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ABSTRACT. Thermus thermophilupossesses two aspartyl-tRNA synthetases (AspRSs), AspRS1 and
AspRS2, encoded by distinct genes. Alignment of the protein sequences with AspRSs of other origins
reveals that ASpRS1 possesses the structural features of eubacterial AspRSs, whereas AspRS2 is structurally
related to the archaebacterial AspRSs. The structural dissimilarity between the two thermophilic AspRSs
is correlated with functional divergences. AspRS1 aspartylates {RN#hereas AspRS2 aspartylates
tRNAAsP, and tRNAS" with similar efficiencies. Since Asp bound on tRRAis converted into Asn by

a tRNA-dependent aspartate amidotransferase, AspRS2 is involved in Asr*tRfdAnation. These
properties relate functionally AspRS2 to archaebacterial AspRSs. The structural basis of the dual specificity
of T. thermophilugRNAAS"was investigated by comparing its sequence with those of tRNaRd tRNAS"

of strict specificity. It is shown that the thermophilic tRK# contains the elements defining asparagine
identity in Escherichia coli part of which being also the major elements of aspartate identity, whereas
minor elements of this identity are missing. The structural context that permits expression of aspartate
and asparagine identities by tRRA and how AspRS2 accommodates tRNRand tRNAS" will be
discussed. This work establishes a distinct struetfuection relationship of eubacterial and archaebacterial
AspRSs. The structural and functional properties of the two thermophilic AspRSs will be discussed in the
context of the modern and primitive pathways of tRNA aspartylation and asparaginylation and related to
the phylogenetic connexion df. thermophilugo eubacteria and archaebacteria.

INTRODUCTION cesses hydrolyzing wrong end-produds-8). The functional
unicity between aaRSs, tRNAs, and amino acids and
proofreading processes exerted by some synthetases provides

Most organisms possess 20 aaRSs, a particular one for eacH'® @Minoacyl-tRNAs (aatRNAs) with enough accuracy to
of the 20 natural amino acids involved in protein synthesis €nSure high fidelity in translation and survival of the cell.
and each of the 20 families of tRNA isoacceptots-4) However, exceptions of the rule of unicity of the amino-
Each synthetase aminoacylates the cognate isoacceptingcY/ation systems were reported.
tRNAs with the homologous amino acid. However, syn- First, various organisms are lacking synthetgses. The
thetases can mischarge tRN/&s<7). Not absolute specific- ~ Nomologous aatRNA is then formed by conversion of the
ity of particular aaRSs is compensated by correction pro- @Mino acid mischarged on tRNA by a noncognate aaRs.
Gram' bacteria, the GrambacteriumRhizobium meliloti
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A138406) and theEnterococcus feacaligenomic sequence is ac- ASN-tRNA®" in archaebacteria by converting Asp mis-
complished with support from NIH. charged on tRNA™" into Asn and substitutes the missing
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AsnRS (7—-20). The tRNA-dependent formations of GIn Analysis of its sequence does not reveal important variations
and Asn differ from direct biosynthetic pathways used by with tRNAAS" exhibiting strict asparagine specificity. It is
most other organisms, but resemble tRNA selenocysteiny-shown thafT. thermophilugRNA#s" contains the elements
lation in the various phylae in which Ser mischarged on common to aspartate and asparagine identities, whereas
tRNASechy SerRS is converted into Se2lj. minor elements involved in aspartate identity are absent. How

Second, in a few cases two aaRSs encoded by distinctboth identities are coexpressed in the same structural context
genes coexist and provide identical aatRNEscherichia and absence of discrimination between tRieAaNd tRNAS"
coli contains two LysRSs that are 88% in similariB2¢ by AspRS2 will be discussed. Altogether, this report
25), Bacillus subtiliscontains two Thr- and two TyrRSs that demonstrates a peculiar structgafanction relationship in
are 51 and 27% in similarity, respectivel2&-28), and eubacterial and archaebacterial ASpRSs and establishes the
Staphylococcus aureustrains resistant to mupiricin, an  coexistence inT. thermophilusof two phylogenetically
analogue of lle, express two lleRSX9( 30. The exceptional  distinct pathways of tRNA aspartylation and asparaginyla-
character of these duplications is manifested by the absencdion, one archaebacterial and the other one eubacterial,
of their conservation along the evolutionary scale, and when probably related to ancestral and modern aminoacylation
compared to the other organisms studied thus far, thesepathways.
synthetases are unique. The functional significance of the
duplication could be evidencgd only in pe}rticular cases where EXPERIMENTAL PROCEDURES
both enzymes possess distinct properties or are differently
expressed along the growth cycle of the organisnt.Iooli,
thelysSproduct is constitutive, whereas thysU product is
induced only under harsh conditions such as heat shock
anaerobiosis, or low pH3{@, 32 and is coordinately
expressed with components exerting diverse functions in
adaptation 33). The two thrS genes ofB. subtilis are
coordinately expressed and regulated by a antitermination
mechanism. Each ThrRS is sufficient for normal cell growth
and sporulation, but only thiarS gene is expressed during
vegetative growth while théhrZ gene is induced when the
level of charged tRNA decreases after Thr starvatig4).(
Similar characteristics govern expression and regulation of
the two TyrRSs fronB. subtilis(28, 39. Finally, the genes
encoding the two lleRSs &. aureusre one of chromosomal
and the other one plasmidic, but only the plasmidic product
confers resistance to mupiroci@q, 30.

In a previous report, we described the existence in the
thermophilic eubacteriunThermus thermophilusf two
AspRSs, which activate Asp and charge tRRPAwith similar
kinetic constants and thermodynamic paramet@ss (This
duplicated system differs from those described earlier by its
physiological implication, since the two AspRSs are ex-
pressed in a constant ratio along the growth of the bacterium
excluding involvement of each one in particular stages of
the growth cycle. It is shown here that the two enzymes differ
by their specificity in tRNA charging and that AspRS1
aminoacylates tRN&P, whereas AspRS2 aminoacylates : .
{RNA" in addition to tRNASP, Asp mischarged on tRNA" ﬁé‘g&;enol extraction of the cells; the tRNAs eluted at 1.5 M
is then converted into Asn by a tRNA-dependent amido- o ) ) ]
transferase. Since dual specificity of AspRS constitutes an  Strains, Plasmids and Bacteriophages. T. thermophilus
archaebacterial charactér7-20), we investigated the phy-  9enomic DNA was isolated from HB8 strain (ATCC 27634).
logenetic origin of the thermophilic AspRSs by comparing E. coli strains JM103 and DHbwere used for preparation
their sequences to those of AspRSs from various phylae and®f récombined pUC18 and pUC19. BL21 (DE3)/pET 3-1
showed that AspRS1 is structurally related to the eubacterial(T7 RNA polymerase promoter) and DbifpKK223 (tac
AspRSs and AspRS?2 to the archaebacterial ones. FurtherPromOter) were the host/vector systems for expression of
tRNA”" from T. thermophilus being aspartylated by ASPRS1 and AspRS2.

AspRS2 and asparaginylated by AsnRS, constitutes a rare Bacterial Growth, DNA Isolation, and Manipulation. T.
exemple of coexpression in vivo of two distinct identities thermophiluscells were grown as describegBf and genomic
by a given tRNA. The elements defining aspartate and DNA isolated using standard method¥0). E. coli strains
asparagine identities have been characterized in tRNAs ofwere grown on Luria Bertani or 2YT media supplemented
various origins 86—38), but the structural context that allows when necessary with 200 nig? of ampicillin. E. coli
efficient aspartylation and asparaginylation of tRNA transformation, maxi and minipreparations, of double-
remains unknown. We investigated the structural peculiarities stranded DNA, DNA manipulations and agarose-gel elec-
defining the dual identity inT. thermophilustRNAAs", trophoresis were conducted using standard procedd@s (

