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ABSTRACT

Correct expression of the genetic code at translation is
directly correlated with tRNA identity. This survey
describes the molecular signals in tRNAs that trigger
specific aminoacylations. For most tRNAs, determinants
are located at the two distal extremities: the anticodon
loop and the amino acid accepting stem. In a few
tRNAs, however, major identity signals are found in the
core of the molecule. Identity elements have different
strengths, often depend more on k.4 effects than on
K effects and exhibit additive, cooperative or anti-
cooperative interplay. Most determinants are in direct
contact with cognate synthetases, and chemical groups
on bases or ribose moieties that make functional
interactions have been identified in several systems.
Major determinants are conserved in evolution; however,
the mechanisms by which they are expressed are
species dependent. Recent studies show that alternate
identity sets can be recognized by a single synthetase,
and emphasize the importance of tRNA architecture
and anti-determinants preventing false recognition.
Identity rules apply to tRNA-like molecules and to
minimalist tRNAs. Knowledge of these rules allows the
manipulation of identity elements and engineering of
tRNAs with switched, altered or multiple specificities.

HISTORICAL BACKGROUND

tRNAs including mischarged tRNAs and the genetics of suppressor
tRNAs (6-8). No unified picture emerged from the early work
and tRNA aminoacylation systems appeared idiosyncratic.
Nonetheless, attempts were made to find links between them as
in the proposal of a discriminator site at N7 @nd its
conservation among molecules charged or mischarged by a same
synthetase 7). The idea of a second genetic code was also
discussed4,10,11); itimplies conservation of recognition signals

in evolution and was rejuvenated2¢14) after the explicit
deciphering of the Ala identityl,16).

Because anticodon nucleotides specify the relationship between
an amino acid and a trinucleotide of the genetic code, they were
considered privileged candidates to specify recognition by the
synthetases. The first experimental fact supporting this view dates
to 1964. Kisselev’s group showed inactivation of yeast tRNA
upon chemical modification of its anticodon, an assumption
confirmed in Bayev’s laboratory (reviewedlif) using dissected
molecules. Evidence for a role of the anticodon in the acceptor
function of other tRNAs was obtained for Gly, Met, Phe and Trp
specificities. For several others (Glu, GIn, Tyr) the likelihood of
anticodon patrticipation in synthetase recognition was High (

On the other hand, the region near the amino acid «fCA
accepting end was another obvious recognition candidate.
Support for this expectation came from Chambers’ laboratory as
they used a dissected tRNA to demonstrate a recognition signal
for yeast AlaRS embedded in the tRNPacceptor stem, likely
within its three first base pair§)(

An important aspect in all discussions on tRNA identity is the
link between specific tRNA—aaRS complex formation and

Transfer RNAs are the interface between DNA encoded genetiatalysis leading to tRNA aminoacylation. Studies of unspecific
information and its expression in proteins. Once Crick proposdé®NA—aaRS interactions and comparisons of cognate tRNA
the ‘adapter hypothesisl), tRNAs were discovered 3 years later charging with tRNA mischarging led to the concept of kinetic
(2). This led to a desire to understand how the amino acipecificity. Correct tRNA aminoacylation is governed more by
activating enzymes, the aminoacyl-tRNA synthetases (aaR¥)q;effects than b¥K, effects 7). Specific complex formation is
developed) and how they recognize tRNA§(The challenge accompanied by conformational changes of the interacting
was to decipher the recognition sites on the tRNAs which allowartners 18,19). In a broader perspective, specificity of tRNA
unique reading of the genetic code. This pivotal problem iaminoacylation relies also on that of the amino acid activation
biology was long referred to as a recognition problem and is nostep, on correction mechanisms and on the balance between the
known as the tRNA identity problem. The term ‘identity’ datesconcentrations of tRNAs and synthetases that favor cognate
back to 1965 %), and identities were tackled by a variety ofaminoacylation and disfavor mischargiri,@1). Discovery in
methods. These include enzymatic dissection and chemidake early 1970s, of tRNA-like moleculeg?] that differ in
modification of tRNAs, sequence comparison of isoacceptaequence from canonical tRNAs but are substrates of synthetases
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was puzzling. These molecules include structures present at the suppressor tRNA. The drawback is that most anticodon
3 extremities of plant viral RNA2@) as well as other mimics identity elements cannot be checked by this methodology. An
more recently discovered4-27). A global description of tRNA  alternate system using mutants of initiator tR#Bwith unusual
identity has to integrate all these facts. Additional information oanticodon sequences removes this drawlizgRT). A difficulty
early literature has been reviewéxll(7,28-31). is the choice of the mutations to introduce in a tRNA. For
experimental simplicity and because of the great combinatorial
diversity of possible variants, workers in the field have essentially
studied single mutants. Doing so, possible combinations of
nucleotides that could have functional significance escape
Setection. Recent studies have shown that such combinations
tually exist (see below).

DEFINITIONS, GENERAL CONCEPTS AND
PREREQUISITES

It is a general belief that tRNA identity is governed by positiv
(determinants) and negative (anti-determinants) elements t A . o . .
respectively trigger specific aminoacylation and prevent false 2€Pending on how identity is achieved, it follows that

charging. In each tRNA, positive elements are limited in numbesrpec'.fICIty Qf a tRNA can be changed by transplantatl_on of its
and constitute the identity sets. They include isolated nucleotid&€ntity setinto another tRNA background. Transplantations help
in single-stranded regions, base pairs in helices, and can also'de/€rfy completion of identity sets. Sets are considered as
structural motifs. A priori, conserved and semi-conserved

complete if their transplantation yields molecules as active as the
residues responsible for tRNA architecture are not part of identi%

ild-type tRNA. But caution is required in interpretation, since
sets. This is, however, not a general rule. In the literature the teffjlerminants can escape detection if present in the host tRNA in
‘identity element’ often designates elements foundvo, while which functionality of the putative identity set is assayedivo,
the term ‘recognition element’ refers to elements deterniime

d one might consider that mutations in a suppressor tRNA that yield
vitro. For simplicity we utilize the terminology identity element L00% incorporation of a given amino acid in the reporter protein,
for bothin vivo andin vitro data. Also, one has to distinguish fully define the identity set for this amino acid specificity. Identity
between ‘major’ and ‘minor’ elements. The distinction is not eas not defined by physical-chemical properties, but b_y_funct|onal
iteria where the balance between correct recognition by one

and is often subjective. In this survey we consider as maj o
) y J nthetase and non-recognition by the other synthetases play key

elements those which, upon mutation, lead to the stronge@ﬁ Also. then vi hd call ; £ all
functional effects, either when tesiadvitro (strongest decrease roles. AISO, then Vivo approach does not allow screening or a
possible tRNA variants with the potential to interact with a

in aminoacylation efficiency) an vivo (strongest suppression Y .
effects). In contrast, minor elements have moderate effects any'thetase. A mutation introduced in a suppressor tRNA can
ect the recognition of this tRNA by other partners of the

tune specificity. These elements can act by indirect mechanisnis. . . i ) L
Altogether, tRNA structure can be considered as a scaffold thignslational m.achrllnen;. Identity sets defined :%cc_grdlr!g\xfro
permits proper presentation of identity signals to synthetasé%r.[')nﬁv'vo criteria, t eri OlgeNZre dnot.nechessargyl entical. di
After amino acid activation by a synthetase, the catalytic site of D'erent aspects of t dentity have been reviewed In
the enzyme will be completely switched on by the corre terature 81,38-47). Here we discuss the body of available data

interaction with the tRNA, and tRNA charging can proceed. Thi! an attempt to uncover universal rules and to understand
implication,a priori, is that different types of RNA scaffolds can Idiosyncratic features in aminoacylation systems. Deciphering
achieve fuﬁctional’activation of synthetases identities relies on functional studies of engineered tRNAs and

Although this classical view on identity accounts for many O%h;ir understanding is dependent upon advances in structural

the observed effects, it was recently disturbed with unexpect@iP109y- Thus, the accumulation of tRNA sequenee &nd a

; ; ; ; ; tter knowledge of the structure of tRNA&4,(9,50), synthetases
h th t f alt t t ) . . .
discoveries such as the existence of alternate identity se id their complexes with tRNA5{-60) were pivotal in

permissive elements and cryptic determinants (see below). gya their . v ; -
fact, expression of identities is more subtle than was anticipat@§'ceVing interrelations between aminoacylation systems within
and appears to be an intricate interplay of molecular events whéediven phylum and across phylogenetic lines as well as to
mutual adaptation of tRNA and synthetase play a crucial role.Understand the origin of tRNA identities.

