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Aminoacyl-tRNAs are generally formed by direct attachment of an
amino acid to tRNAs by aminoacyl-tRNA synthetases, but GIn-tRNA
is an exception to this rule. GIn-tRNAG" is formed by this direct
pathway in the eukaryotic cytosol and in protists or fungi mito-
chondria but is formed by an indirect transamidation pathway in
most of bacteria, archaea, and chloroplasts. We show here that the
formation of GIn-tRNAG!" is also achieved by the indirect pathway
in plant mitochondria. The mitochondrial-encoded tRNAS!", which
is the only tRNAG" present in mitochondria, is first charged with
glutamate by a nondiscriminating GIuRS, then is converted into
GIn-tRNAG" by a tRNA-dependent amidotransferase (AdT). The
three subunits GatA, GatB, and GatC are imported into mitochon-
dria and assemble into a functional GatCAB AdT. Moreover, the
mitochondrial pathway of GIn-tRNAG!" formation is shared with
chloroplasts as both the GIuRS, and the three AdT subunits are
dual-imported into mitochondria and chloroplasts.

amidation | aminoacylation | GatCAB | glutamyl-tRNA synthetase |
protein trafficking

he formation of aminoacylated tRNAs (aa-tRNAs) plays a

central role in protein synthesis. Although most of the 20
aa-tRNAs that supply the translation apparatus are synthesized
by direct attachment of each amino acid to its cognate transfer
RNAs (tRNAs) by aminoacyl-tRNA synthetases (aaRSs), some
can be synthesized by an indirect and nonconventional pathway.
This is particularly the case for the formation of Asn-tRNAAs
and GIn-tRNAS™, In the cytosol of eukaryotes and in a small
subset of bacteria, GIn-tRNAS!" is formed directly by a glutami-
nyl-tRNA synthetase (GInRS). In archaea and in the majority of
bacteria, GIn-tRNAS!" is synthesized by a two-step indirect
pathway. The tRNAS!" is first mischarged with glutamate (Glu)
by a nondiscriminating glutamyl-tRNA synthetase (ND-GIuRS).
The glutamate attached to tRNAC!M is then amidated into
glutamine (Gln) by a tRNA-dependent amidotransferase (AdT)
generating GIn-tRNAS™™. Two types of AdT have so far been
identified. The first one, found in bacteria and archaea, corre-
sponds to the heterotrimeric GatCAB enzyme able to transami-
date both Asp-tRNA”" and Glu-tRNAS™, The second type of
AdT, restricted to archaea, is the heterodimeric GatDE which
can only transamidate Glu-tRNAS! (1).

Because mitochondria and chloroplasts have their own trans-
lation machinery, a complete set of aa-tRNAs is expected in
these organelles. The pathway of Gln-tRNAC!" formation has
been explored in a few organelles. In the trypanosamatids
Leishmania tarentolae and Trypanosoma brucei, both nuclear-
encoded tRNAS" and GInRS are imported from the cytosol into
mitochondria (2, 3). The same situation is expected in Tetrahy-
mena mitochondria (4). In the yeast Saccharomyces cerevisiae,
nuclear-encoded tRNAsC™ are imported into mitochondria and
coexist with mitochondrial-encoded tRNAS!", The cytosolic
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GInRS is also imported into these mitochondria (5). In these four
cases, mitochondrial GIn-tRNAS!" is therefore formed directly.

The present work explores the mitochondrial Gln-tRNAS
formation in plant. No mitochondrial GInRS activity can be
detected. By contrast, the dual-targeted mitochondrial-
chloroplastic GluRS can attach Glu to both tRNASY, and
tRNAS thus appears to be nondiscriminating. Moreover, AdT
activity is detected in a mitochondrial extract. The corresponding
enzyme is encoded by three nuclear genes, gatA, gatB, and gatC,
and each polypeptide is imported into mitochondria to form the
active GatCAB enzyme. The transamidation route has been
shown to be used in barley and spinach chloroplasts (6). Inter-
estingly, we show here that the three Gat subunits are also
imported into chloroplasts. Therefore, in plants, the indirect
transamidation pathway serves to form GIn-tRNASC™ in both
mitochondria and chloroplasts, and the same enzymes GIuRS
and GatCAB are shared between the two organelles.

Results

Cytosolic tRNAS™ Are Not Present in Mitochondria. The mitochon-
drial tRNAC™ gene is expressed in Arabidopsis thaliana and
other plants (7) (Fig. 1). We verified that, unlike in yeast
mitochondria, the two cytosolic tRNAS™ are not imported into
A. thaliana and potato mitochondria (Fig. 1) and into bean and
tobacco mitochondria (data not shown). Therefore, the only
tRNAS" used in plant mitochondria is mitochondrial-encoded.

