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Abstract. Two cysteinyl-tRNA synthetases (CysRS) Introduction

and four asparaginyl-tRNA synthetases (AsnRS) from

Arabidopsis thalianawere characterized from genome . -
sequence data, EST sequences, and RACE sequencé‘sm'noacyl_ﬂ:u\IA synthetases (aaRsSs) are ubiquitous

. nd essential components in translation needed to pro-
For one CysRS and one AsnRS, sequence alignmen : . .
7 uce aminoacyl-tRNA, the link between the codon in-
and prediction programs suggested the presence of

Formation and the peptide sequence. Because of their

N-terr_mnal organellar t_argetlng pepnde. Tran5|_en_t X ancient history, well-understood role, and high degree of
pression of these putative targeting sequences joined to

; . . Gconservation, they have been natural choices for many
jellyfish green fluorescent protein (GFP) demonstrate hylogenetic studies (Brown and Doolittle 1995: Diaz-
that both presequences can efficiently dual-target GFP tEazcoz et al. 1998 Hashimoto et al. 1998- Kirr,1 ot al
mitochondria and plastids. The other CysRS and AsnRS§998_ Nagell and boolittle 1995- S.hiba e't al 1998:
lack targeting sequences and presumably aminoacylatF ! ' ) '

) . . aupin and Leberman 1999; Wolf et al. 1999). Unfortu-
cytosolic tRNAs. Phylogenetic analysis suggests that th(re1atel (in some respects), it appears that the evolutionar
four AsnRSs evolved by repeated duplication of a gen y P - 11app y

transferred from an ancestral plastid and that the CysR slstory of aaR$S genes has not always been straightfor-

L ward, with several proposed examples of gene duplica-
also arose by duplication of a transferred organelle gene ' tisions. and gain by horizontal transfer (Diaz-
(possibly mitochondrial). These case histories are th azc;)z etal. 1’998; Doolittle and Handy 1998; Lamour et
best examples to date of capture of organellar aminoacyly, = g5, \yof et al. 1999: Handy and Doolittle 1999).
tRNA synthetases by the cytosolic protein synthesis maiDrokaryotes contain a basic set of 18-20 aaRs, but eu-
chinery. karyotes have more, as they contain a second compart-
ment (mitochondrial) capable of translation. The extra
aaRS genes in eukaryotes are presumed to be derived
from those contained in the original mitochondrial endo-
symbiont (for a review of mitochondrial origins, see
Gray et al. 1999) and subsequently transferred to the
nucleus, as no known extant mitochondrial genomes en-
code an aaRS. Plants received a third and more recent
influx of aaRS genes with the acquisition of plastids (for
*On leave from Institute of Cell Biology and Genetic Engineering reviews of plaStId ongns, See. Douglas 1998.; Mamn. et
National Academy of Sciences of Ukraine, Zabolotnogo str. 148, Kie\}-al' 1998; Turner et al. 1999) Like mitochondria, plast!ds
022, Ukraine have lost most of their original genes, some of which
Correspondence tdan Small;e-mail: small@versailles.inra.fr have been transferred to the nucleus. However, as these
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transfers are more recenPgrphyra purpureaplastids

Table 1. Sequences used in the present andlysis

still contain a couple of aaRS genes (Reith and Munhol-
land 1995)], there is more hope of being able to retrace

Source Accession No.

the evolutionary events involved.