Several technical breakthroughs were essential for deciphering
tRNA identities. Methods using RNA polymerases foiithétro  IDENTITY ELEMENTS
transcription of tRNA genes permit preparation of almost all
kinds of mutants. The SP6 RNA polymerase was first used féx compilation of identity elements found to date in cytosolic
preparation of functional tRNA-like domains from plant viral tRNAs, arranged according to the classification of synthetases in
RNAs (32) and soon after, Uhlenbeck and colleagues popularizedo classesq1,62) and their division into subgroupsx56), is
the use of T7 RNA polymerase for the systematic synthesis given in Tablel. Identity elements have been determined for the
tRNA variants 83,34). The transcriptional methods yield tRNAs 20 aminoacylation systems froEscherichia coli 14 systems
deprived of modified nucleotides, which can be a drawback ffom Saccharomyces cerevisjafour systems fronThermus
epigenetic modifications on native tRNAs play a role in identitythermophilusand a few systems from other organisms, often
In that case, chemical synthesis of RNA can provide moleculésgher eukaryotes including humans. They are in most cases
with modified residues. The search for identity elementévo  standard nucleotides. Modified nucleotides are identity elements
took advantage of suppressor genetics. A reporter system utilizasRNAs specific for lle, Glu and Lys i&.coli and lle in yeast.
a dihydrofolate reductase (DHFR) gene with an amber mutatiothese modifications are exclusively located in the anticodon
at position 10 that can be read by any engineered suppreskmp. The scarce involvement of modified nucleotides in tRNA
tRNA provided it is recognized by one or several synthetasesninoacylation is fortunate and explains why the wide use of
(35). Characterization of the amino acids incorporated in DHFRnmodified transcripts for deciphering identities by ith&itro
at position 10 gives then direct information on the identity(ies) ofipproach was successful.
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Table 1.Identity elements in tRNAs aminoacylated by class | (A) and class Il (B) synthetases

A E.coli' S.cerevisiae T.thermophilus 3 Others * Refs. Comments
(@) A73 A73 1. (64-66) 2. proposed on the basis of early biochemical
* G3:C70,U4:A69 - 2. (17,67.68) investigations and confirmed on TYMV
Val (b)e A35,C36 A3S — — variants assayed with yeast ValRS
(C) . - -
(@) A73 - 1. (64,69-71) 1. Lysidine in tRNA'™11, the minor species
e C4:G69 - 2.(72) (G34 in tRNA™1); after removal of t*A37.
Ile (b)» L/G34,A35,U36 I134,A35.U36 — — £=400
* t*'A37.A38 - 2. a yeast tRNA™ isoacceptor species has
(©)* U12:A23,C29:G41 - ¥34,A35.¥36
(a)e A73 A73 AT73 1. (73.74) 1. leucylation is more sensitive to mutations at
. - - C3:G70,A4:U69 2. (75 Al4 than U8 in the conserved U8*A 14
Leu - - —— G5:C68 4.(76.77) reverse Hoogsteen pair
(b)e - A35 - 4. human
. - G37 -
©e U8-A14 - C20a
(@ A73 A73 1. (78-81) 1. nts in brackets are those additionnaly required
* (G2:C71,C3:G70) - 2. (82.83) in initiator tRNA. U4:A69,A5:U68 are
Met U4:A69,A5:U68 - specific elements in elongator tRNAM
(fMet) (b)s C34,A35,U36 C34,A35,U36
¢ (C32,U33.A37) & the 4 other AC  mae=m —
- loop nts
©e - D-arm
(@) U73 u73 1. (84-89) 1. the G15°G48 Levitt pair is atypical and
e G2:C71,C3:G70 2. (90) particular to only E.coli tRNA"
Cys  (b)+ G34.C35.A36 - —_— —
(c)* G15°G48.A13°A22
(a)e A73 A73 1. (91-94) 4. Pneumocystic carinii (an eukaryotic
. - Cl:G72 C1:G72 2. (95.96) pathogen). Data obtained from minihelicx
Tyr (b)s U35 G34.¥35 J— 4. 97 aminoacylation studies
©° - B
(@e G73 - G73 1.(98-101) 4. Bacillus subtilis
* ALLU72,G2:C71 - AL:U72, 2.(102)
Trp G3:C70 - G5:C68,A9 4. (103)
(b)» C34,C35,A36 C34,C35 C34,C35,A36
(C) . - = -
@-* - 1. (35,104- 1. lack of nt 47 can be considered as an identity
« G1:C72,U2:A71 106) determinant, since it alters the stability of the
Glu (b 5'U34.U35 triple interaction (U13+G22)*Ad6
* A37 — — —_—
(€)* Ull1:A24,
U13:G22-A46,A47
(@ G73 1. (107-110)
* Ul:A72,G2:C71
Gln G3:C70
(b)* Y34,U35.G36 — — —_
* A37,U38
©- G10
@+ A/G73 - 1. (111-114) 2. identity set is different in tRNA*" transcript
¢ - - 2. (115) (see text)
Arg (b)e C35,U/G36 C35,U/G36 — —
(c)e A20 -

The distribution of identity nucleotides in tRNA is shown inmore system-dependent and are scattered over 21 positions (se€
Figure 1 for the 20E.coli aminoacylation systems, with the the small size of the spheres in Hi§. at positions 8, 10-15, 20,
distinction between class | and class Il synthetases. In both cas2@a, 22-24, 29, 41, 46 and 48, and in B at positions 10, 11, 15, 20,
identity elements lie predominantly at the two distal ends of th24, 25, 44, 45, 48, 59 and 60). Such determinants participate in six
tRNA, with a strong participation of anticodon residues andlass | (lle, Leu, Cys, Glu, GIn and Arg) and three class Il (Ser,
discriminator nucleotide N73 together with the most distal basero and Phe) identities. Identity base pairs in anticodon stems
pairs of the amino acid accepting stem. Position 37 in the&ere found in four systems (lle, Ser, Pro and Phe). A few tRNAs
anticodon loop is only involved in identities of tRNAs charged bywith sequence peculiarities utilize them as identity elements: this
class | synthetases. The most distal residues (N73 and the thieéhe case of the large variable loop in tFERof residue N-1
anticodon nucleotides) are identity elements for most tRNA$n tRNAHIS and of the atypical G15-G48 Levitt pair Encoli
Identity determinants in the tRNA core (nt 8-31 and 39-65) alRNACYS. Altogether, 40 positions have been detected as sites for
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Table 1.continued

B E.coli! S.cerevisiae * T.thermophilus ' Others®  Refs. Comments
@+ G73 - G73 1. (73,93,107, 1. length of variable region more important than
* (72, G2:C71, A3:U70, - - 116-119) its sequence. Importance of R4:Y69 established
Ser C11:G24, R4:Y69 - - 2. (120) on minihelices. G2:C71 is a weak identity
(b)e - - - 4. (76,121) element, but acts as an antideterminant against
. - - — - other aaRSs. The eight first listed residues are
() CI11:G24 variable loop variable required to convert a leucine suppressor to a
variable loop loop serine suppressor tRNA (73)
4. human
(@e - - Uu73 1. (122,123)
¢« G1:C72,C2:G71 G1:C72 G1:C72.U3:A70 2.(124)
Thr (- G34.G35.U36 G35.U36 G35.U36 — 3.3125)
©e - - -
(@ A73 1. (85.126,127) 4. human (minor effect of discriminator residue
¢ G72 4. (127a) C73)
Pro (b)* G35.G36 — — G35.G36
©°* G15-C48
(a)s U73 A73 u73 A73 1. (85,128, 2. a yeast tRNA"Yisoacceptor species has
* G1:C72,C2:G71 C2:G71.G3:C70 G1:C72,C2:G71 C2:G71 129) G2:T71 (DNA sequence)
Gly G3:C70 - (G3:C70) - 2&3.(130) 2 & 3. nts in bold: with tRNA transcripts from
(bye C35,C36 C35,C36 C35.C36 - 3.(13D) E.coli
. - - - - 4. (132) 3. nts in brackets: with tRNA transcripts from
(c)s - - (G10:C25) - T.thermophilus
4. mammalian
(a)e C73 A73 1. (85.129.133- 1 & 2. the discriminator base has a moderate
« G-1 G-1 136) effect in yeast, in contrast to E.coli where its
His (b) e anticodon G34.U35 —_— — 2.(137.138) effect is strong.
LI - 1. importance of anticodon shown by activity of
(c)e - - revertant HisRSs on amber tRNA' (134a)
@+ G73 G73 G73 1. (139,140)
« G2:C7N1 - - 2. (141.142)
Asp (b)» G34,U35,C36 G34,U35,C36 G34,U35.C36 ———— 3. (143)
« C38 C38 C38
©° G10 G10-U25 G10
(@) A73 1.(35.113, 1. importance of modified nucleotides: the
LI 114) transcript is 140-fold less efficiently charged
Lys (b)ys U34,U35,U36 — — —— than the the native tRNA
o (mam's’U)34
e -
@+ G73 1. (85.144)
Asn  (b)e G34,U3SU36 — _ _
(c)e -
(@a)s A73 A73 A73 A73 1. (64,145-147) 4. human
. - - - - 2. (148-150)
Phe (b)s G34,A35,A36 G34,A35A36 G34,A35,A36 G34,A35,A36 3. (151,152)
e G27:C43.G28:C42 i*A37 - C30:C4o0, 4. (153)
(©)e U20, G20 - A31:U39.G20
G44.U45.U59.U60 - - -
(@ A73 - - 1. (15.16,129, 2. indirect data obtained from aminoacylation
* G2:C71.G3-U70 G3-U70 G3-U70 154-157) studies on dissected tRNA fragments
Ala G4:C69 - - 2. (158) 4. Bacillus mori, rat liver, human &
(b)s - - - 4. (154.159) Arabidopsis thaliana
(c)e G20 - -

The tRNAs are listed according to the synthetase classification in two classes with subclasses. Identity elements dracclasbifgeto their location in
the amino acid accepting stem (a), anticodon region (b) and other tRNA domains (c). References and comments are gieendemizdg.coli (1),
S.cerevisia€2), T.thermophilug3) and other organism4)( Identity nucleotides in bold were identified by theitro approach, those in italics by timevivo
approach, and those in normal scripts by both approaches; when underlined, the identity element is the modified nuclbetidg.dfuesidues is according
to Sprinzlet al. (48) and nomenclature of modified nucleotides according to Limdizah(63). In the case of base pairs, (:) denotes WC p&jmspa-WC
pairs, and-) tertiary pairs; (/) indicates that two residues can be identity elements at the same position. R, purine; Y, pyrimidine.

identity signals, including the seven positions of the anticodoexplaineda posteriorj knowing the contact patterns of tRNAs
loop, N73 and the last 5 bp of the acceptor stem. The remainingth synthetases (Fi@). In conclusion, classification of identity
base pairs 6—12 of the acceptor branch of tRNA (the continuossts according to the class of the corresponding synthetases is no
acceptor and T-stem helix) are never used in identity, what can asily rationalized. It is, however, noticeable that use of position
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A. Class 1 B. Class I1

_ 73

Figure 1. Distribution of identity elements for tRNA aminoacylation in the 3D ribbon model of eRar tRNAs charged by the 10 classA)(and 10 class I

(B) synthetases fror&.coli (drawing with DRAWNA,; 160). The size of spheres is proportional to the frequency of identity nucleotides at a given fpasition (
decreasing sizes of purples colored spheres corresponding to 9-10-fold, 7-8-fold, 4—6-fold, 2—3-fold and 1-fold presdenétpfedement). (B) The variable
domain in purple indicates its participation in Ser identity (in that case this domain is extended to 16 nt).