Enzymes and ChemicalRestriction endonucleases, T4
DNA ligase, and the Digoxygenin DNA Labeling and
'Detection Kit were from Boehringer, RNAse A was from
Worthington, and T4 polynucleotide kinase from New
England Biolabs. T7 DNA polymerase, exonuclease I,
nuclease S1, and unlabeled @nd 2,3 -deoxyribonucleotides
triphosphates were from Pharmacia. Bovine alkaline phos-
phatase and isopropyl-thjo-p-galactoside were from Ap-
pligene, and the Ampli Tag DNA Amplification Kit from
Perkin-Elmer. The oligodeoxyribonucleotides were synthe-
sized on an Applied Biosystem 381A and purified by high-
pressure liquid chromatography[*“C]Asp (220 mCi mmot?)
was from Commissariat #Energie Atomique (Saclay),
L-[®H]Asn (20 Ci mmot?), o and y[*?P]JATP (2000 Ci
mmol?) and o[**S]dATP (400 Ci mmoi') were from
Amersham. Diethylaminoethyl-cellulose (DEAE-cellulose)1
(DE 52) and phosphocellulose (P 11) were from Whatman,
hydroxyapatite (HTP) from Biorad, and Ninitrilotetraacetic
acid Sepharose from Qiagen. Diisopropylfluorophosphate
(DIFP)1, pepstatin, bestatin, and E-64 (trans-epoxysuccinyl-
L-leucylamido-(4-guanido) butane) were from Sigma and
Pefablock-SC (4-(2-aminoethyl)-benzenesulfonyl fluoride)
'from Pentapharm (Basel). Unfractionated tRNAs (Asp ac-
ceptance 0.51.5 nmol mg?) from E. coli and yeast were
from Boehringer and that from. thermophilusvas prepared
by DEAE-cellulose chromatography of bulk RNA obtained
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Cloning of the aspS Genedhe DNA probes were Strains Qeerproducing Asp-tRNA Synthetases 1 and 2.
obtained by PCR amplification using Q& of T. thermo- Appropriate restriction sites were created upstream and
philusDNA and 100 pmol of degenerated sense and antisensedownstream from thaspSlgene according to Kunke#p)
primers designed on the basis of the amino acid sequence®n single-stranded M13mp18 recombined with the 4.5 kbp
from residues 1 to 9 and 43 to 52 for ASpRSIGGAAT- BarHI fragment. For cloning in the pET3-1 vector, tNeld
TCATGCG(G/C)CG(G/C)AC(CIG)CACTACGC(G/C)GG(G/  site was created upstream from ORF with oligonucleotide
C)(AIT)(G/C)C3 and BGGAATTC(C/G)GGGTG(G/C)- 5'GAATSSGGTAAGCTTGGGAGEATATAGTCG-
GC(G/C)AC(C/G)AGCTG(G/C)AC(C/IG)AG(G/C)- CACCCACTACGC CGGAAS3 For cloning in the PKK223
CCCTC3, and from residues 1 to 10 and 27 to 36 for vector,EcdaRl andHindlll sites were created, upstream and
AspRS2, 5IGGAATTCATGCG(G/C)G T(G/C)CT(C/G)GT-  downstream, respectively, from the ORF andltiedlll site
(G/IC)CG(G/C)GACCT(C/G)AAGGC(G/C)CAC3and 5- upstream from the start codon, was suppressed using
GGAATTCGTC(C/IG)AGGTC(A/G)AACTG(A/G)AT(G/C)- oligonucleotides :GGTGAGAATCCGGT AAGCATGG
CG(G/C)CC(C/IG)AGGTC3 extented at the 'Sends by GGAATTCATGCGTCGCACCCACTACGCCGGAAGCCTG3
EcoR1 sites. The amplified fragments were isolated by and 3TCATG GTGGTCCGGCCATGAAGBAGCTTC-
agarose-gel electrophoresis, digested \EitioRI, ligated in CGGGTACCGAGCTCGAATTCG3 The designed restric-
pUC18, controlled by sequencing aftercoli transformation, tion sites (in italics) were controlled by sequencing. The
and finally, labeled with digoxigenin by random priming or Ndd—BanHI and EcoRI—Hindlll fragments were excized
with of*?P]dATP by nick translation4Q). from recombined M13mp18, respectively, cloned in pET3-1
and pKK223 vectors and the resulting vectors, pgaS1

Southern hybridizations were performed®arH|, Kpnl, . -
and pKKaspS]1 were used for transformation d&. coli

and Pst digests of genomic DNA fractionated by electro- i
phoresis on 0.8% agarose gel using the probe labeled withStrains BL21(DE3) and DH&
digoxigenin. The fragments of the size of that hybridized to ~ FOr cloning in expression vectors, taspS2gene was

the probe BamHI fragments of 4-5 kbp foraspSland 3-4 amplified by PCR with the sense primer,G&CTTAA-
kbp foraspS2andPst fragments of 4.5-5.5 kbp foraspS3, GCAAGGGGEAATTCATATEGGGTACTGGTACGS cre-

were eluted from gel, cloned in pUC18, and used to construct 21iNg theEcaRI a_nngd sites upstream from the ORF and
minilibraries in DH&x. The clones containing thé-Boding ~ the antisense primer, SAGCCCGGCRAGATCTGAGT-
ends of the genes were identified by colony hybridization AGGGCGTGAGCCGGETGCCGGreating thePst and
using the probes labeled wit32P]dATP (0). Bglll sites downstream from stop codon. Thield —BgllI

. f th . ‘ and EcoRI—Pst fragments were excized by restriction
Sequencing of the aspS Genése non coding strand of  gigestion and inserted in pET3-1 and pKK223 vectors

the aspS1lgene was sequenced with the universal primer, |ijaarized respectively bjldd and BanHI and by EccRI
using a collection of fragments of decreasing length obtained ;.\ psg digestions and the resulting vectors, pEpS2and

by recurrent degradation of the 4.5 kBamH1 fragment i aspS2were used for transformation of tie coli strains
cloned in pUC18. The recombined vector, linearizekbg BL21(DE3) and DHE.

and Pstl digestions, was digested starting from the 3 Isolation of T. thermophilus tRN# and tRNAS" and
recessingXbal end with exonuclease Ill and nuclease S1 Sequencing of tRM&. Fractions enriched in tRN&P and
a_nd analyzed after increasing time intervals by eIe_ctropho_r €-tRNAAS" were obtained by benzoyl-diethylaminoethyl-cel-
sis on 1% agarose gel. The vectors recomblne_d with lulose (BD-cellulose) chromatography of unfractionated
fragments decreasingly shortened by 3200 nucleotides  pNA eluted with a gradient from 0.5 to 1.5 M NaCl in 50
were circularized and amplified by transformation of BH5 |\ sodium acetate buffer pH 5.0. tRR® and tRNAS"

cglls before sequen_cing. The goding strand was sequenceq| +e at 0.8 and 1.1 M NaCl, respectively. Pure tRIRA37
with 11 synthetic primers distributed along the gene. nmol mg?) was obtained by additional anion exchange

The first part of theaspS2gene, including the 31 first  chromatographies4@). tRNA”" of sequencing grade was
codons, was sequenced on both strands with the universalsolated by two-dimensional polyacrylamide gel electro-
primer in the 3.5 kbpBanHI fragment cloned in both  phoresis (PAGE) of the enriched BD-cellulose fraction (10
orientations in pUC 18. The second part of the gene was and 20% polyacrylamide in 89 mM Tris-borate buffer, pH
sequenced in restriction fragments excized from 5.5 kbp long 8.3, and 2.5 mM ethylenediaminetetraacetic acid (EDTA),
Pst fragment containing the full ORF and subcloned in respectively under semi-denaturating conditions (4 M urea),
pUC18 and pUC19. The vectors recombined with the as described4d). The tRNAs were revealed by toluidine
BarrH|—BanH|I, BanHI—Kpnl, andKpnl —Kpnl fragments blue staining, eluted by overnight soaking of the gel
(0.7, 0.3, and 0.8 kbp), covering the ORF downstream the fragments in 0.5 M ammonium acetate buffer, pH 7.0,
31 first codons, were linearized ¥ba and eitherPst or containing 10 mM magnesium acetate, 1 mM EDTA, and
Kpnl digestions, and fragments decreasingly shortened by0.1% SDS, and finally, deprived from last traces of poly-
150-200 nucleotides starting from thX¥ba end were acrylamide and urea by phenol extraction and chromatog-
obtained as described above. Sequencing was conducted withaphy o1 a 1 mL Sephadex G25 column. tRN® (40
the universal or universal reverse primer, using the dideoxy nmolmg) used for kinetic analysis was purified from an
chain termination techniqudl). Compressions were solved enriched BD-cellulose fraction, by retention, and after
by replacing dGTP by dITP in the sequencing mix. To verify aminoacylation by AsnRS, on a matrix substituted witANi
whether the full ORF ofispS2was sequenced, the nucle- nitriloacetic acid bound to the His-taggdd thermophilus
otides upstream and downstream from the adjacent restrictionelongation factor Tu followed by elution as describd8)(
fragments were sequenced in thst fragment using The aatRNA was deacylated by incubation 30 min atG7
synthetic primers. in 1.5 M Tris-HCI buffer, pH 8.0.
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For sequencing, the denatured tRNAwas submitted to
single hit random hydrolysis by imidazole beforddbeling
of the fragments with¥P]. The major and the modified-5
ending nucleotides were identified by mono- and two-
dimensional thin-layer chromatographg§6jf, respectively.

