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ABSTRACT. The tRNA-like structure (TLS) of turnip yellow mosaic virus (TYMV) RNA was previously
shown to be efficiently charged by yeast valyl-tRNA synthetase (ValRS). This RNA has a noncanonical
structure at its 3terminus but mimics a tRNA L-shaped fold, including an anticodon loop containing the
major identity nucleotides for valylation, and a pseudoknotted amino acid accepting domain. Here we
describe an in vitro selection experiment aimed (i) to verify the completeness of the valine identity set,
(ii) to elucidate the impact of the pseudoknot on valylation, and (iii) to investigate whether functional
communication exists between the two distal anticodon and amino acid accepting domains. Valylatable
variants were selected from a pool 0210 RNA molecules derived from the TYMV TLS randomized

in the anticodon loop nucleotides and in the length-§lnucleotides) and sequence of the pseudoknot
loop L1. After nine rounds of selection by aminoacylation, 42 have been isolated. Among them, 17 RNAs
could be efficiently charged by yeast ValRS. Their sequence revealed strong conservation of the second
and the third anticodon triplet positionsACss) and the very 3end loop nucleotide £&. A large variability

of the other nucleotides of the loop was observed and no wild-type sequence was recovered. The selected
molecules presented pseudoknot domains with loop L1 varying in size frefnnBicleotides and some
sequence conservation, but did neither reveal the wild-type combination. All selected variantbare 5
times more efficiently valylated than the wild-type TLS, suggesting that the natural viral sequence has
emerged from a combination of evolutionary pressures among which aminoacylation was not predominant.
This is in line with the role of the TLS in viral replication.

Turnip yellow mosaic virus (TYMV) belongs to a class  tobamoviruses (with tobacco mosaic virus as type member)
of positive-strand RNA plant viruses whose genomes contain are substrates for histidyl-tRNA synthetas&®-14). It has
3'-terminal structural elements that resemble the L-shape ofalso been observed that TLSs from all viral groups are
transfer RNAs (Figure 1). In addition, these tRNA-like substrates, although with different efficiencies, of histidyl-
structures (TLSs) share several functional characteristics withtRNA synthetase 15, 16) and that an engineered TYMV
tRNA such as interaction with aminoacyl-tRNA synthetases, TLS can become an efficient substrate of methionyl-tRNA
translational elongation factors EF-Tu and Ed-hucleo- synthetasel(7).
tidyl-transferase, and RNase P (reviewed in rifsl). The The genomic RNA of TYMV can be valylated to high
aminoacylation properties of these RNAs gained much levels in vitro with ValRS from different origins including
interest and are presently best understood. Three majorbacteria, yeast, animal, and planfs 18—20). Aminoacyl-
aminoacylation specificities have been reported so far. ation occurs also in vivo as detected after microinjection into
Tymoviral RNAs 6—7), including TYMV RNA as type Xenopusocytes 21) and in infected Chinese cabbage tissue
member, as well as furovirused) @re charged with valine,  (22). Valylation of TYMV RNA by the yeast enzyme proved
RNAs from bromoviruses 9), cucumoviruses 10), and to be efficient, with &../Kn, ratio only about 25-fold lower
hordeiviruses11) are charged with tyrosine, and RNAs from than aminoacylation of the cognate yeast tRRA(19).

Elements responsible for specific aminoacylation, the so-
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Ficure 1: L-shape folded sequences of valine accepting RNAs. (A) Sequence of the tRNA-like domain found anthef3TYMV RNA

(61). For convenience, numbering of the tRNA-like structure starts at'tem@®, at variance with the convention in nucleic acids. Two G
residues at positiod-1 and+2 at the 5 end (given in italics) were added to enhance in vitro transcription by T7 RNA polymerase.
Positions of the anticodon loop (7 nucleotides) and the pseudoknot loop8 rilicleotides) which were randomized are shaded. The
complexity of the TLS library is indicated. (B) Sequence of unmodified yeast tRNB2). Nucleotides are numbered according 46)(

A consensus anticodon loop sequence derived from 18 yeast RRiyédnes 45), is shown in the boxed panel. Nucleotides are strictly
conserved except for position 34 as highlighted by the three squares.