Cytosolic GInRS Is Not Imported into Mitochondria. A unique GInRS
gene has been found in the A. thaliana nuclear genome. Although
its sequence does not display any obvious organellar targeting
sequence, we searched for its activity in A. thaliana mitochondrial
extracts. A GInRS activity can be detected only in the total but not
the mitochondrial extract (Fig. 24). Similar results were obtained
with a potato mitochondrial extract (data not shown) and with
barley and spinach chloroplastic extracts (6).

Mitochondrial GIuRS Is Nondiscriminating. The A. thaliana nuclear
genome encodes two GluRSs. The protein encoded by one
GIluRS gene (At5g64050) has been shown to be imported into
both plant mitochondria and chloroplasts, and the second GluRS
(At5g26710) is expected to be cytosolic (8). Aminoacylation
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Fig. 1. Cytosolic tRNASM are not imported into plant mitochondria. Hybridiza-
tion of tRNA-specific probes to Northern blot of total (T) and mitochondrial (M)
tRNAs from A. thaliana and potato. The mitochondrial tRNAG" gene is expressed
[mito GIN(UUG)]. The probes corresponding to the cytosolic tRNAsS" [cyto GIn-
(UUG) and cyto GIn(CUG)] give similar signals to the probe corresponding to the
cytosolic nonimported tRNAMet [cyto Met(CAU)]. As a comparison, the hybridiza-
tion with a probe corresponding to the cytosolic mitochondrial-imported tRNAVa!
is shown [cyto-mito Val(CAQ)].

assays show that GIuRS activities can be detected in the total
(mostly representing the cytosolic GluRS activity) and mito-
chondrial extracts in A. thaliana (Fig. 2B) and potato (data not
shown). Further, we performed aminoacylation tests with an A4.
thaliana mitochondrial enzymatic extract and partially purified
mitochondrial tRNAS" and tRNAS", Both tRNAs were glu-
tamylated (Fig. 2C), showing the nondiscriminating character of
the organellar GluRS [see also supporting information (SI) Fig.
S1]. Altogether, the absence of GInRS activity and the presence
of a nondiscriminating GIluRS suggest that, like in chloroplasts
(6), the indirect pathway for the formation of Gln-tRNAS!" s
used in plant mitochondria. The ND-GIluRS allows formation of
Glu-tRNAS! which should then be modified into Gln-tRNAC
by an AdT.

Mitochondrial GatCAB Amidotransferase. Plant mitochondrial Glu-
tRNAs were incubated with Gln as amide donor and either an
A. thaliana chloroplastic or mitochondrial enzymatic extract. As
expected, the tRNA-dependent conversion of Glu into Gln was
obtained with the chloroplastic extract (Fig. 34) (6). A similar
Glu-tRNAS!" to GIn-tRNAC!" conversion was observed with the
mitochondrial extract, showing that a tRNA-dependent AdT
also exists in mitochondria. Moreover, the conversion of a
bacterial Asp-tRNAA into Asn-tRNAAS" was also obtained
with both the chloroplastic and the mitochondrial extracts
(Fig. 3B).

We found three genes encoding potential GatA (At3g25660),
GatB (At1g48520), and GatC (At4g32915) subunits in the A.
thaliana nuclear genome. Phylogenetic analysis of Gat sequences
shows that plant GatA and GatB are related to cyanobacteria, by
contrast, GatC sequences are poorly conserved (SI Text). Com-
pared with their closest bacterial counterparts, the three A.
thaliana proteins display N-terminal extensions that are pre-
dicted to be mitochondrial and/or chloroplastic targeting signals
(Table 1). The three Gat-coding sequences depleted from their
5’ extension were used to construct an artificial operon for
overexpressing the A. thaliana AdT in Escherichia coli. Purified
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Fig. 2. ND-GIuRS and GInRS activities in A. thaliana mitochondrial and total
extracts. Aminoacylations were performed with A. thaliana mitochondrial
(Mito Enz) or total (Tot Enz) enzymatic extracts. (A) Glutaminylation of tRNAs
from yeast, E. coli, whole plant cells (tot) or plant mitochondria (mit). (B)
Glutamylation of plant total tRNAs (black diamond) and plant mitochondrial
tRNAs (gray square, dotted line). (C) Glutamylation of plant mitochondrial
tRNASY and tRNAS" with A. thaliana mitochondrial enzymatic extract. The
assays were performed in the presence of partially purified plant mitochon-
drial tRNAGU, tRNAGIN, or tRNALeu,

AdT was capable to convert both Glu-tRNAS!" into Gln-
tRNAC" and Asp-tRNAA" into Asn-tRNAA" (Fig. 3) and is
indeed of dual specificity. The kca value (3 s71) of the purified
AdT for Thermus thermophilus Asp-tRNA”" was determined
within the same range of bacterial AdTs (9, 10).

