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ABSTRACT An important step ensuring the fidelity in
protein biosynthesis is the aminoacylation of tRNAs by ami-
noacyl-tRNA synthetases. The accuracy of this process rests on
a family of 20 enzymes, one for each amino acid. One exception
is the formation of GIn-tRNASG™ that can be accomplished by
two different pathways: aminoacylation of tRNAS™® with Gin
by glutaminyl-tRNA synthetase (GInRS; EC 6.1.1.18) or trans-
amidation of Glu from Glu-tRNAS™ mischarged by glutamyl-
tRNA synthetase (GluRS; EC 6.1.1.17). The latter pathway is
widespread among bacteria and organelles that, accordingly,
lack GInRS. However, some bacterial species, such as Esche-
richia coli, do possess a GInRS activity, which is responsible for
GIn-tRNAS*® formation. In the cytoplasm of eukaryotic cells,
both GluRS and GInRS activities can be detected. To gain more
insight into the evolutionary relationship between GluRS and
GInRS enzyme species, we have now isolated and characterized
a human cDNA encoding GInRS. The deduced amino acid
sequence shows a strong similarity with other known GInRSs
and with eukaryotic GluRSs. A molecular phylogenetic anal-
ysis was conducted on the 14 GIxRS (GluRS or GInRS)
sequences available to date. Our data suggest that bacterial
GInRS has a eukaryotic origin and was acquired by a mech-
anism of horizontal gene transfer.

Aminoacyl-tRNA synthetases define a family of 20 enzymes,
each specifically responsible for the esterification of a given
tRNA by its cognate amino acid (1, 2). All 20 synthetases
have now been cloned from Escherichia coli and several from
eukaryotic cells. Based on the analysis of their amino acid
sequences, and on the crystal structures of 5 enzymes,
aminoacyl-tRNA synthetases were partitioned into two dis-
tinct structural classes (3-6). It appears to be a constant rule
that an aminoacyl-tRNA synthetase with a given specificity
always belongs to the same class, I or II, irrespective of its
prokaryotic or eukaryotic origin. No example of class switch-
ing has been reported to date.

Among the 20 synthetases, a special issue concerns the
evolutionary relationship between glutamyl-tRNA synthe-
tase (GIuRS; EC 6.1.1.17) and glutaminyl-tRNA synthetase
(GInRS; EC 6.1.1.18). These two class I synthetases have
very similar primary structures, indicating that GluRS and
GInRS have evolved from a common ancestor (6, 7). In that
connection, it is noteworthy that GInRS is the only synthe-
tase known to be dispensable for protein synthesis. In
Gram-positive eubacteria, cyanobacteria and halobacteria,
as well as in mitochondria and chloroplasts from eukaryotic
cells, GluRS aminoacylates both tRNAS! and tRNASI" with
glutamate; GIn-tRNAC!" js formed by transamidation of the
misacylated Glu-tRNAC!? (refs. 8 and 9 and references there-
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in). The prevailing hypothesis assumes that the ancestral
organism from which modern bacteria and eukaryotic cells
arose contained only GluRS, GInRS appearing later on, after
duplication of the GluRS gene (7, 9).

A cDNA cloned in Drosophila has been shown previously
to encode a multifunctional protein with GluRS and ProRS
carried by the N and C termini, respectively (10). The
N-terminal domain showed a higher homology with E. coli
GInRS (37% of identical amino acids) than with E. coli GluRS
(22% identity). However, only GIuRS activity was detected
when the corresponding cDNA fragment was expressed in E.
coli (10). These observations strengthened the view accord-
ing to which GIx-tRNA synthetase genes are closely related
and diverged recently in evolution.