37 inidentity is synthetase class dependent. Also noticeable is #seamples where transplantations lead to full activity of the host
structural rational that emerges when comparing the binding afolecules. In some cases, transplantation of a unique element
identity residues to synthetases, which is subclass dependent (sedes the switch efficient. However, in general, full switches
below). require transplantation of several elements and sometimes
The large occurrence of anticodon and of discriminatoengineering of the tRNA scaffold. This is true for switches from
residues in identity is emphasized in Tabldn the 16E.coli  tRNALeUto tRNASerand tRNAMeto tRNAASP (see below).
systems where anticodon residues contribute to identity, the
middle position 35 is always used; positions 36 and 34 are us
less often (12- and 11-fold, respectively) with no strict conservatio%$1|ENOMEI\IOLOGY OF IDENTITY EXPRESSION
of the identity nucleotide (for lle, GIn and Arg). Other anticodorstrength of identity determinantsin vivo
loop positions are only sparsely used in identity. Leu, Ser and Ala
identities do not rely on anticodon positions. The discriminatoThe strength of identity determinants expressedvivo is
position N73 participates in Jcoli identities, the Glu and Thr correlated with suppression of a stop codon in a reporter gene.
identities being the exceptions. Noticeable are the Asp, Lys a8irength is estimated by the frequency of amino acid incorporation
Asn identities that specify tRNAs charged by synthetases at the suppressed position. Examples are given in Faflee
subclass llb; here the discriminator position and the thremmplitude of the effects ranges from 0 to 100% as measured by
anticodon nucleotides with conserved U35 are used in the thriegorporation of the appropriate amino acid into the reporter protein.
systems. The similar folding of the anticodon and catalytiStrong effects (>90% non-cognate amino acid incorporation)
domains of the corresponding synthetases accounts for thesmcern, for example, the A20U mutation in suppressor tRNA
similarities 65-57). For the known yeast identities, involvementwhich leads to a complete loss of Arg incorporation (thus, A20 is
of anticodon and discriminator nucleotides is essentially the saraamajor Arg identity element). Weaker effects are found, e.g. for
as inE.coli, except for the Leu, Arg, His and Ala identities. Oppositethe wild-type amber tRNAY which has its Arg identity reduced
to E.coli, Leu identity is dependent on residue 35, and Arg and At 37%. This decrease is explained by the presence inARNA
identities do not require the discriminator base. Altogether, out of tiif the amber CUA anticodon which changes the C35 Arg
14 yeast identities, 12 (except Ser and Ala) are dependent on tleerminant to U35 (TablB. Interestingly, this tRNA acquires Lys
anticodon, and 11 (except Thr) on the discriminator base. #entity (55%) because U35 is a Lys determinant. Mischarging of
remarkable feature is the phylum-dependent conservation of theutated suppressor tRNAs is common (Tabldt is explained
discriminator residue in prokaryotic and eukaryotic tFiNfand by the dual effect of the mutations and/or the properties of the
tRNAHIS species48) and their probable conserved role in Gly andsuppressor anticodons, which concomitantly withdraw recognition
His identities, as demonstratecHrtoli and yeast. elements for one identity while introducing elements for other
Efficient identity switches of tRNAs with transplanted identity identities. Thus, wild-type and mutated suppressor tRNAs often
sets are indications for the completion of such sets. Bajilees  possess multiple identities.
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GInRS/tRNAGIn | AspRS/tRNAAsp

Figure 2. Structural comparison of the GIn (left) and Asp (right) tRNA-synthetase complexes highlighting the location of identity elethetRNAs and their
proximity with the interacting cognate proteins. The figure shows the identity elements (purple spheres) and the naesideestiyellow spheres) in contact or
close proximity with the synthetases. Coordinates of complexes are fromeRauld87) and Rufét al. (188), and drawing was produced with DRAWNA (160).

Strength of identity determinantsin vitro: k¢4t effects reduced number of identity residues, effect of their mutation can
versusK, effects be >1000-fold.

The relative contributions &f5andKy, to identity are variable
S (Table 6). When normalized values are compared (calculated
The strategy to measure strength of determinantstro is  5ccording to a formalism defined 1162 it appears that identity
completely different to makingn vivo estimates. Here, one glements produce a continuum of effects ranging from mestly
determines intrinsic physical-chemical effects of mutations keadn>(Km)n] to mostly Km [(keadn<(Km)n] through mixed
aminoacylation reactions instead of evaluating their ultimate fa andK effects [keadn {Km)n]. Mutations at positions in the
in protein synthesis. Measurements of loss of kinetic specificiti aitnity of, or in cIoseacontact with synthetases mainly algr
(L) is easy within a wide range, from moderdte<( 10) to g ,gqgesting a direct effect on the catalysis of aminoacylation. In
important L. > 1000) effects (Tablg). Moreover, the individual  conirast, mutation of identity elements involved in tRNA
contributions okcatandKm to L values can be obtained (Tabje  grchitecture often produdén, effects. This suggests that these
Noticeablyjn vitro studies seldom report possible mischarging Of:hanges modify the functional binding of the tRNA on the
tRNA variants that are detectdd factoby thein vivoapproach. enzyme.

Contribution of individual nucleotides to identity differs from  assay conditions influence identity expression. Note the effects
one tRNA to another and the strength of determinants is phylurgs 1he G73. U73 mutation irE.coli tRNACGN under subsaturating
dependent _(Tablé). So, the discriminator ba_se is as importan 108 or steady-state kinetid{0) conditions. The influence of
(Val), more |mport_ant (Met_ and Asp) or less important (Gly an g2+ concentration was mentioned for Phe identig, Mg2*

Leu) in prokaryotic than in eukaryotic systems. Furthermorgyoncentration modifies the relative strength of identity elements.
nucleotides at position 35 are highly represented as identipjso, mutation of the discriminator residue in yeast tRRA

(Leu, T_yr, Arg, Val and Gly_), higher (Trp and Asp) or_lower (PheXne MgCh and ATP concentrations (Talig
effects in prokaryotes than in eukaryotes. No simple picture emerges

when comparing prokaryotic and eukaryotic or class | and class Ald
systems. However, the large strength often encountered for N73
anticodon residues, especially for N35, has to be noticed. Also, in
some systems with few identity nucleotides, the relatively lovKinetic data expressed as free energy variation at transition state
contribution of each residue is noticeable, as in the yeast Phe afdnultiple mutants and comparison of experimental values with
Asp systems in which the strongest effects are <1000-fold. those calculated from data on single mutants define three types of
contrast, in theée.coli Ala and His systems, also specified by arelationships between identity nucleotides. Since such nucleotides

itivity, cooperativity and anti-cooperativity
een identity elements
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Table 2.Involvement of anticodon N34—-36 and discriminator N73
nucleotides in tRNA identity

Table 3.Examples of transplantations leading to complete identity switches

transplanted

donor tRNA™ elements host tRNAY Refs.
?;{N?ty anticodon nucleotides discriminator nucleotide (from x to y)
1denti
Ec/Sc 34 35 36 Ec/Sc 73 E.coli tRNAM g§ G3+U70 tRNAP*, tRNA®Y* (15
Val +/+ - A - +/+ A yeast tRNA"" A73,A35,G37 tRN A% (75)
Ile +/+ L/t A U +/0 A human tRNA'" A73,C3+U70,A4:U69, tRNAST an
L /+ A +/+ A G5:C68,C20a, var. arm
eu - - -
M. * A A E.coli tRNAM C34,U35,A36 tRNAY () 79
et o+ ¢ U o yeast tRNAM C34,U35,A36,A73 {RNAAT ®)
+/0 G C A +/+ U
:ys 7 5 7 " yeast tRNAT* G34,A35,A36,G20, tRNAAP (150)
yr o - - it G2:C71,G3+U70,A73
Trp +/+ C C - +/0 G a=3,p=2,v=5
Glu +/0 4U U . /o . E.coli tRNAS (amber)§  G73,C72,G2:C71, tRNA™ (amber) (73,116)
A3:U70,C11:G24
GIn +/0 C/U U G +/0 G human tRNAS o (RNAL a6
A - C GorU - A
£ AL = Al C yeast tRNA™ G35, U36 RNAP® (124)
S -/- - - - +
T: +;+ G U //0 E.coli tRNATPg§ C35 tRNAS" (100)
r - =/- -
E.coli tRNAY" U34,A35,C36 tRNAMe! (79
Pro +/0 G G +/0 A U34,A35,C36,A3:U70 tRNAA® (161)
Gly +/+ - C C +/+ U/A U34,A35,36,G3:C70 tRNAA? 61y
His -/+ G 18) - +/+ C/A
%
Asp */+ G v ¢ A G The data concern switches in systems where tRNA and synthetase are from
Lys +/o  we?U U U +/0 A the same organisms, with host tRNAs acquiring the identity of the donor
Asn +/0 G ..u.u +/0 G tRNA (in vitro experiments, except those indicated § and 8§ that correspond
Phe +/+ G A A +/+ A toin vivoand bothn vivoandin vitro studies, respectively) . Notice in the
Ala -/- - - - +/- A case of the Leu Ser and Phe Asp switches, that architectural features

were also transplanted @ndp are the regions in the D-loopdnd 3 from
conserved G18G19; vis the length of the variable region). (a) YeasYdRNA
has A73.

Involvement ¢) or non-involvement+) of N73 and/or anticodon bases in
the aminoacylation identity of prokaryoti.coli (Ec) and eukaryotic
S.cerevisiadSc) tRNAs are shown (data originate framvitro and/orin

vivo studies; Table 1). o, data not available; *, other residues in the anticodon
loop are important; L, lysidine; I, inosine. The tRNAs are listed according
to the classification of synthetases (Table 1).