We are in the process of surveying all the tRNA and Bacteria

Asparaginyl-tRNA synthetases

aaRS sequences of the model plarabidopsis thaliana SYN_BACSU  Bacillus subtilis L47709
(our “taaRSAt” database is accessible on the world wide ~ SYN-ECOLI Escherichia coli M33145
b: http://lwww.inra.fr/Internet/Produits/ TAARSAT/) SYN_HAEIN Haemophius influenzae - U32810
web: http: nra. ! . SYN_LACDE Lactobacillus delbrueckii ~ X89438
One might have expected up to 60 different aaRSs in  syn_syny3 Synechocystisp. D64006
plants, i.e., one set of 20 enzymes for each translation Eukarya
compartment. However, as in other eukaryotes, the situ- SYN_CAEEL  Caenorhabditis elegans 271262
: : ; SYN_HUMAN Homo sapiens AJ000334
at;:)n IS more COfTr:phcateCIJ, an tmel’ef are'sevefral Caﬁes SYNC1 ARATH Arabidopsis thaliana AF170909
where one gene has replaced the function of another gynca ARATH  Arabidopsis thaliana AF170910
because its gene product is dual-targeted to two compart- sync3 ARATH  Arabidopsis thaliana AC008148
ments. Dual-targeting to the cytosol and mitochondria  SYNO_ARATH  Arabidopsis thaliana AJ222644
was shown forArabidopsisalanyl-tRNA synthetase SYNC_YEAST  Saccharomyces cerevisiae P38707
(Mireau et al. 1996) and is probably also the case for  SYNM_YEAST Saccharomyces cerevisiae P25345
Aspartyl-tRNA synthetases
several other plant aaRSs (Small et al. 1999). Dual- Eukarya
targeting is also possible to mitochondria and plastids, as  sypc ARATH  Arabidopsis thaliana AL035440°
demonstrated foArabidopsishistidyl-tRNA (Akashi et SYDM_ARATH  Arabidopsis thaliana AL031394
al. 1998) and methionyl-tRNA (Menand et al. 1998) syn- ~ SYDC_YEAST  Saccharomyces cerevisiae P04802
thetases. In the case of HisRS and MetRS, the Cytosoligyéfc'g'izRNA synthetases
enzymes in plants are er_lc_oded by entirely different genes SYC AZOBR  Azospirillum brasilense X99587
of typical eukaryotic origin. In the present work, we SYC_AQUAE Aquifex aeolicus AACO7125
report two new aaRSs dual-targeted to both organelles: SYC BACSU Bacillus subtilis D26185
an asparaginyl-tRNA synthetase (AsnRS) and a cys- SYC_ECOLI ESChe”CE'Ia CO"ﬂ X56234
syl ; SYC_HAEIN Haemophilus influenzae U32693
teinyl tRhNA Symhﬁta.sef(cySRS)' Howeye.rl’ n th(hesg' SYC_HELPY Helicobacter pylori U05676
cases, the cytosolic isoforms are very similar to their  gyc rRHOCA  Rhodobacter capsulatus ~ RRC03443
organellar counterparts, resulting in closely related en-  syc RicPR Rickettsia prowazekii CAA14555
zymes in all three compartments. Moreover, phyloge- SYC_SYNY3 Synechocystisp. D90914
netic analysis suggests that the four AsnRS genes and SYhC_THEMA Thermotoga maritima AAD35801
P Arachaea
two CysRS genes all ha_ve organelle origins. These two SYC ARCFU  Arachaeoglobus fulgidus  AE001076
groups of enzymes provide the clearest examples to dateEukarya
of organellar aaRSs that have usurped the role of their syc DPROME  Drosophila melanogaster ~ AAD34748
(now vanished) cytosolic counterparts. SYC_HUMAN  Homo sapiens L06845
SYC_SCHPO Schizosaccharomyces pomb@09860
SYCC_ARATH  Arabidopsis thaliana AB009048&
SYCO _ARATH  Arabidopsis thaliana AC005317?

Materials and Methods

2 Sequence names conform to the usual SWISS-PROT style for aaRSs,
but most are not yet available from SWISS-PROT.

PCR and Sequencing

b Accession numbers of genome sequences, from which we predicted

coding sequences. AB009048 was sequenced by the Institute for Ge-

Standard molecular biology techniques were performed using the pro-
tocols described by Ausubel et al. (1994). Oligonucleotides were pur-
chased from Genosys (Cambridge, UK). Sequencing was performed b
GenomeExpress (Roscoff, France). Oligonucleotide sequences and f
details of cloning procedures are available on request. All sequence

listed in Table 1. Poly(A) RNA was prepared fromArabidopsis
thaliana, ecotype Columbia, using an mRNA purification kit from
Amersham Pharmacia Biotech (Uppsala, SwedenRACE was per-
formed with the 5 RACE System for Rapid Amplification of cDNA

nomic Research, Rockville, MD, USA; AC005311, by the Kazusa
DNA Research Institute, Chiba, Japan; and AC008148, by the DNA
Sequencing and Technology Center, Stanford University, Palo Alto,
A, USA.
SYC_RHOCA is accessible at thRhodobacter capsulatugenome

equencing web site: http://rhodol.uchicago.edu/capsulapedia/

names, sources, and accession numbers used in the present work are - .
capsulapedia/capsulapedia.shtml.