Preparation of Crude Protein Extracts and Purification
of the Two Asp-tRNA Synthetaskkless otherwise indi-
cated, all steps were conducted at°@ with buffers
containing 5 mM 2-mercaptoethanol, 0.1mM of each, DIFP,
EDTA and Pefablock and 1 mM pepstatin A, bestatin, and
E64.

The protein extract fronT. thermophiluswas prepared

Biochemistry, Vol. 39, No. 12, 208219

at 280 nm ¢ = 66 689 and 59 900 M cm *andE = 1.01
and 1.15 mL mg! cm™, respectively, for AspRS1 and
AspRS2).

Activity and Kinetic Constants Measuremeritie stan-
dard aminoacylation mixture contained 100 mM Na-HEPES,
pH 7.2, 30 mM KCI, 2 mM ATP, 10 mM MgGl (or 10
mM ATP and 12 mM MgC! when crude protein extracts
were tested), 0.05 mM-[“C]Asp (70 000 cpm nmol), 4
mg mL™? of unfractionated tRNA from yeasE. coli, or T.
thermophilusand 56-3004g mL™* of proteins or +10 ug
mL~? of pure yeast oE. coli AspRSs orT. thermophilus
AspRS1 or AspRS2, diluted when necessary in 100 mM Na-

from 20 g cell paste suspended in a 40 mL extraction buffer HEPES, pH 7.2, 1 mg mt! bovine serum albumin, 5 mM

(250 mM Tris-HCI, pH 8.0, and 1 mM Mgg). Cells were

2-mercaptoethanol, 0.1 mM EDTA and DIFP, and 10%

disrupted by shaking with glass beads (1:1, v/v) in a grinder glycerol. TheKy’'s for ATP, Asp, and the tRNAs were

(Vibrogen Zellnithle, type Vi 4, Edmund Bhler, Tibingen)
under refrigeration and the lysate was centrifugad?fb at
10500@. After overnight dialysis against 50 mM potassium

determined from double reciprocal plots in the presence of
3—40 uM L-[*C]Asp or 3-200 uM ATP or 0.02-10 uM
T. thermophilugRNAASP or tRNAAS™ saturating concentra-

phosphate buffer, pH 7.2, the supernatant was loaded on dions of the fixed substrates, except for measurements of the

DEAE-cellulose column equilibrated with the dialysis buffer
before elution of the proteins with 400 mM KCI. The extracts

Kw's for tRNA where 8uM (~the Ky value) L-[*H]Asp
(3100 cpm pmol') were present with 0:21 ug-mL~* of

from E. coli strains overproducing the thermostable AspRSs AspRS1 or 0.22 ug-mL™! of AspRS2. Thek..s were
were obtained by sonication (10 cycles of 20 s each at 45 V determined independently with saturating substrates concen-
with an Ultrasons-Annemase apparatus type 250TS20K) oftrations. The F*C]Asp-tRNA synthesized after-115 min
the cells harvested from 120 mL culture and suspended in lincubation at 37 or 70C was determined in 40L aliquots

mL extraction buffer. After centrifugation of the lysate for
15 min at 5000g, the thermolabile proteins, including the

as described previouslivi9).

endogeneous AspRS, were precipitated by 30 min incubationRESULTS
at 70°C and sedimented at 5000g. The extracts were stored

at —80 °C in the presence of 50 mM potassium phosphate

buffer, pH 7.2, containing 50% glycerol.

AspRS1 was purified from 50 g of overproducing cells
suspended in 150 mL of 50 mM Tris-HCI buffer, pH 8.0,
containing 10 mM MgGl. Fractions of 20 mL were

Cloning of the Two Asp-tRNA Synthetases Genes from T.
thermophilus.In a previous report, we demonstrated the
existence of two Asp-tRNA synthetasesTinthermophilus
(35). Fractionation of a crude protein extract from
thermophilusHB8 by salting out chromatography results in

submitted to 10 cycles of sonication of 30 s each at 100 V the elution of two AspRSs: AspRS1 elutes at 28% and

in ice, prior centrifugation of the lysat3 h atLl0500@. The

AspRS2 at 20% of saturation of ammonium sulfate. Estima-

supernatant, supplemented with 100 mM NaCl, was heatedtion of the M, and analysis of the oligomeric structure of

for 30 min at 70°C, and the flocculated proteins sedimented both enzymes revealed homodimers with polypeptide chains
by a 15 min centrifugation at 50g0After a 2-fold dilution, of M, 66 000 and 51 000 for AspRS1 and AspRS2, respec-
the proteins were adsorbed on a hydroxyapatite columntively. Sequencing of the N-terminal ends and of internal
equilibrated with 20 mM potassium phosphate buffer, pH peptides obtained by BrCN cleavage of the chains showed
6.8, and eluted with a linear gradient from 20 to 200 mM of different sequences excluding origin of the small AsSpRS by
this buffer. The active fractions, eluted at 140 mM salt, were proteolytic cleavage of the larger one. Finally, the distinct
dialyzed against 20 mM potassium phosphate, pH 7.2, andorigin of the two enzymes was confirmed by analysis of the
fractionated by DEAE-cellulose chromatography with a effect of the antibodies directed against each one, which
linear gradient from 20 (pH 7.2) to 200 mM (pH 6.8) showed the absence of cross reactions, demonstrating that
potassium phosphate. AspRS1 eluted at homogeneity at 17Ghe two AspRSs are deprived of common epitopes. All these
mM salt. AspRS2 was purified after heat treatment of the results argue that AspRS1 and AspRS2 are encoded by
crude extract by DEAE-cellulose and phosphocellulose distinct genes.

chromatographies. The active fractions, eluted on DEAE- From the N-terminal sequence of each AspRS, two
cellulose at 140 mM potassium phosphate, were dialyzed,degenerated oligodeoxyribonucleotides adapted frbm
adsorbed on a phosphocellulose column equilibrated with thermophilugestrained codon usage were designed by back-
20 mM potassium phosphate buffer, pH 6.8, and the proteinstranslation and used as primers to constitute two non
eluted with a linear gradient from 0 to 0.5 M KCI. The degenerative probes by PCR amplification of the&ding
enzyme eluted at homogeneity at 0.2 M KCI. The pure ends of the genes in genomic DNA. The probes derived from
enzyme fractions were concentrated by filtration under N AspRS1 and AspRS2 hybridize BanHI fragments of 4.5
pressure through a Amicon YM10 membrane and stored atand 3.5 kbp, respectively. Localization of the starts of the
—20 °C in 50 mM potassium phosphate buffer, pH 7.2, ORFs by hybridization of the probes on fragments decreas-
containing 50% glycerol. The purity of the AspRSs was ingly deleted from one extremity and their orientation by

checked by SDSPAGE @7); protein concentrations in
crude extracts were determined by UV absorpti4g) @nd

sequencing, indicated that the first fragment contains the full
aspSlgene, whereas the second one includes only the 31

