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ABSTRACT. The systems of tRNA glycylation belong to the most complex aminoacylation systems since
neither the oligomeric structure of glycyl-tRNA synthetases (GlyRS) nor the discriminator bases iftRNA
are conserved in the phylae. To better understand the strudturetion relationship in glycylation systems

of various origins and the functional peculiarities related to their structural divergences, the elements in
tRNA conferring its glycine identity irmThermus thermophilusere characterized and compared to those

of other systems. Thermophilic identity is conferred by theGz, Cy-G71, G3-Cro, and Go-Gs4 pairs
together with the @, U1s, Css, and Gg single residues. In contrast to most other aminoacylation systems,
the discriminator base is not directly involved in identity. Transplantation of these elements if¥RNA
and tRNAhe converts specificity toward glycine albeit conservation of nucleotide 73. Analysis of the
functional interrelation of the identity elements shows coupling in synthetase recognition of the elements
from anticodon and & whereas those from acceptor arm are recognized independently. Despite nondirect
implication in identity, the discriminator base contributes cooperatively witlinGpecificity of glycylation.

The link between the structural heterogeneity and the functional divergence of the glycylation systems
and the phylogenic interrelation of these systems were approached by comparing the ability of GlyRSs of
various phylae to glycylate heterologous tR®A Dimeric GlyRSs from mammalian and archaebacteria
acylate efficiently only eukaryotic and archaebacterial tRXwith a discriminatory As, whereas tetrameric
Escherichia coliGlyRS acylates only eubacterial tRI¥2with a discriminatory Ys. In contrast, dimeric

yeast GlyRS acylates efficiently both eukaryotic and archaebacterial #Rb#\well as peculiar prokaryotic
isoacceptors. Species specificity is lost with the dimeric GlyRS fitrarmus thermophiluthat acylates
efficiently eubacterial, archaebacterial, and eukaryotic tRNAhese features are discussed in the context

of the evolution of the glycylation systems and the phylogenic interrelation of the organisms.

Synthesis of functional proteins relies on accurate ami- 3D structures allowed partition of these enzymes in two
noacylation of tRNAs. This crucial step is promoted by classes each composed of 10 members, differing structurally
aminoacyl-tRNA synthetasegaaRSs), which select the by sequence signatures and conserved motifs and by the ATP
cognate tRNAs among 20 sets of isoacceptors and acylatepinding domain and functionally by the initial position of
their 3 accepting end with the proper amino acid. Despite tRNA acylation 6, 6). Since synthetases of a given specific-
thelr §|m|lar function, agRSs exhibit a high structural ity belong unambiguously to the same class independently
diversity. Most are homodimers, but monomers and tetramersupon their origin, these enzymes may derive from two
are al?‘.). present and their polypeptlde c_halns _exh|b|t large ancesters which have diverged at an early stage of evolution
vanabﬂmes In sequences and sizes (reweweq in tefd). each toward 10 distinct specificities. Until now, this class
This heterogeneity is reinforced at the functional level by . o :

ranking is just broken by one exception, that of the

variabilities in the catalytic mechanism, proofreading pro- haeal LVSRSs fromveth aluti
cesses, and noncanonical functions exerted by some of thenfuryarchaeal LysRSs fronMethanococcus maripalutis

(1—4). However, sequence alignments and comparison of Méthanococcus jannaschiand Methanobacterium: ther-

moautotrophicunwhich are deprived from the characteristic
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1 Abbreviations: aaR$, aminoacyl-tRNA synthetase: the three letter COUId D€ characterized in the genome friimjannashii(8).
code is used for amino acids, e.g., Gly for glycine and GlyRS for glycyl- However, this observation is also compatible with the lack

tRNA synthetase; BD-cellulose, benzoyldiethylaminoethyl-cellulose; of that aaRS which is then compensated by formation of the
DEAE-cellulose, diethylaminoethyl-cellulose; Hepéé,(2-hydroxy-

ethyl)piperazineN'-2-ethanesulfonic acid; PAGE, polyacrylamide gel h(?mologous aa-tRNA via conversion of the amir.10 .acid
electrophoresis. mischarged on tRN&sby a noncognate aaRS. Such indirect
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pathway of aa-tRNA formation was demonstrated for tRNA sizer using the phosphoramidite method and purified by
glutaminylation and asparaginylation in various organisms HPLC on a Nucleosil 120-5-C18 column (Bischoff Chro-
deprived of GInRS and AsnRS (e.g., réfs11). matography, Zymark, France}*C]- and PH]Gly (0.1 and

Among aaRSs of a given specificity exhibiting structural 17.9 Ci/mmol) were from Amersham. Restriction enzymes,
divergences in different organisms, the GlyRSs are probably T4 polynucleotide kinase, and T7 DNA polymerase were
the most intriguing. Their oligomeric structures are not from New England Biolabs and T4 DNA ligase from
conserved since being, dimers in eukaryotes and archae- Boehringer. T7 RNA polymerase (16000 units THepf high
bacteria andxf, tetramers (exceptionally dimers) in eu- 9grade was prepared as describ2@ (Unfractionated tRNA
bacteria {2). The consensus motifs characterizing class 2 from E. coli was from Boehringer, and pure tRINAGC©)
synthetases are degenerated or even absent. In the dimerignd tRNASYUCO from E. coli (20 and 25 nmol mg) from
GlyRSs, the conserved Pro in motif 1 is substituted by Ser Subriden. Partially purified tRNA from T. thermophilus
or Thr, so that this atypical motif could only be evidenced Was obtained by benzoyldiethylaminoethyl-cellufog@D-
when the 3D structure of the enzyme framthermophilus ~ Cellulose) chromatography of RNA isolated by phenol
was establishedL@). In tetrameric GlyRSs, consensus motifs €xtraction of the cells and pure tRNACC® (37 nmol mg*?)