GatCAB Is Targeted to Mitochondria and Chloroplasts. GatA, GatB,
and GatC N-terminal extensions are predicted to be mitochon-
drial and/or chloroplastic targeting signals (Table 1). A few
N-terminal sequences have been shown to allow targeting to both
mitochondria and chloroplasts. These sequences are called dual
or ambiguous targeting sequences, and prediction programs are
usually inefficient to determine the precise localization of pro-
teins with such an extension (11).

In vitro import assays showed that GatA, GatB, and GatC can
be imported into both mitochondria and chloroplasts (Fig. 4),
and the mitochondrial and chloroplastic localization of GatA
and GatB was confirmed by Western blot (Fig. 5). Thus, the A.
thaliana subunits responsible for AdT activity are dual-localized
in both mitochondria and chloroplasts.

Discussion

In this article, we show that the formation of Gln-tRNACS!" s
achieved by an indirect pathway in plant mitochondria. The
mitochondrial-encoded tRNAS™ which is the only mitochon-
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Fig.3. Plantorganellar AdT activity. Transamidation assays were performed
with A. thaliana chloroplastic (Cp) or mitochondrial (Mit) extracts or with the
purified A. thaliana AdT overexpressed in E. coli (AdT). The tRNA-bound
['“Claa were fractionated by TLC. ['*C]Glu and ['“C]GIn and ['“C]Asp and
[3H]Asn were used as reference markers (Ref). (A) Transamidation of ['4C]Glu-
tRNASM into [4C]GIn-tRNAGM. Plant mitochondrial tRNA were first glutamy-
lated with ['*C]Glu by partially purified plant mitochondrial ND-GIuRS. There-
fore, both [4C]Glu-tRNAS"Y and ['4C]Glu-tRNAS!" were obtained (lane @) and
further used in transamidation assays with different extracts (Cp, Mit, AdT). (B)
Transamidation of ['“CJAsp-tRNAA" into ['4CJAsn-tRNAA", Purified T. ther-
mophilus tRNAAM overexpressed in E. coli was first aspartylated by using T.
thermophilus ND-AspRS (lane @), then used in transamidation tests with
different extracts.

drial tRNAC™ s first charged with Glu by the mitochondrial
ND-GIuRS prior to its conversion into GIn-tRNAS™ by a
mitochondrial AdT. We have identified three genes whose
products GatA, GatB, and GatC are imported into mitochondria
and assemble into a functional AdT. GatCAB, like all bacterial
AdTs, appears to be a dual-specific AdT that displays both
Glu-AdT and Asp-AdT activities. However, the formation of
Asn-tRNAA js probably achieved by the direct pathway in plant
organelles, because a chloroplastic-mitochondrial AsnRS
(At4g17300) has been identified in A. thaliana (12). Last, the
mitochondrial indirect pathway of GIn-tRNAS™ formation is
shared with chloroplasts, because both GIuRS and the three
subunits of AdT are dual-imported into mitochondria and
chloroplasts.

Table 1. Characteristics of A. thaliana Gat proteins

Total N-term Targeting predictions*
length, extension,
aa aa MitoProt2 Predotar TargetP
GatA 537 45 mito mito chloro
GatB 550 55 mito chloro mito
GatC 155 60 mito mito chloro

*The SubCellular Proteomic Database (SUBA, www.suba.bcs.uwa.edu.au).
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Fig. 4. GatA, GatB, and GatC are in vitro imported into isolated mitochon-
dria (MITO) and chloroplasts (CHLORO). Radioactive full-length GatA-C pre-
proteins (p) were obtained by in vitro transcription/translation (lanes 1), then
incubated with isolated mitochondria or chloroplasts (lanes 2 and 3). Smaller
proteinase K-resistant peptides appear, showing that each preprotein is im-
ported into both organelles and processed into the mature form (m) by
cleavage of the targeting sequence. When mitochondria or chloroplasts are
preincubated with valinomycine (Val) or in the dark (Dark), respectively (lanes
4 and 5), protein import is inhibited, and the formation of mature proteins is
prevented. Moreover, in lanes 5, all of the radioactive signals are digested by
proteinase K (Prot K), showing that the signals observed in lanes 3 represent
genuine imported proteins protected by mitochondrial or chloroplastic mem-
branes. The molecular mass of preproteins (p) and mature proteins (m) was
evaluated on gel and is indicated (in kDa). Two mature GatC proteins, m1 and
m2, are obtained in chloroplasts and one in mitochondria (m2). Two matured
products have already been observed for other chloroplastic proteins (11).