pure enzyme concentrations using the extinction coefficient first codons fromaspS2yene. The fulespS2gene was then
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cloned in a 5.5 kbPst fragment including twdBanH1 sites, proteins 63—55). However, lack of these particularities in
located at 3.2 and 1.6 kbp, located from each end. Hybridiza- aaRSs from thermophilic archaebacteria shthannaschii
tion of the probe revealed start of the ORF in the 3.2 kbp and A. fulgidus (18, 20 illustrates the diversity of the
Pstl—BanH1 fragment. According to the size of the physicochemical parameters involved in thermal adaptation
polypeptide chainNl; 51 000), the ORF of1.3 kbp covers of proteins and points to an absence of common rules
the adjacent 0.7 kbBanHI fragment and ends in the 1.6 determining protein stability in thermophilic organisms.
kbp long BanrHI—Pst fragment, between twdpnl sites Finally, it should be mentioned that the protein sequence
located at 0.3 and 1.1 kbp, respectively, fr@&arHI| end. and the 3D structure of. thermophilusAspRS reported
Nucleotide Sequence of the aspS1 and aspS2 Gehes. earlier 6, 57 are those of AspRS1.
nucleotide sequences reveal ORFs of 1940 and 1269 nucle- Alignment of Asp-tRNA Synthetases 1 and 2 from T.
otides for theaspSlandaspS2yenes, respectively. They are thermophilus with other Asp-tRNA Synthetaggsmparison
accessible on the EMBL data bank under the numbers of the protein sequences reveals only 29% of identity between
X70943 and AF219996. The sequenceaspSigene ofT. AspRS1 and AspRS2. Further, similarities of ASpRS1 with
thermophilusHB8 strain is identical to that of thespSgene eubacterial AspRSs exceed those with archaebacterial ones,
of T. thermophilus/K1 strain reported earlief50), except whereas AspRS2 presents more similarities with archaebac-
two Glu codons that differ (GAG in HB8 and GAA in VK1). terial than with eubacterial AspRSs (e.g., 60 and 66% of
The Shine-Dalgarno sequences,@GAGGA and 5 identities of AspRS1 witl. coliandH. influenzaeAspRSs,
AGGGGG, include nucleotides7 to —2 and—13 to —8 but only 46 and 57% with those froRyrococcus kodakaraen-
upstream from the starting ATG ofspSland aspS2 sis and M. jannaschiiand ~44 and 33% of identities of
respectively. Both are complementary to six contiguous AspRS2 with the archaebacterial and eubacterial ASpRSs,
nucleotides near the' &nd of T. thermophilus16S RNA respectively).
(5'UCCUUU, (B))). The codon usage reveals preference for  Alignment of AsSpRS1 and AspRS2 with the 54 AspRSs
codons ending by'35 or C (only 8% of the codons end by  of known sequences (9, 7, 30, 3, 4, and 1 from eukaryotes,
A or T, in contrast to 42, 65, and 53% . coli, human, archaebacteria, eubacteria, mycoplasma, mitochondria, and
and yeasaspSgenes). This agrees with the high GC content chloroplast, respectively, Figure 1) shows the presence in
in DNA of organisms of theThermusspecies, which, by  both thermophilic enzymes of the three consensus motifs of
increasing the stability of coderanticodon interactions, is  class Il synthetases. It shows also that residues inside and
probably involved in the adaptation of this thermophile to outside the motifs, essentially conserved in eubacterial
high temperatures. However, significant lower GC contents AspRSs, are present in AspRS1, whereas those essentially
in more extreme thermophiles (52, 40, and 31%Pyro- conserved in archaebacterial ASpRSs are present in AspRS2.
baculum aerophilumThermotoga maritimaand Methano- Finally, comparison of the sequences of AspRSs of various
coccus jannaschiil8, 19, 52 argue for implication of other  origins with those of AspRSs of known 3D structures shows
mechanisms in adaptation of nucleic acids to high temper- that the modular organizations of eubacterial and archae-

atures in these bacteria. bacterial AspRSs are conserved in AspRS1 and AspRS2,
Protein Sequence and Amino Acid Composition of Asp- respectively.
tRNA Synthetases 1 and Zhe aspSland aspS2genes The Consensus Motif§he alignment shows the presence

encode polypeptides of 579 and 422 residues and ofin both AspRSs of the three motifs with the conserved
calculatedM, of 660 29 and 483 29, respectively. AspRS2 residues of functional importance (Pro277 in motif 1, Arg332
constitutes the smallest AspRS so far sequenced. The amin@and Glu334 in motif 2, and Gly675, Gly679, Glu/Asp681,
acid composition of both proteins present characteristics Arg682, and Pro700 in motif 3, Figure 2). In addition, other
found in other aaRSs frori. thermophilus which distin- residues conserved in most AspRSs are also present in
guishes them from synthetases of other origins; they have AspRS1 and AspRS2, but with a few exceptions (Figure 2)
low contents in Asn, His, and Cys (one residue in AspRS1 e.g., in motif 1, Phe271 and Thr276 are also present in both
and none in AspRS2) and high contents in Pro and Gly. In AspRSs, whereas Gly270 and the positively charged Lys/
addition, for amino acids of a given physicochemical Arg263 are substituted respectively by Trp in AspRS1
character, residues with long side chains, which increase the(W155) and by Asp in AspRS2 (Asp143), and Arg255 in
hydrophobic interactions, are preferred (Glu, Gln, Thr, and eubacterial and in most archaebacterial ASpRSs is substituted
Leu are preferred to Asp, Asn, Ser, and lle, respectively) asby GIn in AspRS2 (GIn128), a residue also present in
well as residues that increase the hydrogen bonds (Arg iseukaryotic AspRSs. In motif 2, Asp349, Glu351, and Phe354
preferred to Lys). This property agrees with amino acid in most AspRSs are also present in AspRS1 and in AspRS2.
substitution rules shown to improve thermal stability of In contrast, Phe331 is substituted by Trp in AspRS2

Ficure 1: Alignment of Asp-tRNA synthetases. The alignment of the 54 known AspRSs sequences is summarized; only three ASpRSs
from each phylum are reported. The consensus motifs 1, 2, and 3 are indicated, and reiians tescribed in the text. Residues in red,

blue, and yellow characters are conserved in eukaryotic, archaebacterial, and eubacterial ASpRSs, respectively. Residues in violet characters
are conserved in prokaryotic AspRSs, and those in green characters in archaebacterial and eukaryotic AspRSs. Residues in white characters
on black and gray are conserved in all AspRSs and in class Il synthetases, respectively. The origin of the AspRSs and the Genbank
accession numbers are as follows: homo sagien{o sapiensP14868) droso megd(osophila melanogaste AAD21582), sacch cere
(Saccharomyces cerisiae, P04802), metba theMethanobacterium thermoautotrophicuAAB84732), arche fulgArchaeoglobus fulgidys

029342) pyroc kodaRyrococcus kodakaraensi®52428), esche colEscherichia coli P21889), enter fae&aterococcus faecaliFIGR

contig 6609), strep pyodStreptococcus pyogena&d/IT, ORF 1095), tt drs1 and tt drs2 afethermophilusAspRS1 and AspRS2; eucarya,

archaea, and eubacteriae are the consensus sequences of eukaryotic, archaebacterial, and eubacterial AspRSs. The numbering is that fror
alignment.
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Consensus motif 1

AspRS1 133 RRMQE N|LIR|LIR HR|V}I KA|T[WD|F L|DR E G|F|V 173
Eubacteria 246 x x x x x x[0|x|0|R x x|[6|x x x|¢ R[x|¢ ¢jx x x G|F|¢ 280
AspRS2 119 EKA PLKV§§§AALVRGFRRYLDRQDF 154
Archaebacteria 246 PxV FIKIT|R x x[0[0 x x|¢ R|x|$ ¢/x x x G|F , 280
Eukaryotes 246 x x X §QFX¢5§§XGCX¢FRXLXXXXFX 280
class 11 246 x x X X X X X X[¢]x x x x x x x x|+|x x x x x x G[¢|x x| §]x x[P|x{¢|¢ x 280

Consensus motif 2

AspRS1 209
Eubacteria 323
AspRS2 192
Archaebacteria 323
Eukaryotes 323
class I1 323

Consensus motif 3

AspRS1 518 [GIAlIPPHGG I} : 550
Eubacteria 669 |G{x|P PHAG ¢f X X X X X VI 4 701
AspRS2 383 [GIM|P PHGGF| ? ' v 415
Archaebacteria 669 IGMPPHGG 701
Eukaryotes 669 |GIA|[PPHAG . 701
class 11 669 {Alx x x x|0 G 701

Ficure 2: Alignment of the three consensus motifs of eubacterial, archaebacterial, and eukaryotic AspiR&snophilusAspRS1 and

AspRS2, and consensus sequence of class Il synthetases. The numbering is that from alignment exceygrfoophilusAspRS1 and

AspRS2. Residues in white characters on black are conserved in eubacterial AspRSH atiteimophils AspRS1; residues in black
characters on dark gray are conserved in archaebacterial and/or eukaryotic AspRSsTatiteimophilusAspRS2; residues in black
characters on clear gray are conserved in archaebacterial AspRSs and in AspRS2. Conserved residues are present at least in 80% of the
sequences. Enframed residues are conserved in AspRSs or in class Il synthetases: x, variabletrebahiesesidues;, acidic residues.

