protein interactions, and signaling of

mitochondrial targeting, may have evolved in Motif-
N. And it is likely that it was its capacity to evolve
that led to the surge of Motif-N during animal evo-
lution. However, allocation of these functions to the
respective Motif-N’s may not explain the differenti-
ation of evolutionary paths into the two main
branches shown in Fig. 3. For instance, while the
Motif-N’s in histidyl-, glutamyl-prolyl-, and trypto-
phanyl-tRNA synthetases are closely related, their
functions are diverse, varying from hindrance of an-
giostatic activity to mediation of tRNA binding and
protein—protein interaction.
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