1 and 2 could until now not be evidencet4¢17), and by additionnal BD-cellulose and anion-exchange chromatog-
sequence similarities in dimeric and tetrameric GlyRSs are raphies. Enriched tRN®(C® and tRNAY(ECO from yeast
apparently missingl@). The structural diversity of GlyRSs (6 nmol mg™) were obtained by counter-current distribution
is reinforced by functional peculiaritie&. coli and mam- ~ Of bulk tRNA followed by BD-cellulose and salting-out
malian enzymes exhibit a strong preference for charging chromatographies. Enriched tRN/Afrom beef and rabbit
tRNASY originated from same specie$4( 16, 17). Since  livers (3 nmol mg?) and Bombyx moritRNASY(GC©) (20
prokaryotic and eukaryotic tRN# differ by their discrimi- ~ nmol mg™!) were obtained by BD-cellulose and anion-
nator base (U in prokaryotes and A in eukaryotes;1&f exchange chromatographies of bulk RNA. Pure rabbit liver
this property was related to an implication of this element tRNASY©C9 (35 nmol mg*) was obtained by a final
in glycine identity. Species specificity is supported by the denaturing PAGE. Protein extracts from yedst,coli and
ability of E. coli GIyRS to glycylate human tRN® rat liver, deprived of nucleic acids by DEAE-cellulose
minihelix after substitution of A by U and of mammalian ~ chromatography were obtained as describeg). (Unfrac-
GlyRS to glycylateE. coli tRNASY minihelix after substitu- tionated tRNA and crude protein extract frdvh jannaschii
tion of U7 by A (16, 17, 19). However, the dimeric GlyRSs ~ were kind gifts from Pr. D. Sb T. thermophiluGlyRS (124
from T. thermophilusand yeast are deprived of species Units mg*) was purified from overproducing. coli BL21
specificity despite conservation in the homologous isoac- (DE3) pLysS strain as describeti4).
cepting tRNAY of the prokaryotic and eukaryotic characters, ~ Preparation of tRNA Transcripts. T. thermophihagid-
namely Us and Ay, suggesting that in these systems the type or mutated tRNAY, tRNA*P, and tRNA"® were
discriminator base may not contribute to identifyl and obtained by in vitro transcription of synthetic genes flanked
that species specificity is not a conserved feature in glycyl- Upstream by the consensus promote2 to—5) of T7 RNA
ation systems. polymerase followed by a TATA box—4 to —1) and

; ; ; ; ; ; downstream by &BsiNI restriction site. The genes were

To rationalize the functional divergences in glycylation S
systems and to understand their interrelation, the recognitionCONStructed by shotgun ligation of 10 DNA fragments{16

; 24 mers) covering both strands and ligated in iiedlll
of T. thermophilu¢RNA®Y by the homologous GlyRS was ) .
investigated and the nucleotides defining the thermophilic z;_nd Izanlﬂl S|_tdes of PU_Cl? asddefstcrlbedco% The r_econ}- h
glycine identity characterized. Results indicate that identity °/N€d plasmids were isolated after transtormation of the

is conferred by nucleotides from the acceptor stem and thegIH5P.§‘.tra[')nNind th? s?qugnc?s of the lgene_s vehr Imﬂ‘:(l'
anticodon, but in contrast to the homologous sytems from asmidic was Isolated at large scale using the alkaline

E. coliand mammalian, mutation of the discriminator base methqd foIIowed' bY centrifugation on a CICs Qradiéf‘?)(
does not affect glycylation efficiency. Transplantation of the !N Vitro transcriptions were conducted at 37 in reaction
glycine identity set ifiT. thermophilusRNAPeand tRNAP, mixtures of 25QuL containing 40 mM Tris-HCI, pH 8.1, 22
. . . 0 i -
possessing, respectively;£and G results in tRNAs able ™M MgClz, 5 mM DTE, 0.01% Triton X-100, 1 mM

to be glycylated by the thermophilic GlyRS. Nevertheless, spermidine, 4 m'ﬁ’{ of eac_h.nucleotidg triphosp_hate, 5 mM
the discriminator base is involved in selection of tRNA GMP, 0.1xg mL™* plasmidic DNA digested wit/BsNI,

in the thermophile, since Gdisfavors glycylation, probably ~ 2nd 7.5:9 of T7 RNA polymerase. Reactions were stopped
by acting as an antideterminant. This effect is considerably &ft&" 3 h of incubation at 37°C by phenol/chloroform
enhanced by altering & from the anticodon. Finally, extraction, and transcripts p.u.nﬁed by denaturing PAGE.
comparison of the charging properties of GIyRSs of the Tran§cr|pts of highest mobility were electro_elutgd and
various phylae reveal that thermophiluGlyRS, deprived ~ dePrived from last traces of urea by gel'f'ltr"f‘t'&nc on
of species specific glycylation, contrasts with ye&stcoli, Sephadex G-2520); 0.5-1 mg of native tRNAYCCC)

M. jannaschij and rat liver GIyRSs, which exhibit relaxed ~transcript of a charging capacity of 28 nmol mgwas
or strong species specificity. The results will be discussed Ptained. Concentrations of tRNA and DNA solutions were

determined spectrophotometrically; o#@gonm unit cnr?
corresponds to 40g of tRNA and 50ug of DNA.
EXPERIMENTAL PROCEDURES Aminoacylation Reactiong.he standard aminoacylation
mixture (total volume 25200 uL) contained 100 mM
Materials, Enzymes, and tRNAGligonucleotides were  Hepes-N§ pH 7.2, 10 mM MgCJ, 30 mM KCI, 2 mM ATP,
synthesized on an Applied Biosystem 381 A DNA synthe- and Gly eitherfH-labeled (20uM, 1100 cpm pmoti?) for

in the context of evolution of the glycylation systems.
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Kw determinations of tRNAs and tran_scrlptsléﬁ-labeled Table 1: Kinetic Constants of Aminoacylation of Various tRR¥A
(1004M; 50 cpm pmot?) for ke determinations. Concentra- by Gly-tRNA Synthetase frorT. thermophilus

tions of tRNACY, transcript, or variants were in the range of kinetic parametefs
0.1-60uM and that of GlyRS was 5 nM to &M according kc m -

to the tRNA tested. When necessary, GlyRS was diluted in origin and nature of t(RNAY (s (M) (s 1uM-) L
100 mM Hepes-Na, pH 7.2, 10% glycerol, 1 mg mibovine Prokaryotic

serum albumin, 5 mM 2-mercaptoethanol, and 0.1 mM T.thermophilus

diisopropylfluorophosphate and dithiothreitol. Initial rates ggmgg?m 040 020 200 10
were measured at 37 or PC by determining the labeled transcript tRN&Y(CCO) 040 033 121 16
aa-tRNA formed in 16-40 uL aliquots after various incuba- E. ﬁg&AGMUCC} 036 012 510 07
tion times. TheKys were d_etermlned from Lineweaver and {RNAGH(GCO) 036 016 525 0.9
Burk plots; each value is an average of at least three Eukaryotic
independent determinations. Because of the requirement of s cereisiae
amino acid of high specific activityKys for tRNA were tRNAGHGCO) 055  0.12 4.74 0.4