Table 4.Strength of individual identity elements as defiredivo by
the frequency of amino acid incorporation in a reporter protein. A few
examples

% of aa incorporation

are often scattered over three tRNA domains (the anticodon armsuppressor tRNAs

mutations native acquired Refs.
the acceptor arm and the core of the tRNA), the question is how=<" identity identity
they act together to achieve global specificity. The question is OftRNA** (amber)  G3U70->A3:U70 nd* nds (15,16)
particular importance if the individual identity residues have tRNA*s (amber)  (amber anticodon) Arg(37%)  Lys(55%) 11
moderate strength. Studies of double mutants established thakNa*s (amber) — A20->U20 nd. Lys(91%) (1)
three determinants (anticodon, A73 and G20a) act independentlyrNa®¢ (amber) ~ aso->uso Arg(38%)  Lys(50%) (1)
in yeast Phe identityl49). The functional relationship between (rRNA®* (amber)  U73->a73 Cys(0%)  Lys(63%) 87)
Asp determinants in yeast tRR# (G73, G34, U35, C36 and R
G10:U25) was studied with transcripts mutated at two Or MOregNAc (amber)  A31:U39->C31:G39 Cys(90%)  Gin(10%) 88)
identity positions 164). Multiple mutations affect activity of Ao amber)  Gocar>uzan Cyso3%)  Gine%) #5)

AspRS mainly at the level &4 Nucleotides located far apartin - zyaes amben
the 3D structure of the tRNA act cooperatively whereas those of
the anticodon triplet act either additively or anti-cooperatively. In
the latter case, the effect is lower than the sum of individual
effects. These properties are correlated with specific interaction
of chemical groups on identity nucleotides with amino acids in th
protein as revealed by crystallographg®). Similar effects were
found between Asp identity residues inTttbermophilusystem
(143). Analysis of multiple tRNA mutants in this system revealed
cooperativity between determinants of the anticodon loop angl,
G10 and G73. The cooperative effects in the Asp system suggest
that conformational changes trigger formation of a functionalhe L-shaped architecture of tRNA with a two-fold symmetry,
tRNA—aaRS complex. In yeast, the strongly anti-cooperativallows its dissection into two components corresponding to
triple anticodon mutant indicates that this molecule behaves likdouble-stranded helical structures closed by T or anticodon loops.
an Asp minihelix because it has lost all contacts with thécceptor branch minihelices are thus constituted by acceptor and
anticodon domain of AspRS. Strikingly, its overall kineticT-stems and in many cases were shown to be charged by the
specificity is identical to that of an Asp minihelik&). homologous synthetase$6(7,168). Prediction of function of

G27+U43->C27:G43 Cys(89%)  GIn(11%) (88)

The amber anticodon i$-6UA-3'. The reporter protein is DHFR expressed in
E.coliand the strength of the identity switch is estimated by the percentage
Bf the amino acid incorporated at position 10 of DHFR. MutatioEsdali
esuppressor tRNAs were aimed to analyze the importance of intrinsic residues
by mutation of these residues. n.d., not detectable; *, suppression efficiency
near background level.

inoacylation of minihelices and partial identity sets
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Table 5. Strength of identity elements as defined by lossés wfro kinetic aminoacylation efficiencies upon
their mutation in prokaryotic (A) or eukaryotic (B) systems

determinants in determinants in other
L amino acid acceptor end anticodon loop determinants

(x-fold) N73 others anticodon others
(A) Prokaryotic systems

<10

Lys Asp?7l, Gly271370 Asp® Asp'?
G

] 2:71,3:70

10-100

Ala, Gly  Gly'”, His?, Ser*”"*¢ Gly™, Pro®, Thr* Asp® Ala®, Pro'>*#
1:72 35,36 36

1.72 10:25

100-1000

Pro, Pro™, Pro*
Phe, Thr Thyk72:870 Phe* Thr® Asp™® Asp®

Asp, His Ala®7, Thr*7! Asp*¥, Gly®, Thr™®
Asp Asp™¥ Gly*¥

(B) Eukaryotic systems

Gly, Hisb Gly35'3°, Thr35'3"
Phe PheX® Phet™ 20

Losses of aminoacylation efficiencids) @re defined ak = (KKmwild-type/(Km)mutant With k (the rate constants)

being eithekca:0r Vimax When an identity residue was mutated in its three possible versions, only the strongest
loss is given. Data listed on a gray background are for tRNAs aminoacylated by class | synthetases, those on
a white backgiund for tRNAs charged by class Il enzymes. Identities are indicated by the amino acid three letter code;
when applicable, location of identity elements in tRNA sequences are given in superscript. (A}.8losystems

(when underlinedT.thermophilusystems); (B) show8.cerevisiasystems (when underlined, human systems). For
references see Table 1. @5 mM MgCb, 10 mM ATP (135)°10 mM MgCb, 2.5 mM ATP (138).

minisubstrates containing identity determinants was first verified Minihelices recapitulating acceptor branches of tRNAs in
in the Ala systeml(69) (Fig.3). Since then, aminoacylation of many which the major identity elements are found in the anticodon loop
other minisubstrates (Tabl§ including microhelices with short shoulda priori be inactive. But such minihelices were charged,
helical domains or helices closed by tetraloops instead of 7 although to low levels in most cases. Addition of an anticodon
canonical T loops has been obser&stherichiacoli mininelix@  helix enhances charging of minihelices derived frBmoli

and miniheliX'is with major Ala and His identity elements are tRNA!'® (70) and yeast tRN¥&' (174). Asp minihelices behave
good substrates for their corresponding synthetases. In contrdigg strongly anti-cooperative mutants of tRABR and charge well
minihelixS€'is a poor but specific substrate for SerRS, althougliL66). In contrast to a Val anticodon hairpin that stimulates
identity nucleotides oE.coli tRNASe" are within the acceptor valylation of the Val minihelix174), an Asp anticodon hairpin has
arm, and no Ser determinant is found in the anticodon domain (ao effect on minihelix aspartylation. Mini- and microhelices derived
anticodon binding domain is missing in SerRSs). The low activitrom E.coli tRNAl® are also efficiently aminoacylated by lleRS
of minihelixS€'is probably due to the absence of the long variablalthough they contain only partial recognition sets, and the strongest
region, a particular feature of tRN&involved in recognition by  lle identity elements are within the anticodon branch (Table
SerRS §9). The efficient serylation of human tRN&deprived Mutation of identity positions in minihelices impairs amino-
of an anticodon arm but possessing its extra arm agrees with thtylation and, thus, minihelix charging follows the same identity
view (176). rules as those of canonical tRNAs. However, aminoacylation
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Table 6.Relative contributions df.5tandK, in tRNA identity. A few Table 7. Aminoacylation capacities of minimalist tRNAs. A few
examples examples
Identity (species) Mutation L (kean (Kn tRNA plateaua L Refs.
(x-fold) (%) (x-fold)
mostly k_, effect Cys (Ec) 0.3 220x10° (170)
Gln (Ec)* U35->C35 27800 >10 0.06 03 262x10°  *
Met, (Ec) A35->C35 140 >10 0.06 6«
Arg (S6) C35-5G35 4920 >10 0.09 Gln (Ec) n.d. 35x10 anm
Glu (Ec) U11:A24->C11:G24 500 >10 0.10 Ile (Ec) nd. 57¢ a0
Arg (Sc) G36->A36 123 9.38 0.11 80 "
Arg (Sc) G36->C36 45 7.09 0.14
Met, (Ec) A73->GT3 40 5.47 0.18 Met (Ec) n.d. ~10°10° 72)
Asp (Sc) G34->C34 400 5.00 0.20
Glu (Ec) U34->G34 50 4.77 0.21 Tyr (human) <1 n.d. * 73)
lle (Ec) G34->C34 320 4.17 0.24
Asp (Sc) G35->A35 530 3.84 0.26 Val (Sc) 25 ~6x10° (174)
Leu (Sc) A73->CT3 16 3.64 0.27
Gln (Ec)* G73->U73 1667 3.36 0.30 Ala (Ec) 93 34 (155,169,175)
Phe (Sc) G34->A34 53 3.12 0.32 15 390 **
Phe (Sc) A35->U35 263 3.04 0.33 \
Phe (Sc) A73->U73 11 2.43 0.41 Asp (Sc) 35 9x10 (166)
Asp (Ec) C38->G38 44 1.32 0.75 25 32x10° ¢
Gln (Ec)t U35->C35 350 111 0.90 4 77x10°  **
mixed k _and K, effect Gly (Ec) 4 95x10° M 129
Phe (Sc) G20a->A20a 20 1.03 0.97 )
e (o) AT3-5U73 43 0.98 1.02 His (Ec) 58 142 . (134
Leu (Ec) AT3->G73 159 0.93 1.07 89 500
Asp (Ec) G73->U35 195 0.92 1.08 .
Asp (Ec) C36-5G36 53 0.81 122 Ser (Ec) 13 bdaor 7.119)
Gln (Eo)¥ G73->UT73 7 0.79 1.26 2 5x10
Asp (Ec) C36->A36 92 0.76 1.31 b
Ser (Eo) G2CT1->C2:GT1 17 076 131 Ser (human) 935, ni a7e)
mostly K, effect 134 ntd:
Glu (Ec) A4T->U47 33 0.68 1.47
Met, (Ec) U36->G36 55 0.48 2.07
Ile  (Ec) U33->A33 30 0.46 2.17 R P :
e (Eo AT6GTE 6 022 156 L-values (Table 5) of m|_n|maI|st tRNAs are gompared Wli'ih' those of
Asp (Sc) G10°U25->A10:U25 33 0.20 4.87 the full-length corresponding molecules. (Eckoli; (Sc),S.cerevisiag”,

data for microhelices (7 bp and T-loop); **, data for RNA tetraloops
(4 bp and a stable tetraloop); n.d., not determined.