nucleotide Gs and the anticodon loop nucleotide closestto  Interestingly, in the case of the valylatable TLSs, a large
the 3-end, G3 (24). These important anticodon nucleotides variability in anticodon loop nucleotides and in length and
are conserved in all valylatable viral TL8,®). In addition, sequence of the pseudoknot loop is obsernv@d8j. In
the equivalent nucleotides have been reported as identityaddition, second-site suppressor mutations have also been
elements for Escherichia coli tRNAYa (25—-28). The observed for the TYMV TLS, both in vitra24) and in vivo
pseudoknot present at thé-énhd of the TYMV TLS, and (398), that compensate for an initial loss in aminoacylation
allowing for a mimicry of an acceptor stem, does not contain efficiency due to mutation at position 55, one of the major
identity elements. However, the existence of the pseudoknotidentity elements for the wheat germ enzyme. These results
is by itself a critical element for aminoacylation activity of suggest that alternative specific recognition sets may also
the TLS, and mutations affecting its stability are detrimental exist in tRNA-like structures. Thus, in this study, the
(29). sequence requirements for efficient valylation of TYMV
In canonical tRNAs, identity is commonly defined by RNA by yeast ValRS were investigated. A major objective
unigue sets of elements including nucleotides, chemical was to analyze the variability of the identity set as well as
groups, or structural elements, and well-defined sets havethe structural plasticity of the anticodon loop and the
been defined for a very large number of prokaryotic and pseudoknot loop L1, tolerated by the synthetase. Using a
eukaryotic systems (for reviews, see 3€f-32). Moreover, novel method for the in vitro selection of aminoacylatable
a number of discoveries have both refined and complicated RNAs (39), a large ensemble of variants was generated and
the understanding of tRNA aminoacylation identity and subjected to functional selection. The initial pool was
opened for new and alternate solutions to the problem. Thus,designed to have the anticodon loop and the L1 loop (length
cryptic elements33) as well as permissive element34) and sequence) of the pseudoknot in the acceptor stem
were discovered. Also, evidences for the existence of randomized. Stringency of selection was adjusted to reveal
alternate identity sets for a given specificity were reported. the most active molecules. After nine rounds of selection,
Thus, an inactivé. colitRNA*2 in which the major identity ~ only variants that exhibited a significantly increased valine
determinant, base-pairsGU7qin the acceptor stem, has been accepting activity as compared to that of the wild-type TLS
replaced by a &-Cyo pair, undergoes functional compensa- were captured. These variants show a strong conservation
tion in vivo by second site mutation at a distal base pair of the major valine identity elements in the anticodon loop
(35). Studies on arginylation of different tRNAs by yeast and variability in the other nucleotides of the loop. They
ArgRS (36) demonstrated that this enzyme recognizes two tolerate length variations in the pseudoknot loop L1 with,
different sets of anticodon loop nucleotides for the specific however, a strong bias toward three- and four-membered
aminoacylation of tRNA"Y and tRNAP in vitro transcripts. loops and the presence of a conserved U residue.
Footprinting as well as kinetic analysis of mutan&)(
support the existence of alternate mechanistic routes by Which'\/lm_ERl'A‘LS AND METHODS
each identity set triggers the activation of the same syn- Chemicals and Enzyme¥east valyl-tRNA synthetase
thetase. (ValRS) and tRNA® were purified as describedt@). T7
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RNA polymerase was purified frork. coli strain BL21 spermidine, 5 mM dithiothreitol, 0.01% Triton X-100, 4 mM
harboring the plasmid pAR1219 as describdd)( AMV each nucleoside triphosphate (NTP), 16 mM GMP, 40 units
reverse transcriptase and dNTPs were obtained from Boeh-of RNasin (Promega, Madison, WI), and the appropriate
ringer Mannheim (Germany). NHS-Biotin and NTPs were amount of T7 RNA polymerase. After incubation at 37
from Sigma (Germany), sulfo-NHS-Biotin was from Pierce. for 3 h, the reaction is treated with 20 units of RNase-free
Restriction enzymeSma andEcaRV, polynucleotide kinase, = DNase at 37C for 15 min and EDTA (pH 8.0) was added
and T4 DNA ligase were from Stratagen€agq DNA to a final concentration of 50 mM.
polymerase was from Perkin-Elmer[3H]valine (46.2 Ci/ Full-length pool transcripts were systematically separated
mmol) from NEN, streptavidine-conjugated magnetic beads from unincorporated nucleotides and abortive transcription
from Deutsche Dynal (Germany), and synthetic oligonucleo- products using size-exclusion HPLC (Progel-TSK G 3000
tides were chemically synthesized by NAPStmen SWXL column and 0.2 M NaOAc, pH 6.0, 1% MeOH as
GmbH (Germany) using phosphoramidite chemistry. Ran- elution buffer). Since some preparations of T7 RNA poly-
domization of desired positions in synthetic oligonucleotides merase were described to produce RNAs with considerable
was carried out by using equimolar mixtures of all four 3'-end heterogeneity2d), 3°P-labeled transcripts from wild-