; : : : tRNAG(CCC) 045 04 1.12 1.8
determined with Gly concentrations equalling #g value. B. mori
The k.as were determined independently with saturating tRNAGH(GCO) 0.13 055 0.24 8.3
substrates concentrations (1000Ky,). Experimental errors Mammalian
on kinetic constants are within 10% of the indicated values. beefliver

tRNAC © 027 032 0.84 2.4

Analysis of kinetic data for multiple mutants was according .yt liver

to Fersht 23) using the formalism of Ra et al. @4). It is tRNAGH(GCC) 0.4 2.00 0.20 10.0
recalled that independent recognition of elements is charac- = the conditions are described in the Experimental Procedtes.
terized by additive effects of the mutations dggKy losses (loss) is defined as the ratio kf./Kw of charging homologous tRN&
equaling the product of the losses of individual mutants, over that of charging heterologous tRRA ©Mixture of tRNACY
whereas cooperative and anticooperative recognitions of theiSoacceptors enriched by BD-cellulose chromatography.
elements lead to respectively decreased and increased losses

as expected from additive effects of the mutatioB§).( (1) Acceptor StemMutations of the three first base pairs
Aminoacylations of tRNA&Y by GlyRSs of various origins  decrease glycylation efficiency, with the strongest effect for
were conducted by initial rate measurements in the standardmutations of the GC-; pair. Substitution of & by U, which
glycylation mixture containing saturating substrates concen-is predicted to preserve pairing with;Gdecreases the

trations as described 4). efficiency 45-fold, and additional substitution of, ®y A
creating an AU, pair decreases it 2-fold more. Noncon-
RESULTS AND DISCUSSION servative substitution of this pair by<G7, provokes a drastic

. . ) . loss of charging which is decreased-f6ld. Noticeable, the

Aminoacylation of Various tRNA Species by T. thermo-  ¢onservative substitutions {£— U and G-C;, — A—U)
philus Gly-tRNA Synthetas&wo genes encoding tRNA decrease., and increas&y by a similar factor, whereas
were characterized ifi. thermophilusthey are tRN&Y(GCO) the nonconservative substitution £G;, — C—G) affects
and tRNAPY(CCO) (26, 27). Both are glycylated with similar 5 orders of magnitude more thiy. These observations
efficiency since the mixture of the two isoacceptors enriched jdicate implication of the first base pair of tRNA in
by BD-cellulose chromatography is charged as well as pure yecognition by the thermophilic GlyRS. The important loss
tRNASYECS) (Table 1). Further, heterologous prokaryotic proyoked by the @ — U mutation, which contrasts with
tRNASY from E. coli and eukaryotic tRNAY from yeast, the poor one provoked by the;G~ A mutation suggests
mammalian, and3. mori are charged by the thermophilic recognition in the pyrimidine ring of the NHgroup at
GIyRS (Table 1)E. coli tRNASYUCO) and tRNAVCC) and position 4, whereas recognition of; Gnvolves common
yeast tRNAYCCO and tRNAYCare charged 2-fold more  pyyrine features.
to 2-fold less efficiently by the thermophilic GlyRS than Mutations of the second base pair moderately affect
thermophilustRNASY, whereasB. mori and mammalian  gvcylation, essentially by increasing tHéy. However,
tRNASY are charged 210-fold less efficiently. The con-  mytation of G by U, which is predicted to preserve pairing
sensus sequence of the species well chargedl. blgermo-  \ith G,;, decreases the efficiency-5-fold more than

philus GlyRS, shows conservation of 14 nucleotides in nonconservative substitution of the pair by Gy, suggesting
addition to those common to all tRNAs (Figure 1A). These g involvement of the Nkigroup at position 4 of @ in

nucleotides may include the elements specifying glycine yecognition.

identity. Nonconservative substitution of the third base pair by C
Characterization of the Identity Elements for Glycylation Gy, provokes a loss of charging of500 times. Since
by T. thermophilus Gly-tRNA SynthetaSénceT. thermo- conservative substitution of2by U which is predicted to
philus tRNASY(CCCO) either in the native form or overex- preserve pairing, decreases charging efficiency 10-fold, the
pressed irk. coli, and its transcript are charged with similar NH; group of position 4 from the pyrimidine ring may be
efficiencies (Table 1), it can be concluded that the posttran- involved in recognition.
scriptional modifications are not involved in glycylation. Efficient charging of prokaryotic and eukaryotic tRRA
Therefore the glycine identity elements could be character- by T. thermophilusGlyRS despite nonconservation of the
ized by in vitro analysis of the charging capacity of variants discriminator base (U in prokaryotes and A in eukaryotes)
with mutations within positions conserved in the consensus suggests that this nucleotide does not contribute to glycyl-
sequence (Figure 1A). Table 2 summarizes the results.  ation in the thermophile (Figure 1A). However, since this
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Ficure 1: Sequence features of tRINAspecies and identity elements. (A) Consensus sequence of the*tRifAarious origins the most
efficiently charged byl'. thermophilusGly-tRNA synthetase and nature of the nucleotide substitutions. The sequence includes the nucleotides
common to T. thermophilustRNAGYCCC) and tRNASYECO), E. coli tRNASMUCC) and tRNAEYECO) and yeast tRNAY(GCC) and
tRNAGW(CCC) black dots, nonconserved positions; black characters, nucleotides conserved in all tRNAs; open characters, nucleotides
conserved in the tRN®Y efficiently charged byT. thermophilusGlyRS. R, purine; Y, pyrimidine. The posttranscriptional modifications

are not indicated except ribothymidine 54 and pseudouridine 55. Sequence data and numbering of the positions are accat8inghto ref
nature of the substitutions are indicated in black characters and emphasized by arrows. (B) The identity eleimetisrimophilus
tRNAGWY(CCC), The elements defining the glycine identity are in open characters.

nucleotide is involved inE. coli, mammalian and yeast (3) D- and T-Arms and Loops and Variable Regidihe
glycine identities 14, 16, 17, 28, 29), its possible role in conserved @ from the D-arm in the consensus sequence of
thermophilic identity was investigated. Replacement g¢f U tRNASY is paired with Gs or U»s. To maintain base pairing,
by C or A is without significant effect, but substitution by we substituted the (5-Cs pair in tRNASY(CCC) transcript by
G decreases glycylation efficiency60-fold by affecting A10-Uzs. This substitution decreases charging efficiency 43-
equally kear and Ky. The absence of effect of the noncon- fold, essentially by increasingy. Substitutions of the other
servative Ys — A substitution which alters all chemical nucleotides conserved in the consensus sequence affect only
groups from U suggests that no chemical group of the basepoorly glycylation or are without effect. Nonconservative
is involved in recognition and argues for no direct involve- substitution of the - Gess pair from the T-arm decreases
ment of the discriminator base in thermophilic identity. Thus, efficiency 4-fold and substitution of 4dby C in the D-arm
the loss provoked by theA}— G mutation may result from  decreases it 5-fold. Substitution of,§®y A in the variable
an antidetermination effect provoked by peculiar chemical region is without significant effect.
groups of G. Altogether, the glycine identity if. thermophilugRNA