(Sc),S.cerevisiag(Ec), E.coli. L-values are defined as in Table 5. For references 3Plateau are dependent on the enzyme concentration (incomplete charging
see Table 1. The normalized values of kinetic paramé¢ggiy @nd Km)n, are is explained by deacylation events, see 164 for a discussion).

defined as by Frugiet al (162), with Kmn = [(Km)mutan(Kmwd * 1LY/ and bFragmented tRNA missing the anticodon.

(keadn = [(Keadwt/(Keadmutard * LLY2 s0 that Km)n % (keadn = 1. %, Amino- CFragmented tRNA missing both the anticodon- and D-arms.

acylation under subsaturating conditions of GIn (10Aith steady-state kinetic dSame result for a microhelix.

data for GIn binding and GInRS turnover (110). eAdditional loss of 300-500-fold when compared with tRNA with

modified residues (71).

does not necessarily require the presence of major identigyiggest a decreased stability of the G1-C72 base pair when
nucleotides. In the Asp system, impairment is equivalent imutating the discriminator base A73 to G737§. This
minihelix and full-length tRNA 166), whereas there are destabilization may explain the LeSer switch upon mutation
differences in the GIn and Ser systef9(171). While the first  of the discriminator base’$,76). Similarly, distortion of the

3 bp of the acceptor stem contribute largely to recognition of fufhosphodiester backbone of Ala minihelices around the G3-U70

F1 length tRNA by GInRS, base pairs 2-71 and 3-70pair revealed by NMR, may explain their Ala identity$,180).
moderately affect minihelix charging. G73 keeps its role in both

contexts {71). In the Ser system, contribution of G2:C71 is T "
consistent both in full-length tRNA and in minihelicies, Whereasl\m"tIpIe identities
effect of base pairs 3—70 and 4—69 is substantial in minihelices desch tRNA has, by definition, a single identity. However, tRNAs
negligible in the tRNA. Thus, investigation of minihelices revealsvith multiple aminoacylation identities have been discovered in
‘cryptic’ identity elements19). nature and could be created by engineering. A tRNA with two
Minihelices expressed B.coli, as shown for homologous Ala identities occurs naturally in certa@andidaspecies 181). In
and Gly (L77) andE.coliand yeast Asp minihelices (J.Rudinger-these organisms, a leucine codon is to some extent translated into
Thirion and R.Giegé, unpublished), affect cell growth. Inhibitiorserine, thanks to serine-specific tRNAs [tR}ACCA]. These
in Ala and Gly minihelices is correlated with the presence adiRNAs are aminoacylatdd vitro andin vivo by SerRS but also
identity elements in the RNALT7). by LeuRS. Thus, two distinct amino acids are assigned by a single
Finally, it is noticeable that minimalist RNAs corresponding tdpolysemous’ codon 181). Interestingly, SerRS and LeuRS
class Il synthetases are generally aminoacylated better than thbetong to two different classes of synthetase.
of class | synthetases. This may reflect a more ancient origin ofA second family of tRNAs with multiple identities is illustrated
class Il synthetases (see below). On the other hand, minihelidasE.colitRNA!® and yeast tRNASP. In both cases, the naturally
constitute models for the structural understanding of identitieeccurring post-transcriptional modifications hide a second,
So, NMR studies of microhelices derived from human tR8A  underlying identity. A minor lle tRNA frork.coli (tRNA/'®,) is
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canonical tRNA (1) 10Sa or tmRNA (2) minihelix (3)
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Figure 3. Different types of RNA scaffolds recognized by synthetage§) RNAs aminoacylated by AlaRS (15,16,27,169);tRNA-like structure from TYMV
aminoacylated by ValRS (22,241) and HisRS (242) and upon mutation by MetRSFRBEYA-like domain from the regulatory region of theSmRNA recognized

by ThrRS (240,243) and upon mutation by MetRS (28))p6lyU with a 3-CCApH aminoacylated by LysRS (238). The RNAs are in backbone representations
with the ‘tRNA domains in bold. Identity elements for the different specificities are indicated in bold (for details sa8.the t

an efficient substrate for lleRS thanks to the presence of a Lysidigpecificities indicates a role, if not a need, of anti-determinants to
residue at position 346§). However, when this modification is restrict these possibilities (see below).

removed, converting L34 to C34, the tRNA undergoes a 10-fold loss

in isoleucylation efficiency and becomes a substrate for another cl

| enzyme, MetRSG9). A similar situation occurs in the yeast Asp%sFRUCTURAL VIEW OF IDENTITY EXPRESSION

system, where thia vitro transcript deprived of modified nucleo-
tides has a double identit¥&2). It is an efficient substrate for both

class Il AspRS and class | ArgRS. Many other tRNAs have thgix crystallographic structures of tRNA—aaRS complexes are
potential to be recognized by non-cognate synthetases becawfgwn: theE.coliGin (187), yeast Asp188) andT.thermophilus
they contain partial identity sets. This is observed for tRNAgsys (189, Phe (90), Pro (191 and Ser 192 complexes.
mischarged by the same synthetase. They often have the sgretprinting data are available for yeast ASp3-195), Arg
discriminator base and/or common anticodon residk®s ( (196,197), Phe (99 and Val (198199), E.coli lle (71) and Thr
Engineered suppressors as well as rationally designgétio (200 and bean Let?(1) complexes. These data are critical to the
transcribed chimeric tRNAs typically have several aminoacylationnderstanding of the structural basis of identity expression. As
identities (Table8). Suppressor tRNAs often acquire GIn or Lysexamples, Figur2compares the 3D structures of the GIn and Asp
identities in addition to their primary identity@) because the complexes, representative of class | and class Il systems. It
corresponding identity sets include U34 and U35 present in opainphasizes the tRNA residues in contact or close proximity with
(UCA) and amber (CUA) anticodons. Likewise, simultaneoushe synthetases: those are non-identity and identity elements
introduction into yeast tRNP of the non-overlapping Phe and highlighted in yellow and purple colored spheres, respectively.
Ala identity sets converts the chimeric molecule into a tripleContacts mainly occur at the two distal ends of the tRNA with the
aminoacylatable substrates(). Progressive introduction of GIn clear distinction that class | GInRS interacts essentially with
identity elements into yeast tRM®P, or Asp identity elements residues from the'Serminus of the tRNA and class Il AspRS
into E.coli tRNACIN, leads to intermediate engineered tRNAs withfrom the 3-terminus. Among them, only a few are identity
dual specificity {42). This potential of tRNAs to display several elements. The situation is the inverse for the anticodon stem—loop

Contacts between tRNAs and synthetases
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loop (192). Recognition of specific architectural features likely
accounts for the identity of many mitochondrial tRNAs with

tRNAs mutations fldatiV_e f!;quifed Refs. bizarre structure202)
identity  identity : . - . . . . .
In vivo experiments It is .possmle that |dent|_ty elements act |nd|reptly in promoting
{RNAN (amber)®  C70 Ala(18%)  Glu(a4%) (183 specific RNA conformations that are recognized. This could
Lys(29%) H H i . . . .
{RNAM (amber)™ €70, U27+U43 Ala(70%)  Tyx(30%) (18) explain why mutation of G10-U25 in tRM2P, which is not in
tRNA*? (amber)®  (G3)' nd Ala(74%) 185) direct contact with AspRS165 leads to aKy-dependent
ANA (amber)® - . Lys(26%) . decrease in activityl@1), probably because of a perturbed
' (amber)™ (A% e Pl s (N10-N25)-45 triple interaction in the mutants. The situation is
RNA*? (amber)®  (aC56)" nd, Gln(100%) (18%) more complex for Ala identity and recognition of the G3:U70
tRNAS (amber)™  (C27:G43,U29:A41, Cys(37%)  Gln(63%) @) wobble pair is not definitively understood. Some data support the
C31:G39) view of a direct recognition of this pair by AlaR303-206)
tRNA®” (opal)™ (C2:G71,G3:C70)°Y nd. Gly(93%) (87) . . . . ™
while other data are better interpreted in the light of an indirect
tRNAT, (amben)™ (C3:G70.C10G25G16)" A ase involvement {55,183207,208) where the synthetase recognizes
"orthogonal” tRNA )
tRNASY (opal)®™  (G2C71,C3:G70) " Cly36%) - Cys24%) (87) an RNA conformation induced by the wobble pair. A more
Ser(7%) definitive answer awaits crystallographic data.
tRNA (opal)® GrenCacn - nd Cys 91%) ®7) The interaction mode of tRNA on multimeric synthetases has
RNA (armber® (Gz(’;VASUfO“) L9 ) been questioned. A combined structural and genetic approach
et e e proved tRNAY" interacts with both subunits of TyRS from
tRNA' (amber)™  (G2:C71,A3:U70, _ nd. Ser(92%) 3 Baci!lus stearof[hermophiluf?ocking suggests that the acceptor
Cl:G24,C72G73) arm interacts with the N-terminal domain of one TyrRS subunit and
RNA'™ (amber)®?  (C2CTLAZLT, Lot Ginam) @3 the anticodon arm with the disordered C-terminal domain of the
{RNAP (amber)®  (C16,U17,A20, o Arg62%) 10 other sug%nltZOQ). Slmellrarly, crystallography §hows cross-contacts
DA26,A59,U60)" of tRNAPand tRNAS€ over the two subunits dtthermophilus
In vitro experiments ProRS (91) and SerRS102). In the case of tetrameric PheRS,
tRNA* (Sc) removal of modified  Asp Arg (182) the tRNA binds across the four subunit8@. The situation is
nucieotides . . . .
FRNAM (S0) transcript with . Ala (148) quite dn‘fergnt in the Asp system, whr—_zre each tRfAinds to
! e -C an: a C, e -
e ) and Ala (50 Phe one subunit of AspRS with the exception of one H-bond between
tRNA™ (So) progressive introduction  Asp Gln (140) a phosphate_ oxygen of U1 and a lysine residue (K293) from the
Of Gin (Ee) identity other subunit165).
tRNAS" (Ec) progressive introduction  Gln Asp (140)
e e Conformational changes in complexed tRNAs
tRNA'™ (Ec) removal of Lysidine Ile Met (69) . . . .
{RNA™" (Eo) CUA amberanficodon. Ty Ala ©0) Interaction with synthetases modifies the conformation of tRNA

& G3+U70

(210. This was demonstrated directly in the GIn and Asp systems
by crystallography 187,189. In tRNAASP the prominent

(Ec), E.coli; (Sc), S.cerevisiaeThe amber anticodon is-EUA-3', the
opal one 5UCA-3".