These results contrast with those obtained in protists and fungi
mitochondria, where the direct pathway is used for Gln-tRNAG
formation (Fig. 6). Mitochondria and chloroplasts are expected
to arise via endosymbiosis of a-proteobacteria and cyanobacte-
ria, respectively. In these two types of bacteria, GatCAB have
been identified but not GInRS. In the protists and fungi mito-
chondria, at least some of the mitochondrial tRNAS!" are shared
with the cytosol, and the direct pathway of GIn-tRNAS™ for-
mation, also used in the cytosol, has supplanted the ancestral
bacterial originating indirect route (Fig. 6).

In plants, mitochondrial and chloroplastic tRNAS™™ are en-
coded by mitochondrial and chloroplastic genomes, respectively,
and their sequences are close to bacterial tRNA (13). In parallel,
the bacterial ancestral indirect pathway of GIn-tRNAS™ synthe-
sis was preserved in plant organelles by using a ND-GIuRS and
GatCAB. During evolution, most mitochondrial and chloroplas-
tic protein genes have been lost or transferred to the nucleus.
The present-time organellar GluRS, GatA, and GatB subunits
are clearly related to their cyanobacterial counterparts (8) (Figs.
S2 and S3), suggesting that the ancestral chloroplastic pathway
was kept during evolution as the mitochondrial one was lost.

The plant GatC phylogenetic origin is difficult to rule out. This
is not specific to the plant AdT subunit but is a general feature
of GatC proteins (14). There is little or no sequence conservation
in this short polypeptide along the tree of life. Therefore, the low
degree of sequence conservation among GatC protein does not
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Fig. 5. GatA and GatB are immunodetected in plant mitochondrial and chlo-
roplastic protein extracts. Imnmunodetections were performed with antibodies
directed against A. thaliana AdT (AdT; this work), cytosolic UDP-glucose pyro-
phosphorylase (UGP; Agrisera AB), mitochondrial pyruvate dehydrogenase (PDH;
GT Monoclonal Antibodies), and chloroplastic light-harvesting complex II (LHC; C.
de Vitry, Institut de Biologie Physico-Chimique, Paris). Although raised against the
whole purified AdT, the AdT antibodies recognize only GatA and GatB subunits
but not GatC. Two bands were detected with the AdT antibodies in A. thaliana
extracts, at 55 and 57 kDa and correspond to GatA and GatB subunits. Another
band of lower molecular mass corresponding to an unknown protein is also
observed in the potato mitochondrial extract. Mit, mitochondrial; Cp, chloroplas-
tic; Cyt, cytosolic; Tot, total proteins extracts; AdT, overexpressed and purified A.
thaliana AdT.

allow phylogenetic inference. This is probably a consequence of
the structural role played by this subunit that is a linker in the
heterotrimer, which, through its N- and C-terminal ends, inter-
acts with parts of GatA and GatB that display only partial
sequence conservations (15).

Orthologs of the Gat subunits have been annotated in a few
other eukaryotic genomes. In yeast, GatA and GatB orthologs
(YMR293C and PET112, respectively) are essential for mito-
chondrial functions (16, 17), and mouse and human GatB are
annotated as mitochondrial. The function of these Gats is still an
open question. So far, no mitochondrial AdT has been identified
in nonplant eukaryotes (5) (Fig. 6).

In plants, because their products have to be imported into
organelles, GluRS, GatA, GatB, and GatC nuclear genes have
acquired targeting signals during evolution. These dual-targeting
sequences allow import of the proteins into both chloroplasts and
mitochondria. In most cases, targeting sequences are specific to
one organelle or the other, and dual targeting is rare. Approx-
imately 40 examples of dual-targeted proteins of the thousands
of organellar-imported proteins have been identified in A.
thaliana, but half of these proteins correspond to aaRSs (11).
Eighteen of 24 identified 4. thaliana organellar aaRSs are shared
between mitochondria and chloroplasts (8, 18). The dual local-
ization of GatCAB gives an example of cross-compartment
sharing of enzymes involved in aa-tRNA synthesis. A higher level
of complexity, however, is reached, because GatCAB is an
example of a multimeric enzyme with three subunits dual-
imported into mitochondria and chloroplasts.