(2) Anticodon.Because of the degenerency of the third is mainly conferred by the three first base pairs from the
base of glycine codons, nucleotide 34 in tRRNAis not acceptor stem and bysg€and Gg from the anticodon. In the
conserved and may not be involved in glycine identity. This acceptor stem, the first and third base pairs have a prevalent
is not the case of the conservegs@nd Gg, which mutations contribution, but only the first pair is conserved in the
lead to decrease of glycylation efficiency. The losses in tRNASY of various origins 18); Gio, U1s, and the Go -Gea
activity of 3 orders of magnitude provoked by thgs€> U pair from D- and T-arms and loops contribute marginally to
and Ge — U mutations suggest involvement of the NH identity (Figure 1B). However, direct implication of;65in
group at position 4 from the pyrimidine rings in recognition. identity is difficult to prove, since being probably involved
The most important effects are observed wheg S in the triple (Go-Cys)-Gys interaction, its substitution can
substituted by A or U and £ by G (losses of 1500 and affect the tertiary structure of tRNA and indirectly affect
5000). Nonconservative &£— G substitution affects 12-  charging efficiency. Finally, it should be pointed out that

fold more glycylation efficiency than thes;&— G mutation, prediction of implication of peculiar chemical base groups
suggesting that the Nt-br O groups at positions 2 and 6 in  in recognition from kinetic effects of the mutations assumes
G can partially replace essential groups af 6ut not of no alteration of the tertiary structure of tRNA.

Css for recognition; alternatively G may provoke different Transplantation of the Elements Conferring Glycine
antidetermination effects related to distinct protein contextes Identity in T. thermophilus tRN¥#P and tRNA" To verify
around nucleotides 35 and 36. The mutations at positionsthe completeness of the glycine identity set, it was trans-
35 and 36 affecKys by about 1 order of magnitude more plantated in tRNASP and tRNA" of T. thermophilusand
thankg,s. the acquisition of the new specificity by the chimeric tRNAs



13098 Biochemistry, Vol. 38, No. 40, 1999 Mazauric et al.

Table 2: Kinetic Constants of Aminoacylation ©f thermophilusRNASY, tRNAA®, and tRNA"e Variants by the Homologous Gly-tRNA
Synthetase and Effect of Temperature

kinetic parameters

37°C 70°C
tRNA Kat(sY)  Ku M)  kealKy (st uM™Y) Ld kat(SY)  Ku M)  kealKm (s2uM™Y) Ld Lsrclroc
tRNASY Modified
tRNAGY T. th. 0.4 0.19 21 2 1.14 1.8
tRNACGY T, th? 0.3 0.4 0.75 2 14 14
tRNASY Transcripts
wild-type variants 0.43 0.3 1.43 1.0 1.4 15 1.0 1.0 1
Acceptor Stem
G1-Cro— G1-Ur2 0.04 1.25 0.032 45 nd
AUz, 0.025 15 0.016 90 0.12 2 0.06 16 5.6
Ci1-Gr2 0.0008 5 0.00016 8940 0.01 25 0.0004 2500 35
Cz-G71" U2-G71 0.12 2.3 0.052 28 nd
Gz-C71 0.3 1 0.3 5 nd
G3—Crg—G3—U7o 0.23 1.6 0.143 10 nd
Cs-Gro 0.01 3.3 0.003 476 0.12 4 0.03 33 14
Discriminator Base
U7rs— A7z 0.4 0.43 0.93 15 1.8 0.5 3.6 0.3 5
Crs 0.25 0.5 0.5 2.9 1.6 1 1.6 0.6 4.8
Grs 0.05 2 0.025 57 0.24 16 0.015 66 0.9
Anticodon Loop
Css— Ass 0.05 62 0.0008 1800 nd
Gss 0.11 31 0.0035 408 nd
Uss 0.02 25 0.0008 1800 0.2 100 0.002 500 3.6
Css— Gss 0.01 35 0.0003 4700 0.3 40 0.0075 133 35
Uss 0.04 30 0.001 1430 nd
D-Stem and Loop
Uis— Cis 0.24 0,8 0.3 4.8 1 0.58 1.7 0.6 8
G10-Cos— A10-Uzs 0.18 55 0.033 43 0.3 10 0.03 33 1.3
Variable Loop
Gas—Ass 0.2 0.2 1 1.4 1.14 0,7 1.6 0.6 2.3
T-Stem
Cs0-Gea— Gso-Cea 0.2 0.6 0.33 4.3 1 0.5 2 0.5 8.6
Chimeric tRNA
tRNAAsP—Gly(U73)c 0.2 0.3 0.66 2.2 1 0.3 3.3 0.3 7.3
U7z3— A7z 0.12 0.2 0.6 2.4 nd
Crs 0.018 0.22 0.082 17.4 nd
Gr3 0.005 0.15 0.034 42 nd
tRNAPhe=Gly(U73)c 0.3 1.14 0.26 55 1 2 0.5 2 2.8
U7zs— Az 0.6 0.62 0.97 1.47 nd
Crs 0.078 1 0.078 18.3 nd
Grs 0.02 1.43 0.014 102 nd

@ The kear andKy were determined as described in the Experimental Procedugesere determined with saturating concentrations of ligands.
bT. thermophilusRNACY overproduced if. coli. ¢ tRNAASP~CYU73) and tRNAe-GU73) refer toT. thermophilusRNAASP and tRNAMetransplantated
with the glycine identity elements and;4J¢ The losses of catalytic efficiencies are expressek.a&y of the wild-type tRNAY transcript over
kealKnm Of the variant; nd, not determined.

was tested. These tRNAs are not charged byhermophilus A § B é

GlyRS. They were chosen as a framework for glycine identity @_%FG (B8 @_%‘—A ©-®
elements despite variations in the number of nucleotides in ¢6—+@-Bac c-@

the D-loop (9 and 8 nucleotides in tRM® and tRNAhe c—8 Q¢ ¢80

and 7 or 8 in the various tRN®) because they contain part g-g &

of the putative glycine identity set and both contain, like 964, zel c%@???u Ga  WYCAL ceAl ctllg:tlig:q” A