gene). The exon/intron structures of the different genes are given in the

Ends, Version 2.0, from Gibco BRL (Bethesda, MD, USA). The spe- taaRSAt database. The PCR conditions were 4 min at 94°C, followed
cific gene primers used are available on request. by 25 cycles of 1 min at 94°C, 1 min at 65°C, and 1 min at 72°C, and
Expression of the different AsnRS and CysRS genesrabidopsis ending with 5 min at 72°C. The PCR conditions were chosen to allow
was tested by performing PCR on different cDNA sources using spetough comparisons of expression levels. The template was either cDNA
cific primers for each gene and comparing the level of expression withmade from RNA extracted from roots, rosette leaves, stems, inflores-
a control. All oligonucleotides were designed to encompass a knowrcences, or siliques or genomic DNA from 5-week-old plantod-
intron (except those for SYNCARATH, for which only the cDNA bidopsis thalianaecotype Wassilewskii. Total RNA was treated with
sequence is available, and those for ROC1, which has no intron in itONase | (RNase-free; Amersham Pharmacia Biotech) and the cDNA



415

HindIII SphI PstI XhoI EcoRI Spel Nhel KpnI SalI Ncol BglII Xbal PstI SphI HindIII
| | | | 1

] | R N ] -

35S promoter TL GFP S65C PolyA 35S terminator
(double enhancer)

Fig. 1. GFP expression cassette of pOL GFPS65C. Useful restrictionGFP protein. This vector contains a dual-enhancer 35S promoter from
sites are depicted. The unique sites of the multiple cloning site (mcsyauliflower mosaic virus (CaMV), the translation leader sequence from
are inboldface.If no presequence is cloned in the mcs, the first ATG tobacco etch virus (TL), and the 35S polyadenylation signal from

used is in theNcd site and corresponds to the first methionine of the CaMV.

was synthesized using the SuperScript Preamplification System fomaximum-parsimony algorithms with the PAUP (Swofford 1993) pro-
First Strand cDNA Synthesis (Gibco BRL). gram contained in the GCG package (Wisconsin Package Version 10.0;
Genetics Computer Group, Madison, WI, USA). The parameters for the
. tree reconstruction were heuristic search, stepwise addition that in-
GFP Expression Vectors and Constructs creases the tree size least, and no branch swapping. The number of
bootstrap trials used was 100. Alignments were also analyzed by a
RecA-GFP and CoxIV-GFP fusion proteins were expressed from thélistance matrix method (neighbor-joining method, CLUSTAL X) or by
same constructs used by Akashi et al. (1998) based on the plasmid pcRiaximum likelihood using PUZZLE 4.0.2 (Strimmer and von Haeseler
GFP-S65C (Reichel et al. 1996). The GFP expression cassette (prd-996). The trees were displayed with the TreeView program (version
moter, GFP coding sequence, terminator) of pCK GFP-S65C was cul-5) (Page 1996).
out by Hindlll and religated in the opposite orientation, to prevent any
LacZ promoter-driven GFP expression. This vector was called pFF
GFP-S65C. Subsequently a small multicloning site was introduced inResults
the Ncd cloning site surrounding the GFP intitiation codon. For this
purpose, two complementary -phosphorylated oligonucleotides
(Table 2) were hybridized together and ligated into Ned site to
form pOL GFP-SB5C. Putative presequences can now be cloned in aASNRS and CysRS cDNAs
orientated way in the sites of this new vector (Fig. 1).
The targeting presequence corresponding to the first 71 amino acidfwo EST clones, G6D2T7 (accession No. N96875) and
of SYNO_ARATH was PCR-amplified (fromA. thaliana Columbia G8H10T7 (accession No. N96875), encoding putative

genomic DNA; PCR conditions were 30 s at 94°C, 45 s at 65°C, and . . .
45 s at 72°C, 30 cycles) and cloned into tNed site of pFF GFP- AsnRSs were retrieved from the ABRG\rabidopsis

S65C. In a similar way, the targeting presequence corresponding to thg'()logICaI Resource Center, Ohio State University, Co-
first 64 amino acids of SYCOARATH was PCR-amplified (fromA.  lumbus, OH, USA), subcloned, and sequenced. These
thaliana Columbia genomic DNA; PCR conditions were 30 s at 94°C, two ESTs were identical. The full-length cDNA (acces-
45sat55°C, and 45 s at 72°C, 30 cycles) and cloned int§gi#¢Sal  gjon No. AF170909) encodes a putative cytosolic ASNRS

sites of pOL GFP-S65C. Putative presequence-GFP clones were s .
quenced in both directions with an oligonucleotide hybridizing in the ﬁﬁat we refer to as SYNCARATH. A partlal CDNA

35S promoter (53')GGACCTCGAGAATTCTCAA and in the GFP  ClON€, sequenced by Aubourg et al. (1998) (accession

sequence (53')TTTGTGCCCATTAACATCAC. No. AJ222645), was extended by BACE-PCR to ob-
Tobacco protoplast transformation and MitoTracker Red CMXRostain a full-length cDNA (accession No. AF170910) en-