phosphoramidites freshly prepared prior to synthesis. Puri-type TLS and corresponding variants were analyzed by
fication of oligonucleotides was performed either by denatur- denaturing 20% PAGE. It was found that all RNA variants
ing polyacrylamide gel electrophoresis (PAGE) or by size- with valylation activity terminated predominantly with CCA
exclusion HPLC (Progel-TSK G 3000 SWXL column and 3'-end sequences.
0.2 M NaOAc pH 6.0, 1% MeOH as elution buffer) and Selection of Valylatable TYMV RNA Varian®election
subsequent EtOH precipitation. of aminoacylatable RNAs was performed as descril3& (
Preparation of Transcription Template and RNAhe The RNA pool was aminoacylated with yeast ValRS in 50
initial template DNA consisted of a synthetic DNA oligo- mM Tris-HCI (pH 7.8), 30 mM KCI, 25 mM MgGl 10 mM
nucleotide corresponding to the T7 RNA polymerase pro- ATP, 4 mM glutathion, 5uM valine, and 1uM RNA
moter directly connected to the downstream tRNA-like gene transcript. Synthetase concentrations G nM) and
with a 7 ntrandomized anticodon loop (position-328) and incubation times (15 to 1 min) varied as indicated. The
a randomized pseudoknot loop L1 differing in length by6L aminoacylation reaction was stopped by phenol extraction
nucleotides (hN—Ne) (Figure 1A). Conversion of the single- at pH 4.0. RNAs were then purified by size-exclusion HPLC
stranded initial DNA pool to double-stranded (ds) transcrip- (Progel-TSK G 3000 SWXL column and 0.2 M NaOAc, pH
tion templates was performed by PCR and utilized elongation 6.0, 1% MeOH as elution buffer) and subsequent EtOH
of primers complementary to the-5and 3- fixed regions precipitation. Further steps for the selection of aminoacylated
by the Tag DNA polymerase. The 'Sprimer TY-B-5 (5'- RNAs were carried out as describe89). They include
GCT-AAT-ACG-ACT-CAC-TAT-AGG-GCT-CGC-CAG- biotinylation of aminoacylated RNA and subsequent trapping
TTA-GCG-AGG-TCT-3; T7 promoter underlined) and the on streptavidin-coated magnetic beads. The captured mol-
3-primer TY-Val-3 (5-TGG-TTC-CGA-TGA-CCC-TCG- ecules were converted into DNA by RT-PCR. The PCR
GA-3') were either annealed to the wild-type oligonucleotide products were transcribed to begin a new round of selection
from the TYMV RNA 3-end (BGGG-CTC-GCC-AGT- and the pool RNA was further used for aminoacylation
TAG-CGA-GGT-CTG-TCC-CCA-CAC-GAC-AGA-TAA- studies (plateau charging). Alternatively, PCR products were
TCG-GGT-GCA-ACT-CCC-GCC-CCT-CTT-CCG-AGG- cloned to allow sequence analysis and production of indi-
GTC-ATC-GGA-ACC-A-3) or to the DNA library template  vidual RNA species on the basis of individual plasmid
oligonucleotide LibB (5GGG-CTC-GCC-AGT-TAG-CGA- sequences.
GGT-CTG-TCN-NNN-NNN-GAC-AGA-TAA-TCG-GGT- Cloning and Sequence Analysis of Selected RNA Species
GCA-ACT-CCC-GCC-C(N;-Ng)T-CTT-CCG-AGG-GTC- Solid-phase captured RNAs were reverse transcribed and
ATC-GGA-ACC-A-3; randomized nucleotides underlined). amplified by PCR. The resulting double-stranded DNAs were
PCR amplification was carried out in a 1QQ reaction directly ligated into pCR 2.1 plasmid using the TA-cloning
volume containing 100 ng of template oligonucleotide, 10 method (Invitrogen) according to the suppliers instructions.
mM Tris-HCI, pH 8.3, 50 mM KCl, 1.5 mM MgGl 0.001% Plasmid DNA from single clones was isolated using the
(w/v) gelatin, 10 mM dithiotreitol, 20&M of each dNTP, QIlAprep 8 Miniprep Kit on QlAvac 6S (Qiagen, Germany).
0,3 uM of each of the primers, and 2.5 Wagq DNA Purified plasmid DNA was analyzed by dye-terminator
polymerase. Using the following PCR cycle, 92 (3 min), sequencing with Thermo Sequenase (Amersham, England).
62°C (2 min), 72°C (30 s), sufficient double-stranded DNA  The sequencing protocol included 30 PCR cycles (30 s at
was obtained after 2830 cycles. PCR products were 98 °C, 30 s at 55°C, and 4 min at 60°C) as described
phenolized and ethanol precipitated. Populations of RNA previously @2).
variants were obtained by in vitro transcription of PCR-  Valylation of tRNA-Like VariantsValylation properties
amplified template DNA containing the TYMV '&nd of pools and TYMV 3 end variants were characterized by
variant genes under the control of the T7 RNA polymerase charging activity (plateau) and valylation kinetidga(Km).
promoter. Site-directed mutagenesis was performed by PCRStandard plateaus were determined using 20 nM ValRS and
with mutagenic primers using either the wild-type oligo- 1uM transcripts. Reaction mixtures contained 50 mM Tris-
nucleotide derived from TYMV RNA 3end or the corre-  HCI, pH 7.8, 30 mM KCI, 25 mM MgGl, 10 mM ATP, 4
sponding genes of the tRNA-like variants. RNA was obtained mM glutathion, and %M valine. Valylation was monitored
by transcription of 5tg of PCR amplified DNA by T7 RNA over 12 min. Alternatively, less stringent conditions for
polymerase. Transcription reactions (289 were performed inactive variants were used comprising 200 nM of enzyme
in 40 mM Tris-HCI, pH 8.1, 22 mM MgGl 1 mM and 2 h ofincubation time. For kinetic parameter determina-
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tions, initial rates were measured with20 nM yeast ValRS
and with RNA concentrations between 150 and 2400 nM.
Data were analyzed on Eady-Hofstee ploks;/Km) values