A, 9, and¢ are residues with small, aromatic, and hydrophobic side chains, respectively.

(Trp200). In motif 3, Gly669 and Phe699, conserved in most cerevisiag E. coli, andP. kodakaraensigspRSs and of.
AspRSs, are present in AspRS1 and AspRS2 as well as thehermophilusAspRS1 involved in aspartyl-adenylate recog-
strongly conserved sequence PPH673 (Figure 2). In semi-nition and the interacting substrate groups revealed by the
conserved sequences from motifs, residues mostly conserve@dD structures of the AspRSs complexed with the activated
either in eubacterial or in archaebactarial AspRSs are presentispartate. It appears that the conserved residues in the various
in AspRS1 and in AspRS2 (Figure 2), respectively, e.g. in AspRSs exert identical functional roles. Table 1 shows the
motif 1, Glu275 in eubacterial AspRSs is present in AspRS1, predicted role of the conserved residues othermophilus
whereas Lys278 in archaebacterial AspRSs is present iNnAspRS2 in aspartyl-adenylate recognition.

AspRS2; the sequence of mofif 2 in AspRS1 is highly similar The Structural Organization of Asp-tRNA Synthetases 1

to that in eubacterial AspRSs but diverges from those in nd 2. Alianment of ASORS polvpeptide chains and com-
archaebacteria, whereas the sequence of AspRS2 presen% ' = Allg . P polypep .
much more similarities with the archaebacterial than with P2SO" with their known 3'.:) structures show fc.".”_ regions
the eubacterial ones. In motif 3, Ala677 in most eubacterial in the sequences tha}t define structurgl domam?s.The
AspRSs and in AspRS1 is essentially a Gly residue in most N_-te_rmlnal region (reS|du_es—1218) covering the anucod_on-
archaebacterial AspRSs and in AspRS2; Asp681 and Lys701b'nd_Ing domain and the hlnge_doma|m) the adjacer_n region
conserved in eubacterial AspRSs and in AspRS1 are(residues 219 to 423) covering consensus motifs 1 and 2
substituted by Glu681 and Arg701 in most archaebacterial 7™M the catalytic core,ii) the strictly prokaryotic region
AspRSs and in AspRS2, respectively. Finally, comparison (residues 424545), and i) the C-terminal region covering
of the consensus sequences of the 3 motifs show importantthe consensus mot|_f 3 and the prokaryquc extensmn (residues
similarities between the eukaryotic and the archaebacterial>46-735). A detailed analysis of this alignment shows
sequences, which diverge from eubacterial ones (Figure 2).Insertions and _delen_ons along_the sequences of _the particular
The Qerall SequencesWhen the residues essentially ASPRSs, confined in 10 regions (I to X), which allows
conserved in the AspRSs from each phylum are comparedpPartition of the AspRSs into three groups. Without exception,
with the homologous ones in AspRS1 and AspRS2, it appearsthis structural partition coincides with the phylogenic dis-
that various residues outside of the consensus motifs,tribution of the AspRSs. The first group comprises the
prevailing in eubacterial AspRSs, are also present in AspRS1,eubacterial AspRSs and includes AspRSs from mycoplasma
whereas those prevailing in archaebacterial AspRSs areand from organelles, the second group comprises the
present in AspRS2 (not shown). Further, residues semi-eukaryotic ASpRSs, and the third group is made up of the
conserved in archaebacterial AspRSs are present in eukaryarchaebacterial ones (Figure 1). The structural features
otic AspRSs, but differ in the eubacterial ones. Table 1 shows characterizing eubacterial and archaebacterial ASpRSs are
conserved and nonconserved residuesSatcharomyces found in AspRS1 and AspRS2 (Figure 1), respectively.
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Table 1: Protein Groups of Asp-tRNA Synthetases of Various Origins Contacting the Substrate Groups from Aspartyl-adenylate

Asp-tRNA synthetases

position and — - - - -
motifs from S. cereisiae E. coli T. thermophiluAspRS1 P. kodakaraensis T. thermophilAspRS2
alignment Renz Rsub Renz Rsub Renz Rsub Renz Rsub I:aenz Rsub
285 Ezx1  Azsne Eiz1 ASpuna+ Ei177 ASpums+ Eizo  ASPuHa+ Eiss  ASpPnms+
310 Qs03  Asposz Qo5  ASPuH3+ Q201 ASPos2, NH3+ Qo2 ASpnH3+ Qis0  ASPNHz+
313 Ksos  ASposz Kigs  ASposz K204 ASpos2 Kies  ASposz, NH3+ Kigz  Aspos
33Z R325 P(Xo R217 ASpo, Pao R223 ASpo, Pao R214 ASpo, P(Xo R201 ASpo, Pao
334 Er  Cuoz Ezi9  Adns Ezs  Ade E2i6  Adns Ez2z  Adne
340¢ Ras3 D22a D230 R222 PVO Roo9 P}’o
341 Hsss  Crs02 02 R225 R231 H22s  Pyo H2i0  Pyo
34z Mass  Adni, ne Q226 Adna, ne Q22 Adni, ns L22sa  Adni, ne Loia  Adng, ne
345 Fas  Ad Foo  Ad Fos  Ad A7  Ad Yos Ad
34F Gaao Q231 Aspo, Poo Q27 Aspo, Pa, ribos S20 Sp23
349 D3s>  ASpuha+ H20 D23z Aspuhs+ (H20) D23s  ASPaHa+ H20 D231 ASpuhs+ (H20) D225 ASPNH3+ H20
593 R4z Hass  ASpPosi (H20) Hasz  ASPooi (H20) Kase Ra22
620 Dia Mg?* D475 Poo (H20) Daso Dsssa Mg?'2 D3z Mg?2
627 E473 MgZJr E482 ribog E475 ribog E361 I’ibog Mgz+2, 3 E345 I’ibog Mgz+2, 3
Mg?t2, 3
628 b7 riboz Vg3 Va7 1362 riboz l346 riboz
630 Sis1 Aspo, o1, PBo Guss Garg S6a M@?2, Pho Sasg Mg?"2, PBo
Pao, ASpPost(H20) Pao, ASpost (H20)
634 Rigs  Asposi, os2 Rags  Aspost, o2 Rass  ASpoo1, os2 Rass  ASpost, os2 Ras2  Aspooi, os2
677 Gs2s  ASpost Asz Ase Gaor Aszor
679 Gszg  ribos Gs3za Gs2s Gaoo Gaos
68X Rs31 Ad, riboz, P}/o Rs37 Ad Rs31 Ad, ribo2 R412 Ad, P}/o R406 Ad, P}/o

@ Renz are the amino acid residues of AspRSs fr@mcereisiae, E. coli, and P. kodakaraensjsand T. thermophilusAspRS1 contacting the
substrate groups & of Aspartic Acid (Asp) or AMP (ad, adenine; rib, ribose; Pa, phosphate alpha) from Aspartyl-adenyRte(mnosphate
gamma) and Mgy 2 or 3 from ATP. M@" complex. Interacting groups from ATP. Migcomplex are in italic® For S. cereisiae AspRS, the
contacts are those of the enzyme complexed with tRRAhey include contacts with C74, C75, and A76 from tRNACHNdicates involvement
of a water molecule in the interaction. The residue¥.ahermophilusAspRS2 contacting the substrate groups are those presumed from alignment;
amino acid residues in bold characters are conserved in class 2 synthetases. Conserved residues from flfppitgftoop consensus motifs 1
and 2 are indicated. The 3D structures are described in refs 56, 57, an6259