(Molecular Probes, Eugene, OR, USA) staining were carried out in thecoding a second putative cytosolic AsnRS that we call

same way as by Akashi et al. (1998). Protoplasts were examined wit .
a Leica TCS-NT confocal laser scanning microscope (Leica Microsys—téYNCZ—RATH' A BAC (acceSSIOn No. AC008148)

tems, Heidelberg, Germany) with an argon/krypton laser (Omni-Cor_‘taining a gene encoding a thifgdabidopsisAsnRS,
chrome, Chino, USA) equipped with an acoustooptical tunable fiterwhich we refer to as SYNCRRATH, was recently se-
(AOTF) excitation system. For GFP (GFP-S65C; abs, 479 nm; em, 50qquenced by the DNA Sequencing and Technology Cen-
nm) monitoring, excitation was at 488 nm. The emission signal wastar Stanford University Palo Alto. CA. USA. There are
separated through a short-pass filter (RSP580), and the short, , e o1 5ccessions corresponding to this gene at the mo-
wavelength signal corresponding to GFP fluorescence was band-pass .
filtered (BP530/30) and collected in the green channel. The Iong—ment- A fourth fuII-Iength AsSnRS cDNA (accessmn No.
wavelength signal was long-pass filtered (LP590) to collect the chlo-AJ222644) was described by Aubourg et al. (1998) and
rophyll autofluorescence (red channel). When the protoplasts wereencodes an AsnRS with a putative organellar targeting
stained with MitoTracker Red (abs, 578 nm; em, 599 nm), excitationsequence_ We refer to this protein as SYNM®ATH.

was at 488 and 568 nm. Both chlorophyll autofluorescence and Mito- . . .
Tracker Red emission were collected through a long-pass filter Two Arabidopsisgenes encoding probable CysRSs

(LP590). The AOTF was adjusted such that the 488-nm excitation gavd12Ve be?n deposited in GenBank duri_ng the SyStema_tiC
no discernible MitoTracker Red emission, and the 568-nm excitationsequencing of the genome by the Institute for Genomic

gave no discernible GFP emission. Research, Rockville, MD, USA, and the Kazusa DNA
Research Institute, Chiba, Japan. For both of these
Alignment and Phylogenetic Analysis genes, ESTs were available and permitted easy predic-

tion of the probable protein sequence. One of these

All sequence alignments were performed using the program cLusTaLCYsRSs (SYCCARATH; BAC accession No.
X (version 1.8) (Thompson et al. 1997). The trees were built usingAB009048, EST accession Nos. AB015096 and T04427)
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most highly expressed AsnRSs (in terms of steady-state
MRNA levels) and that SYCGARATH is more highly

SYNCI_ARATH expressed than SYC@RATH.

Sequence Alignments

AsnRSs and aspartyl-tRNA synthetases (AspRSs) are re-
lated (Shiba et al. 1998) and can occasionally be con-
fused. The fourArabidopsisAsnRSs were aligned with
known AsnRSs from other organisms and with aspartyl-
tRNA synthetases, including the putative cytosolic and
mitochondrial AspRSs fronArabidopsis(Fig. 3). The
results confirm that SYNCIARATH, SYNC2 ARATH,
SYNC3 ARATH, and SYNQ ARATH are very prob-
ably AsnRSs and not AspRSs. The alignments also re-
veal heterogeneous N termini for these four sequences
and indicate that SYNCARATH has important se-
quence differences in the highly conserved motifs 2 and
3, characteristic for all class Il aaRSs (Eriani et al. 1990;
Moras 1992). SYNCIARATH, SYNC2 ARATH, and
SYNC3 ARATH all contain a long insertion between

motif 1 and motif 2, and SYNC3ARATH contains a
SYCO_ARATH 693 second long insertion nearer the N terminus.
“r The two ArabidopsisCysRS sequences were aligned
Em

g

SYCC_ARATH

3

with other known CysRSs; part of the alignment is given

in Fig. 4, while the complete alignment can be seen at

http://www.inra.fr/Internet/Produits/ TAARSAT/CysRS/
roct syc.msf.html.