for replicate experiments varied at most by 20%.

Aminoacylation properties of the variants were compared
to those of a wild-type reference molecule formed by the 83
natural 3-end nucleotides of the viral RNA as well as of
two additional nonviral G residues at thé-énd. This
fragment is 59-fold less efficiently valylatable than a yeast
tRNAV2 in vitro transcript (see Results), which is in
agreement (within a 2-fold range) with the efficiency of the
full-length viral genomic RNAs19). Aminoacylation prop-
erties of viral TLS are known to be sensitive to experimental
conditions (for example refg and 16) so that special care
was taken in the present work to perform all comparative
experiments under strictly the same conditions.

Site-Directed Mutagenesis of Cloned tRNA-Like Se-
quences In general, site-directed mutagenesis of cloned
tRNA-like variants was performed by PCR using mu-
tagenized primers. In this way, the wild-type L1 sequence
(CUCU) was introduced into the sequence context of variants
8-8 and 8-39 using primers TY-B-&nd TY-L1-wt (B-TGG-
TTC—CGA-TGA-CCC-TCG-GAA-GAG-GGG-CGG-GA-
3). Similarly, the L1 sequence (UCG) of variant 8-8 was
introduced into the wild-type tRNA-like sequence context
using primers TY-B-5(see above) and TY-L-23 (5-TGG-
TTC—CGA-TGA-CCC-TCG-GAC-GAG-GGC-GGG-A-
3, respectively. Variant sequences of wild-type RNA and
variant 8-39 with a single C residue replacing the L1 region
were generated by PCR using primers TY-Babd TY-L1-C
(5-TGG-TTC-CGA-TGA-CCC-TCG-GAG-GGG-CGG-GA-
3).

Sequences of mutagenized variants were confirmed by
dye-terminator sequencing after directly ligating PCR prod-
ucts into pCR 2.1 plasmid using the TA-cloning method
(Invitrogen) according to the suppliers instructions.

RNA Secondary Structure Predictiofor the prediction
of RNA secondary structures, we used the APL-programmed
genetic algorithm43) implemented into the program STAR
(44).

RESULTS

Construction of the TYMV RNA-&nd Library. A library
of DNA-oligonucleotides corresponding to the T7 RNA
polymerase promoter directly connected to two additional
guanosine residues (at positiohl and +2, to enhance
transcription by T7 RNA polymerase) and the partially
randomized 83 nt sequence of the TYMV RNAe&hd (TLS)
(Figure 1A) was used as template for PCR amplification.
After transcription of the double-stranded template DNA,
in vitro transcripts were purified by size-exclusion chroma-
tography generating the initial RNA-library (LibB). In a
similar way a control RNA containing the wild-type sequence
was prepared.