Region | from alignment (residues—B9) covers the  and mycoplasma. The 3D structure ®f thermophilus
N-terminal extension only found in eukaryotic AspRSs. AspRS1 ancE. coli AspRS shows an organization of this
Region Il (residues 173189) constitutes a loop where its sequence in Ao split motif, forming a curved antiparallel
size distinguishes AspRSs from archaebacteria and myco-3 sheet flanked on both sides loyhelices. This structural
plasma from those of eubacteria and eukaryotes. The largedomain, which characterizes eubacterial AspRSs, is also
loop in eubacterial and eukaryotic AspRSs {146 and 14 present in the phosphocarrier HBB). Region VIII (residues
residues, respectively) contrasts with the shorter one in581—-591) characterizes eubacterial ASpRSs. The 3D struc-
archaebacterial and mycoplasma AspRSs (9 and 7 residues)ures of T. thermophilusAspRS1 ancE. coli AspRS show
The loops of AspRS1 and AspRS2 contain 14 and 5 residuesthat it constitutes an acidic pocket in the catalytic core, which,
and are of eubacterial and archaebacterial types, respectivelyby comparison with the 3D structure of the yeast complex,
Region Il (residues 219228) constitutes in eukaryotic may be involved in interaction with the accepting arm of
AspRSs a loop of 910 residues that precedes the two tRNA*SP, Eukaryotic and archaebacterial AspRSs lack this
conserved helices of the hinge domain connecting the sequence as well as AspRS2. Region IX (residues-65%)
catalytic core to the anticodon-binding domain. This se- corresponds to four residues inserted upstream from con-
quence, together with the N-terminal extension (region 1), sensus motif 3 only in eubacterial AspRSs and Tin
characterizes the eukaryotic AsSpRSs. Prokaryotic AspRSsthermophilusAspRSL1. Finally, region X (residues 76935)
are deprived from this sequence, except AspRS1, whichcovers the C-terminal extension characterizing eubacterial
contains a short sequence of four residues. Regions IV andAspRSs. Eukaryotic and archaebacterial AspRSs as well as
V are constituted each of one residue (286 and 336) insertedAspRS2 are deprived from this sequence.
in the catalytic core. In eukaryotic and archaebacterial The Modular Organization of Asp-tRNA Synthetases 1 and
AspRSs, Gly286 is inserted in the flipping loop downstream 2. Figure 3 A gives a schematic representation of the
from consensus motif 1, whereas in eukaryotic and archae-sequences of eukaryotic, eubacterial, and archaebacterial
bacterial AspRSs, Ser336 and His336 are inserted in the loop AspRSs, which emphasizes the insertions and the deletions
respectively, connecting thstrands of consensus motif 2.  characterizing the enzymes from each phylum. Figure 3B
AspRS1 is deprived from these residues, whereas AspRS2represents schematically the modular organization of the
possesses both (Gly159 and His205). Region VI (residuesAspRSs from each phylum derived from known 3D struc-
382—-402) constitutes an area specific of eukaryotic and tures {T. thermophilusAspRS1,E. coli, S. cereisiae, and
archaebacterial AspRSs, which in yeast, AspRS is organizedP. kodakaraensi&spRSs 56, 57, 59-62)). The eubacterial
in an a helix interacting with the hinge domain. This AspRSs exhibit the largest size, because of peculiar inser-
sequence is absent in AspRS1, but is present in AspRS2tions, such as the phosphocarrier HPr module and the
Region VII (residues 424545) covers a sequence inserted C-terminal extension. Eukaryotic ASpRSs are deprived of
between consensus motifs 2 and 3 in ASpRSs from eubacteridarge insertions, but possess only an N-terminal extension
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Ficure 3: Schematic representation of the alignment (A) and of the modular organization (B) of eukaryotic, archaebacterial, and eubacterial
AspRSs and ofl. thermophilusAspRS1 and AspRS2. Nt and Ct are the N- and C-terminal ends. Regiohare discussed in the text.

Table 2: Expression of Asp-tRNA Synthetases 1 and 2 fiorthermophilusn E. coli

E. coli T. thermophilus
DH50/pKK223 BL21/pET3-1 HB8
host strain/vector AspRS1 AspRS2 AspRS1 AspRS2 AspRS1 AspRS2
specific activityt 3.1 3.6 11 10.3 0.02 0.083
overproductioh 155 43 55 124 1 1

aThe specific activities were determined from maximal rates of charging of unfractioatedli tRNA at 37 °C after inactivation of the
endogeneous AspRS by heat treatment, and expressed in nmol of Asp-tRNA formed/mg of proteins/min. The specific activities of AspRS1 and
AspRS2 inT. thermophilugxtracts were determined after inactivation of one of the two AspRSs with the homologous antibdtaeverproduction
of AspRS is expressed as the ratio of the specific activity of the enzyrie doli/specific activity inT. thermophilus

and are smaller. Archaebacterial AspRSs, deprived from all differ 3-fold. Expression of AspRS1 is the highest in the
additional sequences, are the smallest. It appears that theresence of theac promoter, whereas production of AsSpRS2
modular organization of AspRS1 superposes to thaE.of is favored in the T7 RNA polymerase expression system.
coli AspRS and is expected for the other eubacterial ASpRSs, The specific activities of ASpRS1 and AspRS2 in the protein
whereas the modular organization of ASpRS2 is that pre- extracts exceed 150- and 120-fold, respectively, thode in
dicted fromP. kodakaraensigspRS and from other archae- thermophilus
bacterial AspRSs. The thermostable AspRSs were isolated from the over-
Expression of Asp-tRNA Synthetases 1 and 2 in E. coli producingE. colistrains by flocculation of most thermolabile
and Purification of the ProteinslheaspSlandaspSZyenes proteins from the host, followed by two chromatographic
were cloned in the pET3-1 and pKK223 vectors and steps to remove the last contaminating proteins, and the
expressed under control of the T7 RNA polymerasetand nucleic acids (Table 3). A 50 mg sample of pure enzymes
promoters irk. coli strains BL21(DE3) and DHb. Table 2 was obtained from 50 g cells (yield 50%). The specific
shows the specific activities of the thermostable AspRSs in activities of AspRS1 and AspRS2 for charging unfractionated
the protein extracts, deprived from endogeneous AspRS afterE. coli tRNA are of 34 and 32 U md, respectively.
flocculation of the thermolabile proteins. The levels of Functional Properties of Asp-tRNA Synthetases 1 and 2.
expression of each AspRS in the two expression systemsAminoacylation of unfractionated. thermophilugRNA by
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Table 3: Purification of the Overexpressed Asp-tRNA Synthetases 1 andE2dali

proteins specific activity total activity purification yield
purification step (mg) (units mg)P (units) (fold) (%)
Asp-tRNA synthetase 1
crude extract 3393 0.98 3318 1 100
flocculation (70°C) 231 13.2 3044 13.5 92
hydroxyapatite 97 23.7 2300 24.2 69
DEAE-cellulose 52.1 33.6 1740 34.3 52
Asp-tRNA synthetase 2
crude extract 1068 4.3 4570 1 100
flocculation (70°C) 240 15 3600 35 78
DEAE-cellulose 125 31.1 3887 7.2 85
phosphocellulose 55 32.1 1765 7.4 39

aThe purification steps are described in Experimental Procedtfdse specific activities (nmol of Asp-tRNA formed/mg of proteins/min at 37

°C) are determined by aminoacylation of unfractionaedoli tRNA.

Table 4: Aminoacylation of Unfractionated tRNA froE coli, S.
cerevisiae and T. thermophilusby the homologous Asp-tRNA
Synthetases

Asp-tRNA synthetases
T. thermophilus

origin of E. coli S. cereisiae
total tRNA = 2 FEEPAE AspRS1 AspRS2
Asp-tRNA (nmol mg* tRNA)
E. coli 1.42 1.43 2.8% 2.44
S. cereisiae 1.01 1.53 2.96 0.99a
T. thermophilus 0.4 0.3%¢ 0.48 0.92
0.42 1.0P

a Aminoacylation extents of unfractionated tRNAs were detemined
at 37°C as described in Experimental Procedufesminoacylation
extents of unfractionated tRNAs were detemined at@@s described
in Experimental Procedures.

the two AspRSs shows a 2-fold higher plateau with AspRS2
than with AspRS1 (Table 4). Aspartylation extents are not
affected by a temperature shift from 37 to 70. Interest-
ingly, E. coliandS. cereisiae AspRSs chargd. thermo-
philus tRNA to a similar plateau than AspRS1; however,
thermophilic AspRSs aminoacylate unfractionatedcoli
tRNA 2-fold more than the homologous synthetase and
AspRS1 aminoacylates unfractionat8d cereisiae tRNA
2-fold more thanS. cereisiae AspRS, whereas AspRS2
aminoacylates it less.