Earlier on, a human cDNA displaying an overall structure
similar to that of the fly cDNA encoding the multifunctional
protein with glutamyl- and prolyl-tRNA synthetase activities
(GluProRS) had been reported (11). This cDNA was attrib-
uted to a GInRS cDNA solely on the basis of sequence
comparison (11). Since the Drosophila and human proteins
were strikingly similar (66% of identical residues), we have
proposed that this human ¢cDNA would rather encode a
GluProRS enzyme (10). This implied that human GInRS
remained to be cloned. In this paper, we describe the
isolation of a human GInRS cDNA that has been entirely
sequenced. The identification of the actual GInRS cDNA
sheds some light into the evolutionary history of the GIXRS
genes. In particular, a molecular phylogeny analysis per-
formed with all GIXRS sequences available to date suggests
an evolutionary scenario involving gene duplication of a
eukaryotic GluRS, followed by a lateral gene transfer event.
This scheme is consistent with the presence of GInRS in
some, but not all, prokaryotic cells.

MATERIALS AND METHODS

Isolation and Characterization of Human GInRS cDNA. An
inter-Alu clone, DD4, was obtained from a radiation hybrid
selected for its content in human chromosome 22 fragments (12)
and used to screen a human fetal brain cDNA library con-
structed in A-ZAPII vector (Stratagene). The cDD4 pBluescript
phagemid obtained was shown to contain a 5-kb-long insert that
proved to be a chimera. The 5’ extremity of cDD4, encoding
human GInRS, was used as a probe to isolate clone F27 from a
human liver cDNA library made available to us by Pierre
Meulien (Institut Pasteur-Mérieux, Marcy-1’Etoile, France). To
reconstitute a full-length cDNA, the 5’ EcoRlI fragment of F27,
containing the translation initiation codon, was subcloned into

Abbreviations: GInRS, glutaminyl-tRNA synthetase; GIuRS, glu-
tamyl-tRNA synthetase; GluProRS, multifunctional protein with
glutamyl- and prolyl-tRNA synthetase activities; IPTG, isopropyl
B-D-thiogalactoside.
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pBluescript II SK(+) to give F27.6. The Eag I-Eco47III 5'
fragment of cDD4 was then replaced with the corresponding
fragment isolated from F27.6. The entire sequence of GInRS
cDNA was established on both strands by automated sequenc-
ing (Applied Biosystems, model 373A) using fluorescent prim-
ers or fluorescent dideoxynucleotides in combination with
custom-designed primers (Bioprobe, Montreuil-sous-Bois,
France).

Chromosomal Assignment. Somatic cell hybrids used to chro-
mosomally assign the human GInRS gene have been described
(13). Southern blots of HindIlI-digested genomic DNA from
these hybrids were hybridized with a nick-translated GInRS
c¢DNA probe, encompassing amino acids 54-553 in Fig. 1. The
aminoacylase 1 gene (ACY1) that maps to chromosome 3p21
was used as a reference chromosome 3 marker (14).

Western Blot Analysis and Activity Measurements. A frag-
ment of cDD4, coding for amino acids 165-775 in Fig. 1, was
cloned in the pGEX-3X vector (Pharmacia). The expression
of the fusion protein was induced by isopropyl B-D-
thiogalactoside (IPTG). Extracts were prepared either by
sonication of a bacterial suspension (sonicated extracts) or by
SDS treatment of the bacterial pellet (total extract), followed
by centrifugation to remove insoluble material. Aminoacyl-
tRNA synthetase activities present in the sonicated extracts
of recombinant bacteria were assayed by the aminoacylation
reaction (15), using beef liver tRNA and “C-labeled amino
acids (Amersham). Sonicated and total extracts were sub-
jected to Western blot analysis (16), using antibodies directed
to the aminoacyl-tRNA synthetase components of the sheep
liver complex (17) and the ECL detection reagents from
Amersham.

In Vitro Translation. The reconstituted full-length GInRS
cDNA was transcribed in vitro using the riboprobe Gemini II
system (Promega). In vitro translation was performed as rec-
ommended by the manufacturer using the rabbit reticulocyte
lysate system (Promega) and [>S]methionine (Amersham).