Materials and Methods

Cloning of A. thaliana Gat Seq es. RNA was extracted from A. thaliana
leaves by using the TRI-reagent (Molecular Research Center) according to the
manufacturer’s instructions. The GatC coding sequence was amplified by
RT-PCR by using specific primers overlapping the initiation and stop codons
and cloned into pCRII vector. The full-length cDNAs corresponding to GatA
and GatB were obtained from the RIKEN BioResource Center (19).

Cloning and Purification of A. thaliana AdT Overexpressed in E. coli. The gatC,
gatA, and gatB genes from A. thaliana were amplified by PCR from RIKEN and
RT-PCR clones to (/) remove the mitochondrial and chloroplastic targeting
sequences (corresponding to the sequence encoding, respectively, the 58, 44,

6484 | www.pnas.org/cgi/doi/10.1073/pnas.0712299105
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Fig. 6. Cytosolic and organellar tRNAS" and GIn-tRNAS" forming enzymes.
Cross-compartment sharing of tRNA and enzymes is observed in L. tarentolae
(Lt) (2), T. brucei (Tb) (3), T. thermophila (Tt) (4), and S. cerevisiae (Sc) (5). At,
A. thaliana; St, S. tuberosum; Hs, H. sapiens. In Lt, the mitochondrial GInRS is
distinct from the cytosolic one; by contrast, the same GInRS is used in the
cytosol and mitochondria of Tb and Sc. In Tt (1), GInRS activities have similar
specificities in the two compartments, and it is not excluded that the same
enzyme is shared between the cytosol and the mitochondria. No mitochon-
drial GInRS gene has been identified in Hs (2) (22).

and 53 first aa), and (ii) introduce restriction sites that were subsequently used
to ligate the three genes, organized in an artificial gatCAB operon, in the
pCYB1 expression vector (New England Biolabs), as described in ref. 20.
Overexpression was performed in E. coli BL21 Rosetta 2 strain. The AdT was
purified from the S100 extract by chromatographies on DEAE-cellulose,
Phosphocellulose (Whatman), and Hydroxyapatite (Bio-Rad). Pure enzyme (70
mg) was obtained from 40 g of cells.

Isolation of Mitochondria and Chloroplasts. Mitochondria were extracted from
potato tubers or A. thaliana cell culture growing in the dark. Chloroplasts
were extracted from pea, potato, or A. thaliana leaves (see S/ Text for detailed
methods).

Transfer RNA Extraction. Total and mitochondrial tRNAs were prepared as
described in ref. 21. Because of sequence identity, the same probes were used
for hybridizing with A. thaliana and potato tRNAs in Northern blots (13). For
aminoacylation and amidation assays, tRNAs were extracted from potato
tubers because of higher yield. Potato mitochondrial partially purified tRNA-
GIn and tRNAG were obtained after 2D polyacrylamide gel electrophoresis
(21). The purity obtained for these tRNA was ~60%, which corresponds to a
30X enrichment in comparison with the unfractionated mitochondrial tRNAs.
The spots corresponding to tRNAS" and tRNASV were not adjacent on the 2D
gel, and cross-contamination could not be detected by Northern blot.

Aminoacylation Assays. Enzymatic extracts were prepared from A. thaliana
leaves, mitochondria or chloroplasts, or potato mitochondria (21). Aminoacy-
lation reactions were performed with 15 ug of total enzymatic extract or 7.5
wug of organellar enzymatic extract, in the presence of 60 uM [3H]-GIn or
[3H]-Glu (820 mCi/mmol) and 40 uM E. coli or yeast tRNAs or 8 uM plant total
or mitochondrial tRNAs (21).

tRNA-Dependent Amidation Assays. The preparation of ['*C]Asp-tRNAs and
['4C]Glu-tRNAs is described in S/ Text and Tables S1-S3. The amidation reaction
mixture containing 100 pmol of ['“C]Asp-tRNA or 10 pmol of [*C]Glu-tRNA
and 1 uM A. thaliana pure AdT or 15 ug of A. thaliana mitochondrial or
chloroplastic crude extract was incubated during 15 min at 37°C. The reaction
was stopped, and the tRNA-bound ['*Claa were analyzed by TLC (S/ Text and
Tables S1-S3).

Western Blot Analysis. Western blot analysis was performed as described in ref.
8 (S/ Text and Tables S1-S3). The purified overexpressed A. thaliana AdT was
injected into rabbits to raise antibodies that were purified by affinity chro-
matography (CNBr-activated Sepharose 4B, Amersham Pharmacia Biotech).

In Vitro Import of Proteins. /n vitro import of proteins into isolated mitochon-
dria or chloroplasts was performed as in ref. 8 (S/ Text and Tables $1-S3).

Pujol et al.
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