"The tRNASP suppressor mutants were isolatednbyivo selection in yeast.
""Mutations introduce ‘knobs’ that prevent three critical contacts with
GInRS.

n.d., not detectable.

deformation occurs in the anticodon loop; in contrast, in tRNA

it concerns the acceptor end with the —GfgAerminus kinked

and the first base pair of the stem disrupted @jiglhe kink of

the free -N73CCAy in class | systems seems to be a necessity
for geometrical reasons. This is not the case for disruption of the
first base pair which is maintained in complexed tRNA

i i i i interacting with class | ValRS as shown18 NMR (161).

residues, especially in the Gln system, where many residues ifyccyrrence of conformational changes in tRNA is a common
contact with the synthetase are identity elements. characteristic and was seen by solution analysis in thel&& (

_ Direct recognition of identity determmant_s by synthetases, g (197), GIn (211), Met 212, lle (71) or Val (65,213 systems.

f|rst shown in _the Gln and Asp complexe_s, is a general theme the changes are likely enzyme induced as shown fam tligo

is suggested in other systems by footprinting1(93-197) and {ranscribed tRNASP. It is bent over AspRS by its variable region
shown more directly by crystallography for anticodon identitysije and over ArgRS by the opposite D-loop sitig7{ The
residues contacting the synthetases in the 1§9(Phe (90  geformation of the anticodon loop of tRRERis altered if anticodon

and Pro (91) complexes. So, G35 and G36, the Pro determinanjgs, identity residues are mutated and their contacts with AspRS
in E.coli (126127 conserved in all tRNA© species, are |ogt Both contacts and conformational changes are recovered if the

contacted by thermophilic ProR$9(). Most contacts involve Asp identity set is transplanted into tRRI&(195).
H-bonds between identity nucleotides on tRNA and identity

amino acids on the synthetases, as seen in the Asp and
systems 165187). These contacts are needed for activity since
the decreased activity of tRN¥®P variants mutated at identity Specific architectural characteristics in tRNAs can be identity
positions is roughly proportional to the number of H-bonds lostlements. This is so in the variable region of tRRA
(164). Beside direct recognition modes, synthetases can recogn{@s3,117,120,121), in the atypical G15-G48 Levitt pair Ercoli
structural features in tRNA, like in the Ser complex fromtRNACYS(86), in the G10-U25 pair in yeast tRK#® that makes
T.thermophilusvhere SerRS recognizes the tRNA shape through triple interaction with G451¢1), and most probably in
backbone interactions and without any contact with the anticodaleterminants that act b, effects (Tables). In theE.coli Cys

ortance of tRNA architecture
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system the functional effect of G15-G48 is determined by tharoximal to the acceptor end provides a position in loop L2 that
A13-A22 mismatch in the D-stem of tRI®% since its mimics identity determinant N-1 in tRN¥ (234,235). Likewise,
introduction in tRNAY confers Cys identity89). Similarly, in  the Val-Met identity switch in TYMV RNA is explained by a
the E.coli Pro system, the integrity of the G15-C48 pair isnutation in the anticodon and a loosening of the pseudoknot
important for aminoacylatiori@7). The case of thE.coli Ala  facilitating adaptation to MetRS286237). Furthermore, a
system in which a structural distortion induced by the G3-U76hargeable polyU construct mimics a tRMAwith its Lys
pair may trigger identity is discussed above. identity determinants U73 and UUU anticodon tripks8). The
Optimal aminoacylation efficiency often relies on conservatiotinding of polyU and tRNAS to an isolated N-terminal
of specific architectural features in the core of the tRNAanticodon binding domain @&.coli LysRS, as shown by NMR,
(142,150,214-218). For recognition byE.coli AlaRS (L50) or s in line with these functional data39). Thus, the same identity
GInRS (142 and yeast PheR814), variable region and D-loop rules account for the aminoacylation capacity of all RNAs with
length is important. In thé.coli Pro system a relationship the alternate scaffolds displayed in FigBr&his also applies for
between ribose of U8 and G46 makes a contribution tthe recognition of théhr mRNA regulatory structure (Fig,
aminoacylation Z15). In yeast initiator tRNXe€t, the interplay  panel 5) by synthetases, as shown by mutations in the anticodon
between D- and T-loops is crucial. Interestingly, mutation of A2@0op mimic of this structure, making regulation of the messenger
and A60 into U20 and G60 abolishes methionylati#) hut not by MetRS rather than by ThrR340).
binding to MetRS Z17). This is consistent with the increased Thus, there is an apparent contradiction. Synthetases sense subtle
stability of the mutant and with the idea that the inactive molecukrchitectural details in tRNAs but they can also recognize a wealth
is not able to adopt the correct conformation required at th@f different RNA frameworks. The flexibility of RNA allows mutual
transition state of the reaction. tRNA—aaRS adaptation and resolves this contradiction. Alternate
On the other hand, synthetases can tolerate architectugggffolds carrying identity signals can sustain synthetase recognition.
variations in their tRNA substrates. Such variations can originafeollowing this rationale, specific structural features in the core of
from the absence of base modificatiof49220) or by the tRNA may be considered as additional identity signals that enhance
replacement of individual2(5216) or families 17,2189 of  specificity (and in some cases even as major determinants, as for
ribonucleotides by their deoxy counterparts. In most systenfsys identity). Another conclusion is that restricting flexibility of
these variations are accompanied by moderate losses of chargigRNA scaffold limits its adaptability to synthetases and favors
efficiency. Note that ribonucleotides in the anticodon loop arépecific recognitions. Conversely, increasing its plasticity decreases
necessary for binding of tRNA to yeast MetRS, as shown ifis specificity.
competition experiments with anticodon hairpin DNA-RNA

hybrids ¢17). Modifyir)g tertiary interac_tions is another way to A REFINED VIEW OF tRNA IDENTITY
vary tRNA conformations. A systematic study on the effects of

changing the sequence of the tertiary 15-48 Levitt pair in thg;ses riboses and chemical groups
framework of E.coli tRNAA2 found that all but an A15-A48 ’
variant were functionah vivo (221). The A15-A48 mutation in  Crystallography has revealed the existence of contacts between
the defective tRNA® variant corresponds to the Levitt pair chemical groups in nucleotide bases and the ribose phosphate
found in human tRNA®. Interestingly, this molecule has an packbone of tRNAs with amino acids of synthetases. However,
altered conformation in the anticodon region, and introduction @jrystallography does not indicate whether these contacts have
the D-loop sequence of human tRNRin the variants restores direct consequences on the aminoacylation capacities of the
Ala activity and anticodon conformatio&Z). interacting tRNAs, in other words if they are the actual identity
More drastic architectural changes in tRNA compatible witltleterminants or are features contributing to binding in a neutral
specific aminoacylation have been described. The absence ofway. Functional studies on appropriate tRNA mutants are
or D-arms leads to mimics of mitochondrial tRNAR%223.  required to distinguish between the two possibilities. Several
Thus, inE.coli tRNA'® (71) and yeast initiator tRNMet (83),  strategies can be employed for this aim, like the so-called ‘atomic
removal of the T-arm only slightly impairs aminoacylation. Thismutagenesis’, crystallography combined with mutagenesis
capability of cytosolic synthetases to recognize mitochondrial-likapproaches, comparison of mutational effects for a single
tRNAs is supported kin vivoexpression ik .coliof such molecules  position, or the use of a T7 RNA polymerase mutant for the
(224,225). Other peculiar architectural features (extended D-stefiacorporation of deoxyriboses into RNA transcripts. A few
and unusual D- and T-loop interactions) exist in the core afxamples of chemical groups identified by these methods as
selenocysteine inserting tRNAs and support recognition by SerRfSsential for aminoacylation are given in Tehle
(226). For Ecoli tRNASEC this leads to a 100-fold impaired  Atomic mutagenesis was pioneered to decipher the functional
serylation efficiencyZ27). Similar losses in aspartylation are foundrole of chemical groups in the G3:U70 Ala identity pair
in yeast tRNASP variants with extended D-sten2¢). (203-206). To this end, minimalist RNA substrates of AlaRS
The most radical deviations from the canonical tRNA architecturgere chemically synthesized with G3 or U70 replaced by base
are found in viral tRNA-like domains and in several other tRNAanalogs. Experiments led to the conclusion that the exocyclic
mimics @29-233. In the models of these mimics the identity 2-NH, group of G3 is essential for alanylation. For GIn identity,
elements are located at positions spatially similar to those fall-length tRNAGIN variants were synthesized with G2, G3 or
canonical tRNA. This allows similar interactions with the identityG 10 identity residues replaced by inosine. Impairment of activity
counterparts on the synthetases (RY. This explains the indicated the importance of the 2-Mgtoups of these G residues
alanylation capacity of 10Sa tmRN27232) and of minihelices for tRNA discrimination by GInRS109). Likewise, for Pro
(169. The histidinylation capacity of the viral tRNA-like identity, the importance of the-®@H in ribose from U8 was
domains is accounted for as well because the pseudoknot fdligihlighted £16).



Table 9.Chemical groups as essential elements for tRNA aminoacylation.