LI )

tRNAS®Y, five nucleotides in the variable loop. The tRINACY %U AACAC A 56GGyyC  SgyavAGC Ay_ ety SCuu®
-¢c UG

and tRNAhe-GY variants (Figure 2) were created by intro- §-gba G-¢
ducing in the tRNASP and tRNA"e transcripts the missing §:§ ¢-¢
nucleotides to complete the set of glycine identity. To prevent e, s oA

a defavorable context for expression of this identity; Was e@.° Ge B,
introduced on the discriminatory positions. These chimeric U TTa

tRNAs exhibit glycine Ident!ty and are charged, re_s_pectlvely, FIGURE 2: Transplantation of the glycine identity elementsTin
only 5- and 2-fold less efficiently by the thermophilic GIlyRS thermophilusRNAAsP (A) and tRNAPe (B). The black characters
than the tRNAY transcript (Table 2). The sligthly lower  are the nucleotides present in the nonmutated tRNA and the open
glycylation efficiency of the tRNA"SY chimer in which circled characters are the nucleotides introduced in the chimeric
Gso-Ces Was conserved, compared to the tRASY chimer tRNA. The arrows emphasize the substitutions in the chimeric
where the G—Gg4 pair is present, confirms contribution of  tRNA. The nucleotides in bracket indicate additionnal substitutions
this pair to thermophilic glycine identity (Table 2). of the discriminator base.
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Ficure 3: Creation of double mutants Th thermophilusRNASGY,

The mutated nucleotides are (A) the first base pair from acceptor
arm and Gs, (B) G10Cos and G-Co;; (C) Css and Ge, (D) G10Cos

and Gs, (E) U;z and Gs or Cze. The substituted nucleotides are
indicated in black characters and emphasized with arréws.
LexpamyLcaiam) (S€e legend to Table 3).

Nature of the Discriminator Base and Glycylation of the
Chimeric tRNASP~GY and tRNA"CY, A possible role of
the discriminator base to glycine identity in the transplantated
tRNAASPClY and tRNA~CY was searched (Figure 2).
Substitution of Y3 by A and G provokes comparable effects
as in tRNAEY, namely A is without significant effect whereas
G decreases glycylation efficiency by about 2 orders of
magnitude (Table 2). In contrast, substitutings Uy C
decreases charging efficiency of the chimefatimes more
than that of tRNAY (Table 2) indicating that the effect of
C on position 73 is context dependent but not those of A
and G.

Interrelation between the Identity Elements in T. thermo-
philus tRNAY. Communication between identity elements

Biochemistry, Vol. 38, No. 40, 1993099

substituting simultaneouslys€and the Gg-Cos pair by Gs
and Ag-Ugs, it is about 2 orders of magnitude lower than
expected from additive effects of the single mutations (Figure
3D, Table 3). This characterizes anticooperativity of the
effects. Simultaneous mutations of the discriminator bage U
and either Gs or Czs show distinct effects (Figure 3E). When
U7z and Gs are together substituted by G the loss of charging
indicates additive effects of the individual mutations. In
contrast, when & is substituted by G and £hby U, the
effects are strongly cooperative, since the loss exceeds 30000-
fold that expected from additive effects of the mutations
(Table 3).

Effect of Temperature on the Specificity of tRNA Glycyl-
ation. The optimal growth temperature af. thermophilus
is around 75°C, and it was proposed that in thermophiles
high-temperature promotes specificity of tRNA aminoacyl-
ation (0). Since the transcript is well charged at Q@ the
effect of temperature on the specificity of GlyRS was tested
by comparing the efficiencies of aminoacylation of variants
at 37 and 70C (Table 2). Temperature is without significant
effect on the charging efficiency of native tRI9%C® and
its transcript although wittk.oc and Ky increased eack5-
fold when temperature increases. In contrast, the efficiency
of glycylation of most variants and of the tRN& ¢ and
tRNAPhe=Gly chimera decrease-38-fold when temperature
increases from 37 to 70C, and those of the £C;o — Cs-
G7oand Gs — Ggs mutants decrease 35- and 14-fold. These
effects are mainlk.,. promoted when temperature increases.
Only the Go-Cos — A10-Uos and Uiz — Gy3 mutants exhibit
similar losses at 37 and 7%C. Since mutation of most
identity elements affects less charging efficiency at 70 than
37 °C, specificity of GlyRS decreases when temperature
increases. This behavior resembles that described for the
aspartate system frori. thermophilus(20) and may be
related to a decreased stability of the complexes between
the synthetase and the altered tRNA at high temperature.

The comparableék./Ky values at 37 and 70C for
charging either native tRN® or its transcript indicate that
the Michaelis complexes with modified or unmodified tRNA
are formed with similar second-order rate constants at both
temperatures and that formation of the transition state
requires the same activation energy along the temperature
scale. Thus, the same mechanistic step determines the rate
of tRNA charging at 37 and 78C assuming no compensa-
tion of different variables, e.g., decrease of affinity for the
substrates and increase k. In contrast, the increased

was searched by analyzing the charging properties of multiple efficiency for charging variants, in particular thgsC~ Gss

mutants of the tRNAY transcript. To measure accurately

the charging efficiency of variants substituted at multiple
positions, the multiple mutants were created by combining
mutations inducing only moderate effects (Figure 3).

The variants combining mutations og4and of the G-
C72 pair (Uss and A-U7, or Ggs and G-U+,, Figure 3A) have

and the G-C;o — Cz-G;p mutants, when temperature
increases, agrees with decrease of the activation energy in
formation of the transition state as a probable consequence
from variation of the nature of the rate-limiting step of tRNA
charging.

Cross-Glycylations Imolving Partners of Different Ori-

losses comparable to the product of the losses provoked bygins. Table 4 shows the relative rate constants of cross-

the single mutations (Table 3). Thus, mutations of the first
base pair from the acceptor arm and of the central position
from the anticodon act independently. Additive effects are
also provoked when both 6Cys and G-Cy, pairs are
substituted by Ar-Uzs and G-U;, pairs (Figure 3B). In
contrast, when ¢ and Ge from the anticodon are both
replaced by G and U, the loss of charging is 10-fold lower
than expected from additivity (Figure 3C), and when

glycylations involving tRNAY and GlyRSs of different
phylae.E. coli GIyRS acylates efficiently only eubacterial
tRNACY, e.g., the variousE. coli isoacceptors andr.
thermophilustRNA®Y, whereas the various yeast, mam-
malian, and archaebacterial tRRAisoacceptors are charged
2—-3 orders of magnitude slower and yeast tRN®CC) js

not charged at all. In contrasf. thermophilusGlyRS
acylates efficiently eubacterial, archaebacterial, and eukary-
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Table 3: Comparison of Effects of Single and Multiple Mutations on tRNA Glycylatiom bihermophilusGly-tRNA Synthetas®e

single mutants double mutants
Lsmp
tRNASGY variant, variantl/variant2 L;P LoP Leaimf (L1L2) (KealKm)expamf! (S uM 1) Lexp@mf Rf
anticodon/acceptor-stem
Uss/A1-U72 1800 20 162 000 % 1076 715000 4
G35/G1-U7z 400 45 18 000 4¢ 1075 36 000 2
acceptor stem/D-stem
Gi1-U7/A10-Uzs 45 45 2000 1x 1073 1400 0.7
anticodon/anticodon
G3s/Uszs 400 1400 560 000 % 10°° 71500 0.10
anticodon/D-stem
Gss/A10-Uzs 400 45 18 000 51073 300 0.016
anticodon/discriminator
G35/Gr3 60 400 24000 4 10°° 36 000 15
Usd/Gr3 60 1400 84 000 6¢ 10710 24 x 10° 30000

2The double mutants were created by combining mutations of variants 1 &td andL, are the losses of the single mutaritg;)] of variants
1 and 2 reported in Table 2Lcaqm) refers to the calculated loss of the double mutant assuming independent effects of the single mutations.
9 (Keal Km)expam refers to the experimentél/Ku of the double mutan€ Lexyam)refers to the experimental loss of the double mutiatKw of the
wild-type (Table 2) oveke/Kw of the double mutant).R refers toLexpmLcai@m).