RESULTS

Isolation of a Human cDNA Encoding GInRS. cDD4, a
5-kb-long ¢cDNA, was isolated from a fetal brain library
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during a search for new genes mapping to a disease-
associated region of human chromosome 22. Whereas the 3’
end of that cDNA was found to map to the expected region
of chromosome 22, the 5’ end did not. Partial sequencing of
cDD4 suggested that this cDNA must be a chimera. The
amino acid sequences deduced from its 5' moiety were
closely homologous to the GInRS sequences stored in protein
data bases.

The cDNA from ¢cDD4 did not code for the 53 N-terminal
residues of GInRS (Fig. 1). The 5’ upstream sequences were
obtained by screening a human liver library with a probe
corresponding to the 5’ end of cDD4. The 2437-bp-long
cDNA sequence (EMBL data library, accession no. X76013)
displays an open reading frame of 2325 nucleotides. The ATG
initiation codon is preceded by 5 nucleotides defining a
suitable translation initiation site (23). The 107-bp-long 3’
untranslated region contains a short poly(A) tail preceded by
acanonical AATAAA polyadenylylation signal. By Northern
blot analysis on total RNA isolated from various tumor cell
lines, a single mRNA of =2500 nucleotides was observed (not
shown).

Chromosomal Assignment. The gene encoding the human
GInRS was mapped to chromosome 3 by hybridization of a
GInRS probe to a panel of 25 somatic cell hybrids (13). A
correlation was observed between the detection of a human-
specific GInRS signal and the presence of human chromo-
some 3 in the hybrid. Whereas 14 of the 15 GInRS-positive
hybrids were found to contain human chromosome 3, no
chromosome 3 was detected in any of the 10 GInRS-negative
hybrids (not shown). The single hybrid that was GInRS-
positive but did not contain an intact chromosome 3, as
assessed by cytogenetic analysis, nevertheless scored posi-
tive for the reference chromosome 3 marker ACY1 (14),
suggesting the presence in the hybrid of at least a fragment of
human chromosome 3. The genes for 11 human aminoacyl-
tRNA synthetases have been mapped so far (quoted in ref.
24). To our knowledge, the GInRS gene is the first to be
mapped to chromosome 3. In particular, the human gene
encoding the multifunctional GluProRS has been mapped to
chromosome 1 (25).

FiG. 1. Alignment of the amino acid sequences of GInRSs. The complete amino acid sequences of GInRS from Homo sapiens (Hs),
Saccharomyces cerevisiae (Sc) (18), and E. coli (Ec) (19) were aligned using the algorithm developed by Kanehisa et al. (20), by weighing with
the mutation data matrix of Dayhoff er al. (21). Amino acid residues are numbered on the left. Identities are indicated by (@), conservative
substitutions by (+). The two sequence motifs (HIGH and KMSKS, or derivatives thereof) characteristic of class I aminoacyl-tRNA synthetases
are boxed. The two sequence blocks (shaded) that were used for phylogenetic analysis encompass the dinucleotide binding domain of the E.

coli GInRS (22).
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Identification of the Deduced Protein as GInRS. The cDNA
has a coding potential for a protein of 775 amino acids, with
a calculated molecular mass of 87.8 kDa. The two consensus
sequences characteristic of class I synthetases are found at
positions 277-280 and 493-497 of the deduced protein (Fig.
1). A computer-assisted search (26) revealed homology to the
other GInRS enzymes stored in protein data libraries. Align-
ment of human, yeast, and bacterial GInRS is shown in Fig.
1. The homology between the human and yeast enzymes
extends over their entire lengths (41% of identical amino acid
residues); both have a large N-terminal polypeptide exten-
sion as compared to the prokaryotic GInRS. In yeast, the
function of this extension is not known but it is dispensable
for aminoacylation activity (27). As in the case of mammalian
aspartyl- and arginyl-tRNA synthetases (28, 29), two other
components of the multisynthetase complex, the extension of
human GInRS is rich in hydrophobic amino acids and thus
could be involved in complex assembly.