Identification of the tRNAs from T. thermophilus Aspar-

tylated by Asp-tRNA Synthetase 2. T. thermopluargains
only one tRNAP isoacceptor43). The similar aminoacy-
lation levels obtained, when unfractionafédthermophilus
tRNA is charged with AspRSIE. coli, or S. cereisiae
AspRSs, suggest specific charging of tRN®by AspRS1.
In contrast, the increased level of aspartylation by AspRS
indicates mischarging of a noncognate tRNA. This conclu-
sion was confirmed by analysis of the capacity of each
AspRS to chargd. thermophilusRNAs fractionated by BD-

To identify the tRNA species aspartylated by AspRS2, this
tRNA was purified from appropriate BD-cellulose fraction
by two-dimensional PAGE. Staining of the gel after frac-
tionation of the tRNAs showed 17 spots; aminoacylation of
the eluted tRNAs revealed the presence in one spot of a
species simultaneously aspartylated by AspRS2 and aspar-
aginylated by AsnRS. Sequencing of this tRNA showed the
presence of the Asn anticodon GUU; therefore, AspRS2
aspartylates tRNA",

Sequence of T. thermophilus tRNA The cloverleaf
structure ofT. thermophilugRNA”s" is shown in Figure 4B.
It is 78% identical toE. coli tRNA*s", although the content
in GC pairs is 40% higher (17 and 12 pairs, respectively).
The posttranscriptionally modified nucleotides Gm18, s2T54,
and m1A58 are present in all tRNAs from thermophilus
sequenced so far. It was shown that these modifications
together with the increased number of GC pairs increase the
thermal stability ofT. thermophilusRNAs (1 °C per GC
pair and 6°C by the posttranscriptional modificatior&3)).
Alignment with the eleven other known tRN® sequences
(64) shows high conservation of the anticodon loop, in
particular, the threonyl group t6 of A37. In contrastEo
coli and mammalian tRN%&", queuosine is not found in
position 34 in the thermophilic species, but G is. Absence
in tRNA”s" and tRNASP from T. thermophilusf queuosine
(Figure 4, A and B), found in th&. coli and mammalian
species, strongly argues for the incapacity of that eubacterium
to form this modified nucleotide. The five nucleotides long
extra loop contains two conserved residues G46 and U47,
which can be modified in m7G and D in tRN#® from other
organisms. In contrast, the D and T loops of the various

2 tRNAs are of variable lengths. Three of the four base-pairs

from D-arm are conserved (m2G10-C25, C11-G26, and C13-
(G28), but only one pair in the T- and anticodon-arms (G52-
C62 and G30-C40). Three base-pairs from the acceptor stem

cellulose chromatography. When the different fractions were '€ conserved (G1-C72, C3-G70, and C5-GG68), except in
tested for their capacity to be aspartylated by AspRS1 and tRNA#"from T. t.hermophllusandE. coliwhich contain the
AspRS2, two activity peaks were found. The first contains nonconserved first pair UL-A72. The acceptor arm of
tRNA charged by both AspRSs, whereas the second containdRNA" from T. thermophiluscontains such as those from

tRNA well charged by AspRS2, but only poorly by AspRS1.
Aminoacylation byE. coliandS. cereisiae ASpRSs of the
tRNAs in the first peak confirms the presence of tRI¥A
whereas charging of the second peakibyhermophilusnd

E. coli AsnRSs indicates the presence of tRINAtRNAASP
was purified and its identity confirmed by sequencing (Figure
4 A (43)

the archaebacteria six -&C pairs, whereas most other
tRNAAS" contain only four. Finally, the posttranscriptionally
modified m2G in the acceptor arm is only found in tRAA
from T. thermophilus

Kinetic Parameters of Aminoacylation of tRNAand
tRNAS" by Asp-tRNA Synthetases 1 and The kinetic
constants of the two AspRSs from thermophilugor tRNA
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FIGURE 4. Sequences of. thermophilugRNAAsP (A) and tRNA" (B). The circled nucleotides are identity determinants. Nucleotides in
black characters on gray boxes are common positions in tRNsd tRNAS", determining the identity; nucleotides in white characters
on black boxes are identity elements peculiar to each tRNA. The identity determinants of¥RA tRNAS" are those described in refs
36—38and71

antibodies revealed important structural differences, exclud-
ing a proteolytic origin of the two enzymes. Thus, one has
a new example of synthetases duplication with two enzymes
of distinct genetic origins. This contrasts with the duplicated

Table 5: Kinetic Constants of Aspartylation of tRK# and
tRNAAS" by T. thermophilusAspRS1 and AspRS2

Asp-tRNA synthetase from. thermophilus

substrate ASpRS1 ASpRS2 Lys-, Thr-, and TyrRSs investigated so f&12(-28, 31—

o Kw (M) 34), which exhibit important structural similarities and
asparic acid 28%0 353 functional resemblances. The immunoblot showed reactions
tRNAASP 0.030 0.073 of AspRS1 and AspRS2 witk. coli and yeast anti-AspRS
tRNAAS 3.4 0.063 antibodies, respectively, suggesting the presence of eubac-
RNAS . %aégrs’l) terial and eukaryotic epitopes3§). We show here that
{RNAAST 012 0092 AspRS1 and AspRS2 exhibit sequence signatures charac-

KeafKy (572 M) teristic of eubacterial and archaebacterial AspRSs. Peculiar
tRNAASP 90 3.3 insertions in the polypeptide chains confer to AspRS1 an
tRNAAS 0.04 15 eubacterial character, whereas AspRS2 with significantly
aThe values were determined at 70 as described in Experimental ~ shorter chains is of the archaebacterial type. AspRS2 with

Procedures.

422 residues is the smallest AspRS until now characterized
and may be the minimalist AspRS structure. A similar
charging are shown in Table 5. AspRS2 exhibits a higher phylogenetic interrelation was reported for the two IleRSs
affinity for the small substrates than AspRS1 (#g's for from S. aureussince the chromosomally and the plasmidic-
Asp and ATP are 6- and 8-fold lower), whereas affinities of encoded enzymes are respectively of eubacterial and archaeal
both for tRNA'P are comparable. AspRS1 aspartylates eukaryal types49, 30.
tRNA*s? 30-fold more efficiently than AspRS2. However,  The structural dissimilarities of the AspRSs from various
the major kinetic differences between the two enzymes phylae reflect probably distinct functional properties of the
concern their specificity, since in unfractionated tRNA, enzymes, but information about peculiarities in the strueture
AspRS1 aspartylates only tRN®, whereas AspRS2  function relationships of phylogenetically distinct ASpRSs
aspartylates tRNAP and tRNA*". Affinity of ASpRS2 for  remain fragmentary. The N-terminal extension of eukaryotic
tRNA”s" exceeds 50-fold that of ASpRS1, Hutis of both  AspRSs is implicated in formation of the multienzymatic
are similar. Comparison of thk../Ku values shows that  complexes in mammals involving aaRSs of various specifici-
AspRS2 aspartylates tRN® only 2-fold less efficiently than  ties 65); the C-terminal extension of eubacterial ASpRSs
tRNAAP, whereas AspRS1 aspartylates it 2250-fold less contributes to the subunit interface by increasing the contact
efficiently. area, and the phosphocarrier HPr-like domain participates
probably in selection and in recognition of the tRNA by
DISCUSSION interacting with the acceptor armdq, 57).

The Two Asp-tRNA Synthetases in T. thermophilus and Position of T. thermophilus in the Phylogenetic Tree.
Phylogenetic Implication of the Duplication. The Two Analysis of various aminoacylation systems shows that

Phylogenetically Distinct AspRSs in T. thermophilBgo-
chemical investigations showed the presenceé.ithermo-
philusof two AspRSs which differ by their physicochemical

thermophilugpossesses eubacterial and archaebacterial char-
acters. ThrRS resembles structurally Ehecoli enzyme 66),
whereas GlyRS diverges from GlyRSs of most eubacteria

properties. Sequence analysis and cross reactions withand is structurally related to those from archaebacteria and
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H. salinarium

Archaebacteria

M. thermoautotrophicum

A. pernix

A. fulgidus P. kodakaraensis

S. cerevisive mt

M. jannaschii T iherniophﬂus 2‘
8. pombe mt M. genitalium [ bbbl ebbtdsiteiondl

M. pneumuoniae

D. melanogaster mt

8. cerevisisue

C. elegans mt C. albicans

S. pombe

. norvegicus
. sapiens
D, mel

. elegans

T. pallidumn

B. burgdorferi

H. pylori

Eukaryotes

C. jejuni

C. trachomatis. -M. leprae
H. influenzae M. tuberculosis
S. thyphimurium

A. actinomycetemcomitans
. coli

P, falciparum

C.