A few examples

Chemical Identity nt Method Refs. Comments
&
group species  (position)

in Adenosine
Phe (Sc) 73 D (149) ASCSU '
Ala (Ec) 73 D (204) A>C=U>G *
Val (Ec) 73 D (66) A>C=U>G "

in Uridine

02 Asp (Sc) 35 D (244) ) U2G>C>A "

04 Gin (Ec) 35 C (108) " U>>A>C T

in Guanosine

N2 & O6 Asp (Sc) 73 C (244) *G>U>>A2C’

N2 & 06 1le (Ec) 34 D (71) G2U>A>C

N2 & N7 Asp (Sc) 34 C (244) *C>>A "

N2 Ala (Ec) 3 A (203-206) replacement of the G3#U70 pair by a
2-AA3+#is0C10 pair led to an active
variant ',

N2 Gln (Ec) 2,3 &10 A (109) G2, G3 or G10 replaced by inosine.

N2 Ser (human) 73 A (245) of G73 by 2-amil ine or
inosine.

in Cytosine
02 Asp (Sc) 36 D (244) *HG>U>At
Gln (Ec) 34 D (108) M C>>A'
in ribose residues
Pro (Ec) 8 A (216) replacement of 2-OH by 2'-H in U8
impairs charging, likely because contact
between 2'-OH of U8 with N1 or N2 of
G46 is broken.
U&G Asp (Sc) 11&27 B (218) 2 subsets of tRNA with U or G's

replaced by dU or dG have impaired
acylation activities, likely because
contacts between 2'-OH of U1l or G27
and AspRS lost.

Methods: (A) atomic mutagenesis, (B) use of mutant T7 polymerase for
incorporation of deoxyriboses into RNA transcripts, (C) crystallography
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Table 10.A few examples of anti-determinants

Antideterminant in tRNA® against aaRSY Refs.
G3U70 tRNA*" (yeast)/II ThrRS/1I (124)
U30¢G40 tRNA™ (yeast)/I GInRS/1"* (248)
LysRS/11"

U34 tRNA"™ (yeast)/1 MetRS/1 (72)
L34 tRNA" (E.coli)/1 MetRS/1 (69)
A36 tRNAA® (E.coli) /11 TrpRS/T* (114)
G37 tRNA® (yeast)/II LeuRS/I* (5)
m'G37 tRNAP (yeast) /11 ArgRS/T* (181,247)
A73 tRNA" (human)/I SerRS/II* 7

Data concern anti-determinants acting in homologous systems from a same
organism, excepti{ which correspond tm vivo expression irkE.coli of a

yeast tRNA® amber suppressor. Anti-determinants are ranked according to
their occurrence in the tRNA sequence fromtd 3. The class of the
synthetases (I or Il) is recalled. *, Class switches.

the hypermodified wybutine residue at position 37 in yeast
tRNAPMe s striking. Although this residue is not a Phe
determinant it plays a crucial role in the activation of the catalytic
site of PheRS since tRNPA€lacking this modification and the
3'-terminal A is unable to trigger aminoacylation of free A while
the modified tRNA does2¢6).

combined with mutagenesis, (D) comparison of mutational effects for a sameAnti-determinants

position.

For a given position, indicates ranking of variants from the most (wt) to the Identity of tRNAs is not only dictated by the presence of sets of
less efficient one (details in refs 31 and 244).

772-AA is 2-aminoadenosine and isoC is isocytidine (with N2 and OB6).
*Predicted chemical groups found by crystallography.

positive identity elements allowing recognition by cognate
synthetases, but also by negative signals, the anti-determinants,
which hinder interaction of a tRNA with non-cognate synthetases.
The first anti-determinant was found Encoli tRNA/'® where a
Lysidine residue (a modified C) at position 34 of the anticodon

Yeast tRNASP and tRNAVEt transcripts with deoxyriboses hinders misaminoacylation by MetRS89. Another modified
were prepared with the mutant polymerase3(. These tRNAs
fold in conformations close to those of natural tRNAs, but theiit prohibits aminoacylation by ArgR3§2,247). Other examples
in vitro activities indicate striking differential effects dependingof anti-determinants are given in Tatilé They are unmodified
upon the nature of the substituted ribonucleotides. The strongsstgle or base-paired nucleotides located in any structural domain
decrease in charging occurs for initiator tR¥¢Awith dG or dC
and for tRNASPwith dU or dG. In the Asp system, the impairedprevents recognition by TrpR$1(4) and base pair U30-G40 in
aminoacylation is correlated with the substitution of the ribosthe anticodon stem of tRNBprevents that by GInRS and LysRS
moieties of U1l and G27 that disrupt two H-bond contacts wittR48). Interestingly, protection of tRNAs from non-cognate
AspRS. This suggests that specificdH groups in tRNASP are

identity determinants2(L8).

nucleotide, G37, plays a similar role in yeast tRR¥® where

of the tRNA. So, anticodon residue A36 Encoli tRNAAT

synthetases is not restricted to synthetases from the same class
Examples in Tabl&0show indeed that tRNAs which are specific

Prediction of the chemical groups on identity bases that aseibstrates for class | synthetases contain anti-determinants
H-bonded to synthetases were made on the basis of mutatioaghinst class Il enzymes (tRN&/SerRS) and vice versa
analyses 1,72,244; Table9). The approach is useful in the (tRNAASP/ArgRS). The Leu/Ser systems are of special interest
absence of crystallographic data. Its validity has been tested in #iace cross-protections are governed by nucleotides located at
yeast Asp system and predictions were found in good agreemepiposite positions in the tRNAs. Thus, A73 protects tRNA

with crystallography 444).

against human SerRS (class Il) whereas G37 protects¥RNA

Investigations on lle systems led to the proposal that twagainst yeast LeuRS (class Tp(/7).

functional groups (an NHCO structure) shared by identity Although only a few anti-determinants in tRNA are known, it

nucleotides at the wobble position N34 in tRRApecies are the is likely that their occurrence is not restricted to a few systems. We
actual determinants recognized by yeast &ncbli lleRS.
Interestingly, beside on G34 (at N1 and O6), these groups can aé&veral synthetases. In addition to well-defined nucleotides or to
be brought by modified nucleotides (inosine, pseudouridine ahemical groups, anti-determinants could be of a structural nature.
lysidine) present at position 34 in the anticodon of ti\species
(69,72). From another point of view, the role in aminoacylation oby a non-cognate synthetase. PheRS efficientipgrizes a

believe that each tRNA contains anti-determinants against

Structural features may restrict a given tRNA from aminoacylation
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transcribed tRNASP with the five major Phe identity elements, identity determinants by protein counterparts. In contrast to the
only if the structural background has been changed from that gfeat body of data about tRNA determinants, only limited
tRNAASP to that of tRNANe (214). Another example is the knowledge on synthetase determinants is available. No complete
so-called ‘orthogonal’ suppressor tRNA derived fréhcoli  amino acid identity set has yet been precisely characterized. Such
tRNACIN, Appropriate mutations completely abolish recognitionsets may comprise amino acids revealed by crystallography to be
by GInRS. These mutations introduce anti-determinants, in fanear to the interacting tRNA$§5187,190).

structural ‘knobs’, that prevent contacts with GInR84]. As an illustration of the critical role of particular amino acids
in the recognition of tRNAs, we give four examples. In the GIn
Permissive elements complex, a leucine from the acceptor binding domain of GInRS

o _ _ (L136) stabilizes the disruption of the U1:A72 pair in tRRPby
Analysis ofin vitro transcripts derived from yeast tRRI®and  stacking between A72 and G2. Substituting this leucine by amino
E.coli tRNAA bearing the complete Phe identity set (A73, G2Qycids that would favor or disfavor stacking, modulates the
and the three anticodon nucleotides; Tapkehowed that PheRS  discrimination potential of GInRS against non-cognate tRNAs.
is sensitive to additional nucleotides within the acceptor stenRemarkably, the evolutionary solution retained has optimized
Insertion of G2:C71 has dramatic negative effects in both tRNfoth cognate tRNA recognition and discrimination against
frameworks. These effects are compensated by the insertionfn-cognate tRNAs263). In the Asp system, a stacking
the wobble G3-U70 pair, which by itself has no effect ofinteraction of a phenylalanine (F127) between U35 and C36 in
phenylalanylation. From a mechanistic point of view the G2:C7{RNAASP likewise stabilizes the conformational change of the
pair is not a ‘classical’ recognition element since its anti-determinticodon loop and thus favors matching of the anticodon identity
nant effect can be compensated by a second-site muteign ( nucleotides on AspR365). It is notable that this residue, as well
Thus, tRNA identity is not only the outcome of a combination ofs two other amino acids recognizing the anticodon (R119 and
positive and negative signals forming the so-called identity set§138), are conserved in the AspRS, AsnRS, LysRS class II
butis also based on the presence of non-random combinationg@hgroup. While these stacking interactions in the GIn and Asp
sequences elsewhere in tRNA. These sequences are ‘permisgiy§tems act indirectly in facilitating other interactions, in the
elements’ and were retained by evolution so that they do ngtcolille and Met systems a single amino acid, namely R734 in
hinder aminoacylation. It is likely that no nucleotide within ajleRS and W461 in MetRS, is sufficient to provide recognition
tRNA is of random nature but has been selected so that a tRNfecificity. Indeed, the RW swap within homologous helix

can fulfill all its functions efficiently. loop peptides from the anticodon binding domain of the two
structurally related class | synthetases switch tRNA recognition
Alternate identity sets (254). This switch is the converse of that between tt\and

Met i Il et anti
Conceptually, each aminoacylation system was expected to haltg@gl AMElwhen swapping the (G/LAY) and (CAU}*"anticodons
e