Fig. 2. Expression ofArabidopsisAsnRS and CysRS genes. PCR
was performed on different DNA sources: cDNA from (1) roots, (2)
leaves, (3) stems, (4) inflorescences, (5) siliques, and (6) genomiq—he N-terminal part of the CysRS alignment (Fig. 4)
DNA. Lane 7 is a control with no added template. A 1-kb ladder from | lv sh 60-amino acid extension for the SYCO-
Gibco BRL is present oboth sidesof each gel image. The expected clearly shows a I L I xtensi
size of the genomic and cDNA amplification products is given to the /ARATH sequence. Prediction programs suggested that
right of each image. Fortunately, the oligonucleotides chosen withoutthis could be an organellar targeting sequence. MitoProt
knowledge of the gene sequence to amplify the gene encodingClaros and Vincens 1996), searching for putative mito-
SYNC2_ARATH gave a higher molecular weight amplification prod- chondrial targeting sequences, strongly predicted (score
uct for the genomic DNA, estimated to be 650 bp. ; . . . .

of 0.97) a 53-amino acid N-terminal targeting peptide.

ChloroP (Emanuelsson et al. 1999), searching for chlo-

lacks an N-terminal extension and presumably encodeg)pIaSt targeting sequences, predicted (score of 0.56) a
the cytosolic enzyme; the other (SYCBRATH; BAC 34-amino acid N-terminal targeting peptide. The first 64

accession No. AC005311, EST accession No. N96709§Min0 acids of this sequence were fused to the GFP
carries a putative N-terminal targeting sequence. C)uFeporter protein and tested by transient expression in to-

predictions of the exon/intron structure of these various?acc0 mesophyll protoplasts. GFP fluorescence was

genes and the protein sequences are available at httpl_‘ und in both mitochondria and chloroplasts in trans-

www.inrafr/internet/Produits/ TAARSATY/. ormed protoplasts (Fig. 5D). Such double-targeting is
rare (Small et al. 1998); typical mitochondrial or plastid

targeting sequences direct GFP highly specifically to one
AsnRSs and CysRSs Expression or the other organelle but never both (Figs. 5B and C)
(Kohler et al. 1997a, b).
ESTs exist for all the genes studied here except for Eukaryotic AsnRSs contain N-terminal extensions
SYNC3 ARATH, but to verify expression, PCR experi- (Shiba et al. 1998), which complicate the identification
ments were carried out on various cDNA sources (Fig.of targeting sequences. After testing with MitoProt and
2). Spliced mRNAs were detected for all six aaRS gene<hloroP, only theA. thalianaSYNO_ARATH sequence
in all tissues tested. The amplification was carried outwas predicted to contain organellar targeting determi-
under semiquantitative conditions and so the results sugiants: a 51-amino acid mitochondrial targeting sequence
gest that SYNCIARATH and SYNC3 ARATH are the  (score of 0.99) and/or a 63-amino acid chloroplast tar-

Organellar Targeting
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Fig. 3. Multiple alignments of selected asparaginyl- and aspartyl-tRNA synthetases. Sequence names are as in Table 1. Residues that are identic
in at least 10 sequences of 16 ateaded.The consensus sequences of the three characteristic motifs of class || aminoacyl-tRNA synthetases are
indicatedunderthe alignment.
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Fig. 4. The N-terminal part of a multiple alignment of cysteinyl-tRNA synthetases. Sequence names are as in Table 1. Residues that are identica
in at least eight sequences of 11 ateded.

Red channel Green channel Red and green channels

Fig. 5. Transient expression of GFP fusions in
tobacco protoplasts. Cells expressi#g GFP,
expressed from the pOL GFPS65C veci@®)
CoxIV—GFP fusion protein{C) RecA—GFP fusion
protein; (D) SYCO-GFP fusion protein; andE)
SYNO-GFP fusion protein. B, C, and E show a
mixture of transformed and untransformed
protoplasts with the red and green channels
superimposed. In D and E, protoplasts were
stained with MitoTracker Red. Separate red
channel and green channels and the two
superimposed are shown. The scale bar ig.t©
in all images.