The LibB library contained molecules randomized both
in the anticodon loop as well as in the sequence and the
length of pseudoknot loop L1 in the acceptor domain. The
library was obtained using a template oligonucleotide mixture
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Ficure 2: (A) Stringency of selection conditions in terms of ValRS
concentration and incubation time. (B) Overall charging level of
RNA pools selected for valine accepting activity. Pool O constitutes
the initial RNA library. Determination of plateaus for each pool
was done under identical conditions, witht1 pool RNA and at

20 nM ValRS. The broken line represents the plateau of the wild-
type TLS (34%).

equally populated, a single molecular species with a 1-mem-
bered L1-loop is present with approximately 1000 times more
copies in the initial library than a single molecular species
with a six-membered L1-loop. In &g (35 pmol; 2x 10'3
molecules) of RNA comprising the initial library, however,
each of the different possible 8:9 10’ molecular species
is present in at least several thousand copies assuming a
binomial distribution. Thus, one expects a complete coverage
of the mutant space. The efficient randomization in the initial
library was verified by cloning and sequencing 20 variants
of the initial pool. As anticipated, the L1 domain in the
variants encompassed sequences of length frefriucleo-
tides. Both mutated regions were efficiently randomized and
did not show any sequence bias (data not shown).

Selection of Valylatable RNAs and Pool Valylation Ex-
perimentsValine accepting RNAs were enriched over nine
selection rounds according to a method based on derivati-
zation of the charged amino aci@9). The stringency of
selection was increased stepwise by varying enzyme con-
centration and aminoacylation times (Figure 2A). Starting
with 20 nM ValRS and an aminoacylation time of 15 min,
incubation was further reduced to 1 min. In round 7, the
enzyme concentration was decreased to 4 nM and in the final
round it was even reduced to 0.5 nM.

To monitor the progressive enrichment of valine accepting
tRNA-like variants during the selection procedure, plateau
levels of enriched pools were determined by incubating 1

composed of equimolar amounts of six different oligonucleo- uM pool RNA with 20 nM enzyme for 12 min at 36C

tides. The pseudoknot loop L1-8 nucleotides in length,
was completely randomized (Figure 1A). Although each
family of molecules containing variants of the same size is

(Figure 2B). No significant aminoacylation was observed
before the fourth round of selection. Starting with the pool
from round 7, the valylation capacity of each subsequent
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FiGure 3: Sequence analysis of active variants selected under stringent aminoacylation conditions. (A) Distribution of nucleotides within

the anticodon loops of 28 variants and within the pseudoknot loop L1 of variants sharing a three-membered loop (16 variants) or a four-
membered loop (10 variants). Consensus sequences of the considered domains are given on top of the histograms. (B) Consensus nucleotide:
within active variants, based on a classification on the distribution of anticodon loop nucleatides into two families. (C) Consensus sequences
of active variants according to a classification according to the length of the pseudoknot loop L1. Y stands for pyrimidine.

pool was better than that of pure wild-type TLS, as reflected 1 uM RNA; 12 min incubation). At less stringent conditions
by increased plateau levels (up to 1.7-fold of the wild-type (200 nM enzyme3 h incubation time), however, variants
level) that were also reached much more quickly than in the with an A residue at position 56 were chargeable te-40
case of wild-type (data not shown). Note that between rounds50% (not shown), whereas other variants showed plateau
7 and 8, the plateau level does not change significantly. After levels of <1%. Valylation experiments on the third set of
increasing the stringency, i.e., decreasing the enzyme con-molecules, for example, those with conserved anticodon loop
centration, however, the plateau level (round 9) increasednucleotides, resulted in the finding that all molecules are
again, indicating that there is a correlation between stringencyexcellent substrates for yeast ValRS with charging levels
and plateau level. varying from 40 to 100%. It is noteworthy that all the
First Evaluation of Indvidual RNA SpeciefRRNAs from analyzed variants that belong to this family reach a signifi-
pools 8 and 9 were analyzed in detail. A total of 51 clones cantly higher plateau as compared to the wild-type TLS.
was sequenced. From these, nine clones showed alterationsurthermore, plateaus are reached much faster, already
outside the anticodon and pseudoknot regions, most beingindicating thatk.,; of the selected variants is increased as
conservative mutations in base-paired helical domains (e.g.,compared to that of wild-type TLS.
base-pair flipping or GC to G-U transitions) or mutations Sequence Analysis of Aati RNAsSequence comparison
in the single-stranded hinge region (e.g., nucleotides 46 of the 28 active variants can be done either on the basis of
43) of the TLS. Variants carrying these mutations were not conservation in the anticodon loop, on the basis of the
considered for further analysis here. A second set, formed pseudoknot length and sequence, or on combination of both.
by 14 clones, did not show any trace of consensus sequencéigure 3A gives the statistical distribution of nucleotides
in the anticodon loop and had a large variability in length within all anticodon loops and within the two main types of
of loop L1. Finally, a third set of clones contained 28 pseudoknot loops L1, those with three residues and those
sequences with conserved anticodon nucleotidgaid Gs. with four residues. Since an absolute conservation in all 28
All variants of selection rounds 8 and 9 without additional sequences of anticodon nucleotideg@s, which are known
mutations outside of randomized regions (42 RNAs), were to be major valine identity elements, emerges obviously from
subjected to an estimation of their global valylation properties the first glance analysis of the sequences, a classification
by measurement of aminoacylation plateau levels. None of based on the anticodon loop nucleotides is presented in Table
the variants from the second set, for example, without 1.
conserved nucleotides in the anticodon loop, showed sig- In addition to the absolute conservation of the above-
nificant valylation under standard conditions (20 nM ValRS; mentioned two nucleotides, all but one sequence have residue
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and one six-membered loop were found (Table 1). No variant
with less than 3 nucleotides in loop L1 was found.
In both families, consensus sequences of the anticodon