Table 4: Aminoacylation of tRNAY of Various Phylae byE. coli, T. thermophilusYeast, Rabbit Liver, andl. jannaschiiGly-tRNA
Synthetases

origin of Gly-tRNA synthetase,
origin of tRNASY 2 E. coli T. thermophilus yeast rabbit liver M. jannaschii

Normalized Initial Rates of tRNA Chargifg
T. thermophilus

tRNAGHK(CCC) 0.59 1.00 0.13 0.00 0.02
E. coli

tRNAGH(GCC) 1.00 0.68 0.05 0.00 0.03
tRNAGKUCC) 1.00 0.73 1.00 0.02 0.03
Yeast

tRNAGHK(GCC) 0.02 0.82 0.50 1.00 0.80
tRNAGHUCC) 0.00 0.02 1.00 0.50 0.10
tRNAGHK(CCC) 0.03 0.40 0.70 0.80 0.50
Mammalian Rabbit Liver

tRNACY (F1) 0.007 0.57 1.08 1.00 0.50
tRNACY (F6) 0.003 0.55 1.08 0.85 0.50
Beef Liver

tRNAGY 0.007 0.20 1.29 1.00 0.50
M. jannaschii

tRNAGY 0.001 0.15 0.40 0.60 1.00

aThe tRNA®Y were obtained as described in the Experimental Procedures. F1 and F6 refer t6¥tRdaining fractions eluted on BD-
cellulose.? The initial rates of tRNA charging are expressed as relative values of specific activities of charging homologoG¥; tRikative
value: 1= 1.4, 1.0, 0.24, 0.02, and 0.0001 nmol mhgnin~?, respectively, folE. coli, T. thermophilusyeast, rat liver, andl. jannaschiiGlyRSs.

otic tRNA®Y; only yeast tRNAYUCO) is poorly charged.  the absence of tRNA modifications facilitates adaptability
Yeast GlyRS acylates mammalian and archaebacterialof the complex and increases its functional competeB0g (
tRNASY as efficiently as its own isoacceptorg. coli 31). Exceptions were reported for tRNAand tRNAYS from
tRNACGYUCO) s also well charged by yeast GlyRS, Wit E. coli, where modifications at the first anticodon position
coli tRNASKECR) and T. thermophilustRNAGY(CCO) gre (menPsUss and mnnis?lUz4) contribute strongly tdkea (32—
charged about 1 order of magnitude slower. Mammalian 34), for tRNA"€CAY) where the isopentenyl group onsA
GlyRS acylates efficiently all eukaryotic and archaebacterial contributes tdKy andkq (35), and for tRNAECAY) | where
tRNASY, but eubacterial tRNAYs are not or only poorly  conversion of G to lysidine shifts specificity for Met toward
charged by this enzyme. FinallM. jannaschii GlyRS lle (36). In the thermophilic tRNAY, the posttranscriptional
acylates eukaryotic tRN® as efficiently as its cognate  modifications are not involved in aminoacylation, since the
tRNA, except yeast tRNAYUCC), which is charged about native tRNA fromT. thermophilusas well as that overex-

10-fold slower; eubacterial tRN& from E. coli and T. pressed irE. coli, which differs by its modification pattern
thermophilusare charged 2 orders of magnitude slower than (unpublished results) and the nonmodified transcript are all
the homologous tRNA by the archaebacterial GlyRS. aminoacylated with the same kinetic constants. A similar
behavior was reported for the glycylation system fr&m
GENERAL DISCUSSION coli (28); in yeast, however, the modifications of tRRIACO
Glycine Identity in T. thermophilugn most aminoacyla- increase charging efficiency 30-fold, probably by stabilizing

tion systems, the posttranscriptional modifications are not the tRNA conformation involved in recognitio2§).
involved in tRNA charging and sometimes transcripts are  Major elements conferring identity iif. thermophilus
even better charged than the native tRNA, probably becauseRNACY are located in the acceptor stem and in the anticodon
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while additional elements located elsewhere in the molecule aspartate system where residues of this loop were found in
contribute less strongly to identity; they arg-Gy,, C,-Gry, close contact with g from tRNA (37).

and G-Cyo from acceptor arm, § and Gg from anticodon, Glycine Identity in T. thermophilus, E. coli, and Yeast.
Gioand Ug from D-stem and loop, and the;&Ge4 pair from The glycylation systems of various origins differ by the
T-arm (Figure 1B). Contributions of the &, pair from nature of the elements specifying identity and by their
acceptor stem and ofs€and Gs from anticodon to identity ~ hierarchy in contribution to identity.

prevail. The loss provoked by the;&mutation is more Hierarchy of Contribution of the Identity Elements to

difficult to interpret since this nucleotide takes part in the Glycylation Efficiency. (1) In Homologous Systefifge three
triple (G10-C25)-Gys interaction and in tRNA folding and thus ~ first base pairs and &£and Gg determine glycylation off.
contributes indirectly to tRNA identity. However, direct thermophilusE. coli, and yeast tRNAs although contribution
implication in recognition cannot be excluded as suggested to efficiency differs and implication of the discriminator base
in the yeast aspartate system where the 3D structure of thediverges widely (Table 4). The glycine systems differ first
complex reveals contact of;gwith amino acid residues of by the amplitude of the effects provoked by mutation of the
the loop connecting the anticodon binding domain to the identity elements. Strong losses occur in yeast compared to
catalytic core of the enzymesT). the modest ones found in the prokaryotic systems. However,
The absence of effect whenydls substituted by A either exceptin a f_ew cases, the Io_sses p.rovo_ked by mutati_ons in
in the tRNASY transcript or in the tRNA®SY and T. thermophl!usexceed those IEE. coli. This contrasts with
other identities where alteration of determinants often
provokes higher losses in prokaryotic than in eukaryotic
systemsZ0). The glycine systems differ also by the hierarchy
of the determinants. IfE. coli, contribution of Gs from
anticodon is the strongestgfls next in strength, followed
by the two first base pairs and the discriminator base, which
contribute equally to identity, and the third base pair which
has the lowest contribution. . thermophilusCss and Gg
from anticodon are prevalent, followed by the first and third
base pairs from acceptor stem; the contribution of the second
pair is minor and the discriminator base is not involved in

tRNAPre-CGlY chimera, argue for a nonimplication of the
discriminator base in thermophilic glycine identity. Further,
efficient glycylation of eukaryotic and archaebacterial
tRNACY (Table 1) shows that non implication of;4Jin
glycine identity is independent from tRNA context. As a
consequence, the important impairment of tRNA&harging
and that of tRNASP~CY and tRNACY chimera with G

are provoked by an antideterminant effect by G and not by
the privation of essential recognition elements on U. A
peculiar group of the purine ring of G absent in A, such as