geting sequence (score of 0.58). When the first 71 aminmther protecbacteria (e.qRickettsia lack an AsnRS, it
acids were fused to GFP and tested in the protoplasteems possible that an ancestoiEofcoli and H. influ-
system, this presequence directed the fusion protein tenzaeacquired the enzyme by horizontal transfer. All
both organelles, like the CysRS presequence (Fig. 5E)four ArabidopsisAsnRSs are clearly distinct from the
known eukaryotic cytosolic enzymes, which form a sepa-
rate well-defined group. Removal of the long insertions
Phylogenetic Analysis from theArabidopsiscytosolic sequences had no signifi-
cant effect on the results. Using related AspRS sequences
The AsnRS alignment in Fig. 3 and a complete CysRSas an outgroup, the root of this tree can be placed with
alignment were used for phylogenetic analysis using diseonsiderable confidence and confirms the clear distinc-
tance matrices, maximum-parsimony (Fig. 6), and maxition between the animal and fungal cytosolic AsnRSs, on
mum-likelihood methods (not shown). All three methodsone hand, and the bacterial and plant enzymes, on the
clearly show a close relationship among SYNBRATH, other. The yeast mitochondrial AsnRS (SYNWEAST)
SYNC2 ARATH, and SYNC3ARATH and generally groups within the bacterial sequences but not close to the
group SYNOARATH and SYN SYNY3 (from Syn-  plant sequences. However, the phylogenetic position of
echocystistogether with them (Fig. 6A). Some alterna- this sequence must be interpreted with prudence, as the
tive trees with less support (not shown) place Ehecoli  amino acid composition deviates significantly from the
and H. influenzaesequences as the closest relatives ofother AsnRSs, implying an evolutionary bias that may
SYN_SYNY3, SYNO ARATH, or both. However, as invalidate the algorithms used to make the trees.
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Fig. 6. Phylogenetic trees of asparaginyl-tRNA synthetgggsand fers were not included in the analysis shown here (with the exception
cysteinyl-tRNA synthetase). The trees are based on amino acid of SYNM_YEAST and SYNC2 ARATH, both of which have a biased
sequence alignments generated by CLUSTAL X and generated bymino acid composition). Analyses with the full set of available AsnRS
maximum-parsimony analysis with PAUP. Branches with less thanand CysRS sequences did not significantly alter the positions of the
50% bootstrap support have been collapsed. In A, the probable root gblant sequence& A distance tree of cysteinyl-tRNA synthetases using
the tree (as deduced by the inclusion of several AspRS sequences as @LUSTAL X. The bootstrap value from 100 replicates is indicated
outgroup) isarrowed. Sequences with biased amino acid composition along branchesNomenclature is the same as in Table 1. Rrabi-
unsuitable for phylogenetic reconstructions (tested by PUZZLE) ordopsissequences are inoldface.

strongly suspected to be derived from relatively recent horizontal trans-

Similarly, all three methods show a close relationshipSYCC ARATH and SYCQARATH possibly derived
between SYCCARATH and SYCQARATH and col- from the ancestral mitochondrial enzyme.
lect other known eukaryotic cytosolic enzymes in a dis-
tinct and well-supported group (Figs. 6B and C). The
closest relatives of thArabidopsisenzymes are not evi- Discussion
dent, but a neighbor-joining tree suggests that sequences
from proteobacteria (such a&zospirillum brasilense, Subcellular Localization
Escherichia coli, Haemophilus influenzae, Rhodobacter