: ach a ).
ahunlqclljebsetl?f identity ?.Iem?th’\TAm c_i:[ﬁer Worldsb,lthc(ejy tSh?UId Architectural motifs in synthetases are essential for tRNA
shared Dy all 1Soaccepting s. The available data largely,.,ynition. One has been identified in TyrRS within its class |

supports this view. However, hints suggesting that this is N, 5 teristic CP1 (connective peptide 1) sequerik®. (As in
completely general were obtained. Microhelix aminoacylation b NAs, anti-determinants exist on the surface of synthetases to

a class | synthetase showed that non-conserved base pairs gie \on_cognate tRNASS). Only a few have been identified,
required for specificity 49). In the special case of the yeastg .y a5 two acidic amino acids Encoli MetRS that prevent
arginylation system, it has been shown that ArgRS requires hding on non-cognate tRNA anticodon85%. Negative

different sets of nucleotides for the specific aminoacylation of it : ot -
substratesl(15). Thus, arginylation of yeast tRNYY is governed aeggé?%?t%?r:g;gg%g non-cognate tRNAs were also found

by C35 and G/U36, whereas efficient arginylation ofithetro

transcribed version of yeast tRR# (not protected against

mischarging due to the absence of the modified bases) is baseddPNSERVATION AND DIVERGENCE IN EVOLUTION

the presence of C36 and G3I1%. Footprinting (93 and a o ) ) )

kinetic analysis of mutant€%0) are in favor of the existence of The following is based on theoretical considerations and the
alternate mechanistic routes by which each identity set triggeP§nciple of an early molecular evolution of tRNA aminoacylation
the activation of the same synthetase. These unexpected fa@tgtems 167,237,257-261). Thus, contemporary tRNAs and

provide new conceptual routes towards a deeper understandingyhthetases would be derived from simplified versions restricted
aminoacylation specificity. to the minimal structural elements needed for function. The two

domains of the L-shaped tRNA would have arisen independently,
with the acceptor branch appearing first. In a later stage in history,
the catalytic cores of synthetases emerged independently in their
Synthetases are pivotal for correct expression of tRNA identitieslass | and class Il versions. We conjecture that class Il cores had
Physiological tRNA identities are determined by competitions primordial importance, still reflected in their modern progeny.
among synthetase83), reaction conditionsl37,138163) and  The core is best at aminoacylating minimalist tRNAs and for two
compromises between recognition specificities and steps in téits members (SerRS and AlaRS) does not recognize anticodon
charging pathways50,91,251-253). Furthermore, the specificity in full tRNA. Co-evolution of catalytic cores of synthetases and
of amino acid activations and the stability of the transition stataccepting RNA hairpins led to an operational RNA code that
are governed by the class defining catalytic cores of thassociated specific amino acids with RNA hairpin structures
synthetase$3-57,60). On the other hand, the mutual adaptatio(167). Much experimental evidence supports this scenario, in
of cognate tRNA—-aaRS couples requires matching of tRNAparticular functionality of minimalist tRNAs and conservation in

The manifold role of synthetases
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Table 11.Conservation of identity elements in evolution of tRNAWY" which is G1:C72 in prokaryotes and C1:G72 in
eukaryotes 46). They are compensated by changes either in
tRNA conserved identity nucleotides * tRNAs (97,148268) or synthetasesl{3), probably in domains
aa acceptor stem anticodon arm others at the interface with tRNA. In line with this view is the
identity & N73*  N73 others anticodon  others transplantation of a 39 amino acid peptide from humé&nhdoli
Val A A35 TyrRS that enables the bacterial enzyme to aminoacylate
Je A% A% eukaryotic yeast tRNW" (173. Similarly, discriminator N73
C3 A3 U36 residue is A in prokaryotes and often G in eukaryotes, in the Lys

»ic >

identity set. Human LysRS aminoacylation is relatively insensitive
to the nature of N73, a fact accounted by the peculiar sequence of
‘motif 2’ in the human synthetase that can accommodate
degeneracy at N73269. Another notable example E.coli
tRNAD that is a Leu acceptor Bicerevisiag270). Its identity
switch is correlated with the structural similarity of tBeoli
tRNA with yeast tRNA€Y, both with a large variable region,
while in yeast and other eukaryotes tRN/as a small variable
region @8). Finally, domains not directly involved in the
aminoacylation function of synthetases, like the N-terminal
sequences that tag eukaryotic synthetds®srhay be essential
to rescue prokaryotic enzymes inactive for charging of eukaryotic
tRNAs. This possibility has been demonstrated in Glu systems
8Experimental data are from Table 1 and concern conservations betweeryhere tagging oE.coli GIURS provides eukaryotic functionality
E.coli (a representative of prokaryotes) and yeast, often human (thetq the hacterial enzym@7J). In general, species idiosyncrasies
e ok ey hass s it are restncted o suble sequence features in (RNAS
evolutionary cg(])merigon isynot possible since da%a f%om onl)?prokaryotes%orrEIated to evolutlonary_ vgrle_mons in Synthetases.'
are available. N73*, conserved or non-conserved (n.c.) residues in position F_rom Wh_at preCEd_eS’ it is likely that Conservatl_on of many
73 of the tRNA: (/), prokaryote/eukaryote comparison. major identity nucleotides reflects a common evolutionary origin
iException inCandida cylindrawhich has U as the discriminator base (181).  (Table11). But what about the origin of the different isoaccepting
iU is conserved within prokaryotic species whereas A occurs in yeast andfamilies of tRNAs? Do they each originate from a common
mammalian tRNAs (48). ancestor or are other mechanisms possible? Recent genetic
experiments by Salet al (272) cast doubt on the paradigm of a
common ancestor. According to their tRNA gene recruitment’
and of major identity nucleotides in acceptor branches of tRNAICJEl, @ tRNA gene can be recruited from one isoaccepting
(Table11). group to anothgr by.a point mutation in its anticodon sequence
The anticodon domain of tRNA and the additional domains dffat 1éads to an identity switch accompanied by a change in codon
%cogmtlon. The model was tested by the recruitment of a

U35

G3+U70

evolution of catalytic cores of synthetases, e.g. in AlaR&3 (

thet later i lution. Anti i . . .
synthetases appeared later in evolution. Anticodon doma NAATG gene that codes for a tRNA in which the Arg anticodon

brought the link between the RNA operational code, and t ) ; X

i ; : CU) is changed into a Thr anticodon (UGU) and replaces an
I RNA h h th = . . -

correlated t recognition by synthetases, with the anticodo sential tRNA%r(UGU) gene that was inactivatedl7(?). Related

dependent recognition by mRNA. The additional synthetas%s

domains introduced the source of structural diversity that led {§ SUCh @ mechanism, and based on the functional relationship in

the present idiosyncrasies in the expression of tRNA identitieﬁiaSt of the Arg and Asp identities16,250), is the proposal of

As a result, for several identities (e.g. Gly, lle, Met) the strengtfil€ ‘capture’ of a tRNASP species by ArgRS that became a

. - . - . A
of identity elements in the anticodon region of tRNA overtooRNA 9 (250)'. . . o .
Spectacular idiosyncrasies exist in mitochondrial systems due to

that of elements in the acceptor branch (Tahle A
Additional evolutionary events led to idiosyncrasies withiné unusual structure of their t(RNAI8222), but also to

individual identities in different species. They were often of€culiarities of their genomes. Thus, a resourceful mechanism
divergent nature, but convergence also occurred. Convergdffcurs In a mnpchon?rlal gene fr]?m g?ggp'a@- By.%arg?l
processes may account for the intriguing discovery of the fir§A1iNg In a primary transcript of a t variant with Gly
class-switch of a synthetase, namely that of an archaeal Lysi€NttY, @ Gly anticodon (GCC) is changed into an Asp anticodon

that is class I-like instead of classaB@) as well as for the origin  (CJC), S0 that a fraction of both tRR#® and RNAY are

of tRNA mimics ¢33). Divergent evolution may explain species Produced £73. Thus, an epigenetic phenomenon compensates for
differences in the functional expression of the same identity. Sulffe _Parsimony of the compact mitochondrial genome of the
differences were quantitated for Met identityEicoli and yeast Marsupias.

(80,82) and Asp identity inE.coli, T.thermophilusand yeast

(143). Functional idiosyncrasies became so important for certain

identities that species barriers to tRNA aminoacylation occurre€EENERAL CONCLUSIONS

especially between prokaryotes and eukarydlég§4-267).

For example, GlyRSs frof.coliand human cannot cross-chargeTwo classes of conclusions arise from this survey on tRNA
human ancE.coli tRNACY (265). Species barriers have beenidentity: first, general rules, and second, idiosyncrasies that
correlated with non-conservation of the discriminator nucleotiddistinguish individual or groups of identities. We list those we
in tRNACGY (265267) or of the first base pair in the acceptor stentonsider the most representative.



5032 Nucleic Acids Research, 1998, Vol. 26, No. 22

(i) General rules ‘orthogonal’ tRNA that has lost its ability to be recognized by
e . » natural synthetases2{5. As noted in the accompanying
Similar principles govern tRNA_—synthetase recognition, ”amelléommentary 176), the difficulty in finding a novel 21st
that RNA scaffolds carry a limited number of signals (th@rnA—synthetase pair lies in the multifactorial nature of the
determinants) that confer recognition specificities. RNA-protein interactions that concern not only specificity
Most identities rely on determinants present at both extremities efements but also parts in tRNA and synthetase not involved in
the tRNA (exceptions are the Ala and Ser identities that amminoacylation. It can be anticipated that such specificity
anticodon-independent). manipulations will provide new openings in tRNA research. As

Primordial identity features are contained in the tRNA acceptinfy the a@bove example, engineering can be based on structural
branches (they may be hidden by more recent evolutiona( nowledge combined with advanced RNA sequence analysis

changes in tRNA, but can be deciphered in peculiar systems, e.g{4d +278), but exploration of the complexity of aminoacylation
minimalist tRNAS). systems will also benefit from combinatorial approaches in both

the RNA 79 and proteinZ80) worlds.
H-bonds often couple identity bases to individual amino acids of €9 P 189

synthetases. In some cases, however, the same amino acid can
H-bond with two adjacent identity basé$¥). ACKNOWLEDGEMENTS
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