NH, at position 2, may alter functional interaction of the identity. In t contributions of the discriminator b nd
amino acid accepting end of tRNA with GIyRS. y. In yeast, co utions ofthe disc ator base a
) ) of Css and Gg from the anticodon are prevalent, and strength

Dynamic of the Gly tRNA Synthetase-tRNAnteraction  of the second base pair from the acceptor stem exceeds that
in T. thermophilusSubstitution of the identity elements from  f the first and third base pairs. Thus, the second and third
the anticodon and D-arm affedfy about 1 order of  pase pairs are poorly involved B&. coli glycine identity,
magnitude more thake, in contrast to substitution of the  the second pair in that frorfi. thermophilusand the first
three first base pairs from acceptor arm that affects either pair in that from yeast. Interestingly, the first paif-G;s is
equally both kinetic constants @& more thanKy. Thus,  conserved in all tRNAY species except in mitochondriagj,
binding capacity of tRNA to GIyRS is mostly conferred by whereas the second and third pairs are not conserved in
Css, Cae, and Go, and the kinetic competence of the complex prokaryotic and eukaryotic tRN# [in yeast tRNAN(UCC)
is conferred by elements from the acceptor arm, which likely C,-G;, is substituted by &Cr; and, in archaea and myco-
trigger the orientation of the CCA end in the catalytic center plasma tRNAYYCO and inB. moriand human tRNAY(GCC),
of the synthetase. Insight into the mechanism of functional G,;-C;, is substituted by AU, ref 18). This suggests that
adaptation of synthetase and tRNA is brought by analysis contribution of the second and third base pairs is context
of multiple mutants. The anticooperative effects provoked dependent whereas that of the first base pair relates with the
when either Gs and Gs or Cgs and Go are together  role of the discriminator base. Decreased contribution of the
substituted indicate coupled binding of the elements from discriminator base to identity compensates increased involve-
anticodon and . In contrast, the additive effects provoked ment of the first base pair and vice-versa.
by mutating either @ or Uss together with the first base  (2) In the Heterologous Systerin charging ofE. coli
pair suggests independent recognition of the acceptor stemtRNASY by T. thermophilusGlyRS, contribution of the
This contrasts with the yeast afid thermophilusaspartate  elements from anticodon is reinforced, whereas that of the
systems for which anticooperative binding of the anticodon elements from acceptor arm is decreased compared to the
and the acceptor arm were describ2@, @4). However, the  homologous thermophilic system. Table 4 shows that C
cooperative effect provoked byskand Gsreveals a peculiar  and Gg from E. coli tRNASY constitute prevalent glycine
interrelation between a nucleotide from anticodon involved identity elements whereas the-G7; and G-G;; pairs are
in identity and the discriminator base not involved in identity, less important and in contrast to the homologous system,
which triggers specificity by preventing aminoacylation of the G-C;o pair is not involved in glycylation by the
noncognate tRNAs which possess a discriminatoryaad thermophilic GlyRS. As in the homologous system, the
a nucleotide different from £ in the anticodon. Synergistic  discriminator base does not contribute to glycylation since
recognition of elements from anticodon and,@nd anti- A7z is without effect on charging but the antideterminant
cooperative effects provoked by mutating the discriminator effect exerted by & is lower.
base and & may be promoted by conformational changes  Contribution of the Discriminator Base to Identity.
of the complex mediated by the loop lying the anticodon tRNASY of the various phylae differ by the nature of the
binding domain to the core enzym&3j as suggested in the  discriminator base: eubacterial tRRIAcontains U whereas
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Table 5: Comparison of Effect of Substitution of the Identity Elements of tRNé&n Charging Efficiency in the Systems ®f thermophilus
E. coli, and Yeast

glycylation system

position in tRNAGY T. thermophilusiomologoud heterologous E. colihomologou3d yeast homologods
L
Discriminator Base
N73— A7 1.5 1 11 >5000
Cz3 2.9 5 11 >5000
Grs 57 14 31 >5000
Uzs 1 1
Acceptor Stem
G;]_-C72—> Gl-U72 45 13 11 5
Ai-Uz; 90 47 43 2
Cl-G72 8940 nd nd nd
Co-G71— Ux-G7y. 28 nd nd nd
Go-C71 5 6 10 nd
Co-A71 nd 4 5 430
U-A71 nd 3 9 400
G3-C70_’ Gg-U7o 10 2 4 nd
Az-Uz nd 1 2 16
A3-C70 nd 1 1 16
C3-Gyo 476 nd nd 17
D-Stem And Loop
G10Cos5— A10-Uzs 43 nd nd nd
Uig— Cis 4.8 nd nd nd
T-Stem
Cs0-Ges— Gs0-Csa 4.3 nd nd nd
Anticodon
Css— Ass 1800 nd nd nd
Ggss 408 >5000 1500 >5000
Uss 1800 1300 102 1500
Cszs— Az nd >5000 41 1700
Ggs 4700 nd nd nd
Uss 1430 740 21 >5000

2Homologous systems involving GlyRS and tRfAfrom same origin® Heterologous sytem involving. thermophilusGlyRS andE. coli
tRNACY, The lossesl() of the homologoud. thermophilussystem are from this study (Table 2) and those of the other systems from Nameky et
al. (28); nd, not determined.

eukaryotic and archaebacterial tRRMcontain A; excep- context dependent since its substitution in yeast tRKZC)
tionally, plant tRNASY contain C (8). Wide divergence of by any other nucleotide decreases drastically charging by
contribution of this base to identity superimposes to its the cognate GlyRS (Table 5). Finally, efficient charging by
structural heterogeneity since it can either be absent fromT. thermophilusGlyRS of eukaryotic tRNAY and of the
the set of identity or contribute to charging at various extents cognate tRNAY in which Uz is substituted by A or C (Table
and even determine species-specific glycylation. Substitution4) excludes participation of the discriminator base in ther-
of U7z by A or C in E. coli tRNA®Y decreases glycylation  mophilic glycine identity, but it is involved in selection of
efficiency by 1 order of magnitude and substitution by G tRNA since Gz hinders drastically glycylation.