Y. pestis
V. cholerae
S. putrefaciens
P. aeruginosa
IX) meningi"tidiv

gonorrnoege
B. pertusis

R. capsulata

Synechacystis sp. R. prowazekii

. e A. thaliana chl
B, aphidicola . . B, subtilis
T. maripaludis

A. aeolicus E. faecalis

S. pyogenes .
g gt r.mermopnitus 7. Eubacteria

C. acetobutylicum D. radiodurans

Ficure 5: The phylogenetic tree of Asp-tRNA synthetases. The phylogenetic distances were estimated using the neighbor-joining method
(69) coupled to the distance matrix calculated on the whole alignment with the PAM250 similarity table and pairwise gap removal: mt,
mitochondrial; chl, chloroplastic.

from eukaryotes@7). We show here that. thermophilus plication of duplication of the Asp-tRNA synthetases in T.
possesses eubacterial and archaebacterial type AspRSs. Thibermophilus. ASpRS2 exhibits a relaxed specificity by
phylogenetic tree computed over the whole alignment of charging tRNAS" as efficiently as tRNASP, while AspRS1
AspRSs is in agreement with the commonly accepted tree aspartylates tRN&" 3 orders of magnitude less efficiently
of life based on rRNA sequence$g, since it clearly than tRNASP. This explains why higher aminoacylation
separates eukarya, archaea, and eubacteria (Figure 5) anplateaus are obtained when unfractionatedhermophilus
shows the close relationship of archaea with eukarya. ThetRNA is charged by AspRS2 than by AspRS1. AspRS1
distribution of the AspRSs of various origins in this tree discriminates also tRN&P from tRNA*S" in heterologous
demonstrates that these enzymes belong to the informationatRNA while AspRS2 does not. Both AspRSs mischakge
gene family. This tree illustrates the large phylogenetical coli and yeast tRNAs, since in most cases the aminoacylation
distance between the two AspRSs from thermophilus plateaus of unfractionated tRNA are higher with the ther-
AspRS1 belongs unambiguously to the eubacterial AspRSsmophilic AspRS than with the homologous one. However,
and is closely related to AspRS froBeinococcus radio-  AspRS1 mischarges tRN# in unfractionatecE. coli and
durans whereas AspRS2 belongs to the archaebacterialyeast tRNAs whereas AspRS2 mischarges tRINAASpRS1
AspRSs and is related to AspRS froAgrophilum pernix aspartylates tRN&" only after purification, when deprived
Interestingly,T. thermophilusAspRS2 and AspRS frorA. from competing tRNASP (not shown). The low level of
pernix are located at the interface between eukaryotic and aminoacylation of unfractionated yeast tRNA by AspRS2
archaebacterial AspRSs. The positions of AspRS1 andrelates to the poor charging of tRN® (not shown).
AspRS2 in the tree, among the eubacterial and archaebac- Since AspRS1 charges tRN® more efficiently than
terial AspRSs, confirms the dual characteifothermophilus AspRS2,in vivo tRNA aspartylation is essentially promoted
and the ambiguous origin of this bacterium. by AspRS1 85). Further, in the context of the competition
The Structure-Function Relationships of Eubacterial and exerted by cognate partners, AspRS2 is probably essentially
Archaebacterial Asp-tRNA Synthetases. Physiological im- complexed to tRNAS" and implied in its aspartylation, a
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property related to the indirect pathway of Asn-tRNA
formation. In this pathway, Asp mischarged on tRNPoy
AspRS2 is converted into Asn by a tRNA-dependent
aspartate amidotransferase (AspAdD).

AspRS2, MgCl,

Asp + ATP + tRNA™ < > Asp-tRNA™" + AMP + PPi

AspAdT, ATP, MgCl,

Asp-tRNA*" + NH, donor <- > Asn-tRNAA™

This pathway of tRNA asparaginylation is used by archae-
bacteria to supply their inability to synthesize directly Asn-
tRNA”" because AsnRS is lackind, 18. However, in
contrast to archaebacterid, thermophiluscontains an
AsnRS able to charge directly tRN& with Asn (70). The
reason of the conservation of the two pathways of tRNA
asparaginylation in this eubacterium relates to its inability
to synthesize free AsiY(). Thus, under Asn starvation, when
tRNA cannot be asparaginylated by AsnRS, Asn-tRNA

is formed only by the indirect pathway, whereas, when Asn
is present, tRNA asparaginylation is ensured essentially by
AsnRS [0). Because of its involvement in tRNA aspara-
ginylation, AspRS2 is functionally related to archaebacterial
AspRSs.

Beckers et al.

elements distinguishing both identitiesg. C36, C38, and
the G2-C71 pair for aspartylation by AspRS1, U36, and the
t6A37 for asparaginylation by AsnRS and/or by antideter-
minant effects exerted by these elements in recognition by
the noncognate aaRS. In contrast, relaxed specificity of
AspRS2 would be ensured by increased contribution of the
elements common to both identities (G73, G34, U35) and
minimized contribution of the elements which differ (N36,
G2-C71, C38, and the t6 modification on A37).

Aspartate and asparagine identities include the full anti-
codon B6). How can AspRS2 accommodate tR\Aand
tRNA”s" anticodons differring by nucleotide 36? The 3D
structure of the yeast complex shows implication of the loop
covering residues 173186 from the anticodon-binding
domain in recognition of C36 from tRNA through backbone
contacts and in discrimination against U at this positic8).(
Interestingly, this loop constitutes one of the structural
peculiarities that distinguishes the AspRSs from various
phyla (region Il from alignment, Figures 1 and 3), being
significantly shorter in archaebacterial type AspRSs than in
the eubacterial and eukaryotic types. Modeling the interaction
of a tRNA anticodon of. kodakaraensi®&\spRS from the
known structure of the yeast complex indicates that shorten-
ing of this loop render®. kodakaraensidspRS insensitive
to the presence of C or U at position 36 of the tRNA and

The Restricted Specificities of AspRS1 and AsnRS and theyrobably also to the bulkiness of the t6 modification of the

Relaxed Specificity of AspRS2 for tRNA in T. thermophilus.
AspRS?2 is one of the rare aaRSs invohiedivo in tRNA
mischarging, and. thermophilugRNA#s" constitutes a rare
tRNA species chargeth vivo by two aaRSs of distinct
specificities. A comparison of the elements conferring

adjacent A 60). The large loops of eubacterial and eukaryotic

AspRSs interact only with Asp anticodon, whereas the shorter
loops of archaebacterial AspRSs interact with Asp and Asn
anticodons. Thus, this loop constitutes probably one of the
major structural elements in AspRSs that determines re-

aspartate and asparagine identities in tRNAs shows that thestricted specificity for tRNASP or relaxed specificity for

two sets are partly overlapping, since they include common
elements in addition to particular ones of each identity
(Figure 4, A and B). The discriminatory G73 and the
anticodon (GUC in tRNASP and GUU in tRNA") constitute

the prevalent elements for aspartylation by AspRS1 and for
asparaginylation by. coli AsnRS; the G2-C71 pair from
the acceptor arm, G10 from the D-arm, and C38 from the
anticodon loop are additionally involved in aspartylatiBid)(

and the posttranscriptional t6 modification of A37 in aspar-
aginylation @8, 7J). Since the prevalent identity elements
are mostly conserved in tRNA8®), the same nucleotides
may determine asparagine identitykn coliandT. thermo-
philus. Thus, the major elements determining aspartate and
asparagine identities im. thermophilusdiffer only by
nucleotide 36 (C in tRNA® and U in tRNAS" and the
modified nucleotide 37 (t6A in tRN&" (Figure 4, A and
B)), suggesting involvement of these elements in discrimina-
tion between tRNASP and tRNAS" by the cognate aaRSs
beside possible contributions of minor elements.

How do AspRS and AsnRS discriminate both tRNAs?
Many examples have shown that when identity elements are
overlapping, specificity of charging is promoted by changes
of the contribution of the elements to create a particular
hierarchy for each identity. Competition by the noncognate
tRNA is minimized by increased contribution of the non-
common elements of both sets in recognition by the cognate

synthetase and, in particular cases, by antideterminants in

the noncognate tRNA3(7, 72. Discrimination of tRNASP
against tRNAs" by AspRS1 andice-versafor AsnRS could
be promoted by increased contributions in recognition of

tRNAASP and tRNASN,
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