capsulatusand Rickettsia prowazeRiimight be closest  predicting the subcellular location of proteins from se-
(Fig. 6C). This suggests that the common ancestor ofjuence data is not yet an exact science, therefore some
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form of experimental verification is necessary. We chosesurprising since they have been shown to interact with
to use GFP fusions to verify the targeting properties ofthe ATP substrate in thEhermus thermophiluAsnRS—
the predicted targeting peptides. This method has th&TP crystal complex (Berthet-Colominas et al. 1998). It
advantage of testing for mitochondrial and plastid target-is therefore quite possible that SYNG¥RATH is inca-
ing simultaneously, which is essential if dual-targeting ispable of carrying out aminoacylation, since it seems
a possibility. The fact that a presequence—GFP fusion itikely that it cannot bind ATP. Nevertheless, the gene is
targeted to a particular organelle does not prove beyonéxpressed, as shown by RT-PCR (Fig. 2), the existence
all doubt that the protein from which the presequenceof ESTs (Table 2), and our ability to recover a full-length
was taken is targeted to the same organelle, but it ispliced cDNA by 5 RACE. The absence of frameshifts
strong evidence in favor. We therefore consider it likely or premature stop codons despite considerable sequence
that SYNO ARATH and SYCOARATH are indeed drift strongly implies that the protein is produced and has
imported into both mitochondria and chloroplasts. Thea function. Whether or not it functions as an AsnRS will
designation of SYNCIARATH, SYNC2 ARATH, need to be confirmed.
SYNC3 ARATH, and SYCCARATH as cytosolic pro-
teins relies essentially on negative observations. These
proteins either lack N-terminal extensions or possess onual-Targeting
which lacks the expected characteristics of organelle tar-
geting sequences. Judging from the RT-PCR results (Fidt is common to find two distinct aaRSs with the same
2) and EST frequency, these four proteins are moreamino acid specificity in eukaryotes, one mitochondrial
highly expressed than the putative organellar proteins, agnd the other cytosolic (Kumazawa et al. 1989; Nabholz
one would expect for cytosolic proteins. We thereforeet al. 1997). In most of these cases, it is probable that one
think that our attribution of these five aaRSs to differentof the two genes encoding these proteins is derived from
compartments is probably correct, and would provide forthe original organellar gene. The mitochondrial transla-
AsnRS and CysRS activity in each of the three translation system in many eukaryotes is highly divergent, with
tion systems where they are required. We have found nonusual tRNAs (Ueda et al. 1992) and often variations in
evidence in genome data or ESTs that any other types dhe genetic code (Gray et al. 1999; Kurland 1992). These
AsnRS or CysRS genes exist frabidopsisor other differences may prevent the same aaRSs from being used
plants. However, with 40% of thArabidopsisgenome in both compartments. In plants, the situation is a little
still to be sequenced, the presence of other genes canndifferent for two major reasons: the acquisition of plas-
be entirely ruled out. tids has provided an influx of new tRNA and aaRS
genes, and the mitochondrial translation system has di-
verged very little from the eubacterial standard. This has
Duplicated Genes allowed considerable sharing of aaRSs and tRNAs be-
tween compartments (Small et al. 1999). In particular,
It is unusual to find closely related duplicated genes enplant mitochondria contain a number of tRNAs ex-
coding aaRSs. In general, when two aaRSs with the samaressed from insertions of plastid DNA in the mitochon-
amino acid specificity are present, the sequences are dirial genome. The presence of “chloroplast-like” tRNA-
vergent, implying that one of the two results from hori- ™' and tRNA"®! in Arabidopsismitochondria was put
zontal transfer (reviewed by Diaz-Lazcoz et al. 1998;forward as an explanation for the dual-targetingroé-
Wolf et al. 1999). In such cases, the assumption is thabidopsisHisSRS and MetRS to mitochondria and plastids
the two enzymes have distinct functions or expressior{Akashi et al. 1998; Menand et al. 1998). The same ar-
patterns or are targeted to different compartments. Thgument applies to SYNGARATH; all higher plant mi-
presence of three very similar putative cytosolic AsnRSdochondria examined to date [includiAgabidopsigUn-
in Arabidopsis (SYNC1 ARATH, SYNC2 ARATH, seld et al. 1997)] contain a tRNA" almost-identical to
and SYNC3ARATH) in addition to the organellar As- the corresponding plastid tRMA". The phylogenetic
nRS is therefore rather puzzling. We are unaware of anygnalyses (Fig. 6A) strongly suggest that SYM®RATH
other examples of four related aaRSs being present iderives from a plastid gene. Unlike cyanobacteria, bac-
one organism. The branch leading to SYNBRATH is  teria close to the presumed ancestor of mitochondria
long in all trees generated by methods that measure sulfe.g.,RickettsialAndersson et al. 1998; Gray 1998)] lack
stitution rates, suggesting that it is accumulating muta-an AsnRS and thus mitochondria probably also lacked an
tions more rapidly than SYNCJARATH and  AsnRS to start with. This is not entirely certain, however,
SYNC3 ARATH. The latter two are very similar in se- as the yeast mitochondrial ASnRS shows some similarity
quence (Fig. 3) and expression (Fig. 2), suggesting thab bacterial enzymes and may be of mitochondrial origin.
they originate from a recent duplication. Moreover, theln organisms lacking an AsnRS, asparaginyl-tRNAs
normally perfectly conserved arginine and glutamategenerated by transamidation of aspartyl-tRNA
residues of motif 2 and the glycine and arginine residuegCurnow et al. 1996). In principle, the aminoacylation
of motif 3 are not conserved in SYNCRRATH. Thisis  reaction is more efficient than transamidation, which is a
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Fig. 7. Possible evolutionary history of asparaginyl-tRNA syntheta- retargeted to the plastid. Subsequently the plastid gene was lost. (4)
ses (AsnRSs) irArabidopsis thaliana“a” is the typical eukaryotic ~ Acquisition of mitochondrial targeting ability by the formerly plastid-
AsnRS, encoded by the nucleus; “b” is the ancestral plastid form. (1)specific AsnRS. (5) Duplication of the plastid-derived gene and re-
An endosymbiotic event giving rise to the mitochondria was at the placement of the former cytosolic AsnRS by the product of the new
origin of eukaryotic cells. At this stage, mitochondria probably had no gene (the so-called “cytosolic capture”). (6) Second and third duplica-
AsnRS; tRNA*"was produced by transamidation of Asp-tRNA (2) tions giving rise to the presence of three putative cytosolic AsnRSs:
At the origin of plants was a second endosymbiotic event involving aSYNC1, SYNC2, and SYNC3. The SYNC2 form is indicated differ-
cyanobacterium. The newly formed plastid encoded its own AsnRS. (3kently to suggest that it may not be a functional AsnRS.