To ascertain the assignment of the deduced protein to a
GInRS, a fragment of cDD4 coding for the polypeptide
fraction that is homologous to E. coli GInRS was expressed
in E. coli as a glutathione-S-transferase fusion protein. The
resulting protein was essentially insoluble. As a conse-
quence, no GInRS activity could be detected in the super-
natant of E. coli crude extracts. Antigenic features of the
protein were examined by Western blot analysis of total or
sonicated extracts of recombinant bacteria (Fig. 2A). GInRS-
specific antibodies (17) detected large amounts of the fusion
protein in a total extract from an IPTG-induced culture (Fig.
2A, lane 7). By contrast, low amounts of this protein were
observed in the soluble fraction of a sonicated extract (Fig.
2A, lanes 8), similar to the basal level observed in a nonin-
duced culture (Fig. 2A, lanes 5 and 6). To assess that a
full-length cDNA has been cloned, the complete cDNA was
translated in vitro. The major translation product (Fig. 2B,

A
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FiG. 2. Immunochemical detection of the cDNA-encoded poly-
peptide and assignment to a full-length GInRS cDNA. (A) Western
analysis of total (lanes 1, 3, 5, and 7) or sonicated (lanes 2, 4, 6, and
8) extracts from XL1-Blue cells transformed by the pPGEX-3X control
plasmid (lanes 1-4) or by the pGEX-3X recombinant vector (lanes
5-8). Lanes 3, 4, 7, and 8, extracts from IPTG-induced cultures. The
arrow indicates the position of migration of the fusion protein, as
revealed by Coomassie blue staining. Purified multisynthetase com-
plex (0.1 ug) from rat liver was loaded in lane 9. (B) The products of
in vitro translation in the absence (lanes b) or in the presence (lanes
c) of an in vitro transcript of the human GInRS cDNA were subjected
to SDS/PAGE, stained with Coomassie blue (left) and exposed to
x-ray films (right). Lanes a and d, rat multisynthetase complex (1 ug);
the arrow points to the GInRS component.
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lane c; calculated molecular mass of 87.8 kDa) exhibited an
electrophoretic mobility identical to that of the GInRS com-
ponent of the multisynthetase complex from rat liver (Fig.
2B, lanes a and d; apparent mass of 94 kDa).

Phylogenetic Analysis of the GIx-tRNA Synthetase Family.
The amino acid sequences for 14 GIXRS of prokaryotic and
eukaryotic origins are available. These sequences were
aligned using the MACcAW program (Fig. 3). Several noncon-
tiguous blocks of homology (black boxes in Fig. 3) are shared
between all enzymes, irrespective of their GIuRS or GInRS
identity. The corresponding sequences map to the dinucle-
otide binding domain of class I synthetases, as deduced from
the crystal structure of E. coli GInRS (22). Paradoxically,
GluRSs from higher eukaryotes (fly and human) share addi-
tional homology blocks with the GInRS enzymes rather than
with their functional counterparts in prokaryotes (Fig. 3).
Taking into account the 11 enzymes for which the complete
sequences are known, the two eukaryotic GluRSs were found
to share about 20-23% residues with the prokaryotic GluRS
enzymes, as compared to 34-37% with the GInRS species.
These values were normalized to the shortest synthetase—
namely, GluRS from T. thermophilus.

The amino acid sequences corresponding to the most
conserved region of the GIXRS enzymes were used to build
an evolutionary tree by the maximum parsimony approach
(Fig. 4). An essentially similar tree was also inferred by using
the fundamentally different, unweighted pair-group method
(37). The resulting phylogenetic tree showed two clusters of
sequences (Fig. 4). The eubacterial GluRSs, including the
yeast mitochondrial enzyme, built one major branch of the
tree. In addition to synthetases with Gln specificity, the other
branch contained the fly and human GluRS. The two
branches have approximately the same size, exemplifying the
tight grouping of eukaryotic GluRS and of GInRS of various
origins.