3-fold more (Table 5). Thus, this base contributes to the Purines are the most frequently found at the discriminator
recruitment and charging of tRN¥ in the eubacterial  position in tRNAs. InE. coli, only tRNACSY and tRNAYS
system although to a low extent. However, this contrasts with contain Us. Interestingly, in tRNAYSthe discriminator base
the unability of the synthetase to charge efficiently eukaryotic is also involved in identity38, 39), and this tRNA contains
and archaebacterial tRNX possessing A (Table 4) and further the G-C;; and Gs glycine identity elements.
with acquisition of its ability to charge the eukaryotic- However, tRNAYS contains the 2-methylthibl6-isopen-
accepting microhelix only after substitution of#£by U (16, tenosyl modification in A7 which may act as an antideter-
17), indicating strong contribution of the discriminator base. minant for glycylation and improve specificity of cysteinyl-
Thus, eubacterial species specificity of glycylation is pro- ation.

moted by the nature of the discriminator base but depends The glycylation system is unique by the structural and
on tRNA context. In contrast, GlyRSs from higher eukaryotes functional variabilities of the discriminator base. In most
and archaebacteria exhibit species specificity for tRA  aminoacylation systems, nucleotide 73 of tRNA is conserved
possessing A. Mammalian GlyRS aminoacylates efficiently in the various species, and except Eorcoli glutamylation,
only eukaryotic and archaebacterial tRR¥(Table 4) and its contribution to identity often prevails4Q—42). Only
becomes able to charge the accepfingoli microhelix only exceptionally, this nucleotide differs in prokaryotic and
after substitution of s by A (16, 17) wheread\. jannaschii eukaryotic tRNA isoacceptors or is not conserved in the
GIyRS charges efficiently only archaebacterial and eukaryotic isoacceptors from a given species: prokaryotic tRRA
tRNACY species (Table 4). Yeast GlyRS, which charges contain Gs and the eukaryotic ones ;4 the tRNAMY
efficiently T. thermophilus tRNASY(CCO) and E. coli isoacceptors fronk. coli contain Gs or A;3 and those from
tRNASYUCC) exhibits a relaxed species specificity which yeast Gz or Cr3; prokaryotic tRNAYS contain Ay, archae-
agrees with a moderate role of the discriminator base in bacterial tRNAYS G73, and eukaryotic tRNAS Gy3 or Uya.
glycylation (Table 4). Nevertheless, this role ofsAs also Contribution of the discriminator base to identity differs in
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FIGURE 4: Schematic representation of the functional interrelation between the glycylation systeni.ftbermophiluswith those from other

eubacteriaK. coli), archaebacteria. jannaschi), and eukaryotes (mammalian and yeast) and interrrelations between the glycylation systems of
these organisms. The tRNA the most efficiently aminoacylated by the heterologous GlyRS and the dimeric or tetrameric structure of the enzyme
are shown. The tRNA sequences are without the posttranscriptional modifications; the discriminator bases are black boxed white characters; the
positions conserved in the various tRRAexcept those present in all tRNAs are open characters; £ & exceptionally be substituted by U.
The arrows give a quantitative estimate of the efficiency of aminoacylation of N4 the heterologous GlyRS. The bold arrows represent
efficient charging, the bold dotted arrows decreased charging efficiency, the thin dotted arrows poor charging efficiency and the crossed dotted
arrows indicate absence of significant charging.
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these systems, but it never determines species-specifitREFERENCES

aminoacylation as in the glycine system. Nucleotide 73 is
strongly implicated in histidylation irfE. coli (43, 44) but

only weakly in yeast45, 46); arginine identities from yeast
andE. coli do not involve the discriminator base, albeit in
E. coli, purines are preferred over pyrimidinesl(47) and

E. coli LysRS prefers Ag (34) whereas human LysRS
charges well all tRNA variants of nucleotide 7318). This
suggests emergence of the aminoacylation specificities by
distinct processes and agrees with different mechanisms of
evolution of these systems.

Evolution of the tRNA Glycylation Systefrhe structural
heterogeneity of GlyRSs and the variability of the discrimi-
nator base in tRNAY determine functional divergences of
the glycylation systems (Figure 4). The tetrameric eubacterial
GlyRS acylates efficiently only eubacterial tRRIAwith a
discriminatory U whereas dimeric mammalian GlyRS acyl-
ates eukaryotic and archaebacterial tFNAvith a discrimi-
natory A. The dimeric archaebacterial GlyRS acylates
eukaryotic tRNAY as efficiently as the archaebacterial one
but much less the eubacterial tRRA In contrast, the
dimericT. thermophilu$GlyRS is totally deprived of species
specificity since it does not distinguish the heterologous
tRNA species and acylates tRNA with either A or U at the
discriminatory position. Finally, yeast GlyRS possesses a
relaxed specificity by acylating various prokaryotic tRRA
species as efficiently as eukaryotic and archaebacterial
tRNACY, These peculiarities argue for a complex evolution
of the glycylation system. Species specificity of thecoli
and mammalian GlyRSs agrees with coevolution of syn-
thetase and tRNA which altered the two partners to preserve
specificity. This property was probably acquired late since
organisms in the lower part of the evolutionary scale, such
T. thermophilusand yeast, are either deprived of species
specificity or have a relaxed one. Ancestral GIlyRS was
probably dimeric and deprived of specificity for the dis-
criminatory Uz of tRNA®Y. A,z appeared in the ancester of
archaebacteria which evolved toward eukaryotes, but in this
phylae specificity for Az was fully acquired only in higher
eukaryotes after alteration of the dimeric synthetase. The
eubacterial system conservegsldnd evolved independently
by altering differently the synthetase which acquired a
tetrameric structure and specificity for-4J The elements
which determine efficient glycylation in the homologous
systems, namely Cr, Gio, Css, and Gg constitute
probably the ancestral identity set which was preserved
during evolution as well as the triadiC(U).5s-Ggs involved
in tRNA folding (Figure 4). The existence of a dimeric
GIlyRS in T. thermophilusdeprived of specificity for the
discriminator base argues for an ancestral origin of the
thermophilic glycine system and suggests thathermo-
philus is located at the borderline between eubacteria and
archaebacteria. This agrees with the rol& othermophilus
as a link in evolution also suggested on the basis of the
properties of its aspartylation systeitil( 49).
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