The plastid AsnRS gene was transferred to the nucleus, and the protein

significantly more complex route to aminoacylate tRNA Cytosolic Capture
and generally costs two ATP molecules versus one
(Curnow et al. 1996; Ibba et al. 1997; Shiba et al. 1998). The most original feature of the AsnRSs and CysRSs
This may have provided a selective advantage fordescribed here is the close relationship between the or-
double-targeting of AsnRS to both organelles (if mito- ganellar and the cytosolic isoforms. It has been suggested
chondria did lack an AsnRS at this point). that the cytosolic AlaRS, ValRS, and ThrRS enzymes are
Generally it is not difficult to show a close relation- encoded by genes derived from mitochondria (Doolittle
ship between plant plastid aaRSs and their homologueand Handy 1998), and indeed the presence of this “eu-
from SynechocystigFig. 6A) (Menand et al. 1998; un- bacterial-like” ValRS in the amitochondrial protists
published data available in the previously cited taaRSAGiardia andTrichomonasas been used as evidence that
database) or between cytosolic aaRSs and their homologuésese organisms must be derived from eukaryotes that
from animals or fungi (again, see the taaRSAt database}lid have mitochondria (Hashimoto et al. 1998). How-
but it is much more difficult to detect specific relationships ever, the phylogenies published for these enzymes to
between mitochondrial aaRSs and their homologues frondate do not show a clear specific relationship to bacteria
a-proteobacteria (close to the presumed ancestors of mit@lose to organelle ancestors but, rather, a general simi-
chondria). This is probably primarily because the diver-larity to eubacterial enzymes. It is possible that these
gence between mitochondria amgbroteobacteria is much genes originated elsewhere than in mitochondria, as
more ancient than the divergence between plastids and cyather plausible scenarios for the acquisition of eubacte-
nobacteria or the divergence between plants and other euilal genes by eukaryotes have been put forward
karyotes. SYCOARATH has no close relationship to (Doolittle 1998; Lopez-Garcia and Moreira 1999). The
CysRSs from eitheBynechocystisr eukaryotes and thus, phylogenies presented here are equally inconclusive con-
by elimination, may be of mitochondrial origin. There is cerning the origin of the twérabidopsisCysRSs but, on
weak support for this hypothesis from the distance tree (Figthe contrary, are quite explicit concerning the origin of
6C). Judging from the GFP fusion, SYCARATH is  the AsnRSs; all fouArabidopsisgenes are very likely to
dual-targeted to both organell@gsabidopsiamitochondrial ~ have derived from an ancestral plastid gene. This is the
tRNASYS is a typical mitochondrial, not “plastid-like,” best evidence to date for replacement of a cytosolic aaRS
tRNA and thus the mitochondrial and plastid CysRS iso-by an organellar counterpart. A schema giving a possible
forms have different substrates. The advantage for doublesvolutionary scenario is shown in Fig. 7. There is a faint
targeting is thus less evident than for SYNERATH. possibility that there was no cytosolic AsnRS to replace;
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the patchy distribution of AsnRSs suggests that this entoba M, Curnow AW, Soll D (1997) Aminoacyl-tRNA synthesis: Di-

zyme appeared relatively late in evolution, but exactly vergent routes to a common goal. Trends Biochem Sci 22:39-42

. . . Kim HS, Vothknecht UC, Hedderich R, Celic I, Soll D (1998) Se-
when and where it arose is not clear (Shiba et al. 1998). quence divergence of seryl-tRNA synthetases in archaea. J Bacte-

Until more eukaryotes have been sampled, particularly o 180:6446-6449
protozoa, we cannot be certain whether or not the anceswhler RH, Cao J, Zipfel WR, Webb WW, Hanson MR (1997a) Ex-
tor of plants possessed an AsnRS before it received one change of protein molecules through connections between higher
with the acquisition of plastids. ) plant plast'ids. Science 276:2039-2042
Kéhler RH, Zipfel WR, Webb WW, Hanson MR (1997b) The green
fluorescent protein as a marker to visualize plant mitochonidria
vivo. Plant J 11:613-621
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