The statistical significance of this anomalous location of
the fly and human GIluRS sequences was assessed by using
the bootstrap test, a random resampling method (38). The
grouping of GInRS and eukaryotic GluRS sequences was
supported by 100% of 1000 bootstrap replications of a branch-
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FiG. 3. Schematic alignment of proteins from the GIx-tRNA
synthetase family. Protein sequences were compared by using the
MACAW program (30). Blocks of similarity are indicated by distinct
shaded areas. Sequences were as follows: GIuRS (ERS) from Ba-
cillus stearothermophilus (Bst) and Bacillus subtilis (Bsu) (31);
Thermus thermophilus (Tt) (32); E. coli (Ec) (7); Rhizobium meliloti
(Rm) (33); Synechococcus sp. (Ssp) (GenBank SYOPSAEGLT);
Chlamydia psittaci (Cp) (34); S. cerevisiae mitochondria (Scm) (A.
Tzagoloff, personal communication); Drosophila melanogaster
(Dm; gluprolyl enzyme EPRS) (10); H. sapiens (Hs; gluprolyl
enzyme EPRS) (11). GInRS (QRS) from E. coli (Ec) (19); S. cere-
visiae cytoplasm (Sc) (18); Dictyostelium discoideum (Dd) (35); H.
sapiens (Hs) (this study). Sequences for ERSSsp, ERSCp, and
QRSDd are partial sequences. For EPRSDm and EPRSHs, only the
GIuRS region is shown.
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Fic. 4. Phylogenetic tree of GIx-tRNA synthetases. The homologous regions from the dinucleotide binding domain of available GIXRS
sequences are aligned. Synthetases are named as in Fig. 3. The most parsimonious tree was searched using the exhaustive method of the paup
program (36). Branch lengths represent the number of amino acid changes required.

and-bound search (36). By contrast, a lower confidence
estimate was obtained for the relative branching order shown
in Fig. 4 for the various prokaryotic GluRSs, which should be
considered as tentative. When independent analyses were
conducted on the first and second halves of the dinucleotide
binding domain, a difference was observed in the relative
branching order of yeast mitochondrial and Gram-positive
GIuRS. The analysis conducted with the first half of this
region localized the Synechococcus sp. GIuRS, from the
phylum of cyanobacteria, as an individual branch between
the E. coli and Bacillus branches.

DISCUSSION

In human, as well as in all metazoan species studied so far,
the nine aminoacyl-tRNA synthetases specific for amino
acids Glu, Pro, Ile, Leu, Met, GIn, Lys, Arg, and Asp are
associated within a multienzyme complex (2). In this paper,
we have reported the cloning and sequencing of a cDNA
encoding human GInRS. The assignment to GInRS is sup-
ported by several lines of evidence. (i) The deduced trans-
lation product is homologous to the other known GInRS
species (Figs. 1, 3, and 4). (ii) The encoded protein is
recognized by GInRS-specific antibodies and (iii) has an
apparent molecular mass identical to that of the GInRS
component of the multisynthetase complex (Fig. 2). Since the
protein expressed in E. coli was insoluble, the catalytic
activity could not be directly assayed.

The isolation of a bona fide GInRS cDNA confirms that the
cDNA previously reported and ascribed to human GInRS (11)
actually encodes GIuRS, as suggested by its similarity with
the fly GluRS (10). However, this initial misleading identifi-
cation is relevant to the evolutionary scheme that prevails
within the GIXRS family. In the light of the present study, the
paradoxical observation (10) that eukaryotic GluRS share
more extensive sequence similarities with prokaryotic and
eukaryotic GInRS than with the functionally homologous
prokaryotic GluRS proves to have evolutionary significance.
The phylogenetic tree built using all GIXRS sequences avail-
able (Fig. 4) confirms the anomalous branching of eukaryotic
GluRS with all the GInRS species and strengthens the view
according to which they arose from a common ancestral
enzyme.

The absence of a Gln-specific enzyme in many prokaryotic
cells could be a landmark of the ancestral state. Two possible
evolutionary schemes can be invoked a priori to account for
the particular branching of the GInRS species. Both rely on
the assumption that in the universal ancestor of the present
day primary kingdoms (39), an early GluRS protein ami-
noacylated tRNACG and tRNAG!® (8, 9). Alternatively, the
possibility that the amino acid Gln appeared later on in
evolution (40) cannot be dismissed. The evolution of the
biosynthetic pathways and the emergence of a new amino
acid would have required a new enzyme for the selective
attachment of Gln to its cognate tRNA. Such an enzyme
would have appeared in some, but not all, eubacteria, those
lacking GInRS adopting, or retaining, the transamidation
pathway.

In the first of the two models shown in Fig. 5A, a single
ancestral GluRS gene (E) would have evolved along three
pathways leading to (i) a nondiscriminative enzyme (E*) that
accommodates both tRNAS® and tRNAS!® (top), (ii) a spe-
cialized one (E) that recognizes only tRNACG! (middle), and
(i), following a gene duplication event, two sister genes (E
and Q) that diverged to acquire distinct Glu and Gln speci-
ficities, the latter being laterally transferred from eukaryote
to eubacteria (bottom). From the length of the branches in the
phylogenetic tree shown in Fig. 4, it appears that the diver-
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Fi1G. 5. Schematic putative evolutionary routes for GIXRS spe-
cies. The two evolutionary schemes (A and B) proposed are detailed
in the main text. In each scheme, the pathways account for the
situations observed in eukaryotes (bottom), and prokaryotes with
(middle) or without (top) a GInRS.
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gence between GInRS and eukaryotic GIuRS should have
occurred more recently than the radiation between prokary-
otic and eukaryotic GluRS. The respective usage of the
transamidation and GInRS pathways within the eubacterial
kingdom is not precisely known. In the eubacterial tree (39),
cyanobacteria and Gram-positive bacteria, which branch
close to the phylum of purple bacteria, lack GInRS (8, 9). This
contrasts with E. coli, a representative of the y subdivision of
purple bacteria, which harbors a GInRS (19). Therefore, the
GInRS pathway might be restricted, within the eubacterial
kingdom, to the phylum of purple bacteria. Moreover, since
eukaryotic mitochondria, which arose from an endosymbiont
of the a subdivision of purple bacteria, also lack GInRS, the
horizontal genetic transfer might specifically apply to the 8
and v, or possibly only ¥, subdivisions of purple bacteria. The
lack of GInRS in halobacteria (41) further suggests that the
transamidation pathway might also be widespread within the
archaebacterial kingdom.

In the second model that could account for the inferred
phylogeny of the GIXRS family, it is assumed that two GluRS
genes, E1 and E2, preexisted (Fig. 5B). Then, each one of
them would have undergone several independent molecular
events of gene extinction, specialization, and duplication in
different phyla. According to the model, E2 would have given
rise to all GInRS species and to the eukaryotic GIuRS, the
other GIuRS deriving from E1. This model implies a multi-
plicity of events that makes it less likely than the previous
one. In addition, according to the universal phylogenetic tree
designed by Woese (39), this scheme further implies that
several phyla from the eubacterial kingdom—i.e., cyanobac-
teria and Gram-positive bacteria—independently lost E2.
The model predicts that residual traces of E1 and E2 genes
should be detectable in the genome of eukaryotes and in some
prokaryotic organisms lacking GInRS, respectively. The
search for vestigial enzymes and the knowledge of additional
GIxRS sequences will help to clarify this issue.

Possible cases of horizontal gene transfer from eukaryotes
to prokaryotes have been reported and their likelihood of
occurrence has been discussed (42, 43). However, the pos-
tulate of genetic exchange between primary kingdoms re-
mains a matter of debate. We have proposed an evolutionary
scheme for the GIXRS family that requires such a gene
transfer event. If the GInRS observed in eubacteria are
indeed of eukaryotic origin, it is predicted that the presence
of GInRS in prokaryotes will be restricted to few phyla. As
our knowledge on the spreading of GInRS among species
expands, and with the multiplication of available GIXRS
sequences, a more precise view of their evolutionary rela-
tionship should emerge.
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