Table 1: Kinetic Parameters for Valylation of Actv&LS Variant
Transcripts with Yeast ValRS

Family e amccdo,,sequemfseudom kfnen}immeg':;« loop nucleotides .5-759, as well asin thg pseudoknot Ioops!
loop loop L1 ORI Y ) have been tentatively established, considering a conservation
WILSRNA oo enone | aTER 4 24 ; of more than 70% as significant (Figure 3B)._ In family 1,
N positions 59 and 57 were equivalently occupied by A/U or
WRNA™ UUCACAC 075 013 59 GI/U, respectively, and position 58 was of random type. In
e UAUACAC °t UUUC 200 086 36 family 2, exactly the same conservations were observed.
o.18 UAUACAC GUce nf  nd nd Thus, a consensus of both sequence families leads to a
1.a 8-8 UAUACAC ucGg 267 093 29 domination of position 59 by U and A (27 of 28 variants),
9-5 UAUACAC ucc 182 124 15 a random nucleotide at position 58, and G or U at position
86 ACUACAC UCUUG 264 122 22 57 (26 of 28 variants). Sequence comparisons within the
1.b 840 acuacac  uUvUC 418 081 33 three-membered L1 loops in family 1 (7 variants) revealed
. 312 322:222 Eig ;89 ::2 i: the presence of a conserved U at thesd of the loop and
036 UAGAGAGC oo 189 090 29 strong bias toward C residues at the central aheng
o3 P e positions. Sequence analysis of three-membered L1 loops
930 AUUACAC UUAC nd nd nd in family 2 (9 variants) revealed no conservation at the 5
1.d 817 UUGACAC AUUC nd nd nd and 3-terminal positions and the presence of pyrimidines at
97 AUGACAC ucc 18 0% 29 the central position of the loop. Altogether, the variants with
zjj 222:232 AEEE 2: ZZ :: a three-membered L1 loop, share a preference for a pyr-
’a 0n vecacue  auAc nd  nd wd imidine nucleotide at the central position and an U at the
9.23 UCGACUC sUG 283 100 29 5'-end. Comparison of the four-membered loop L1 sequences
2.b P AeeneTe T S in both families (6 variants in family 1 and 4 variants in
9-19 ACGACUC GUA nd nd nd family 2), leads to the same consensus sequerde/5
2.c 821 UAGACUC UUUUCC 195 08 24 A)24U23(U/AIC)22Co1-3'. Comparison of this consensus with
9-13 UAGACUC GUg 193 106 19 the four-membered loop L1 wild-type TLS reveals that U
818 uuvacuc vce nd o ond nd is a strictly conserved nucleotide. Interestingly, the complete
o Jeuacue yea e wild-type sequence of loop L1 was not found within the
24 0.3 CUUACUG Acc 08 168 S selected variants.
83 AAAACGC AUuC 121 08 12 An alternative classification of all variants, based primarily
932  AUCUACUC yucc 121 089 14 on the length of the pseudoknot loop and secondarily on the
87 UCGACUU acc 096 08 12 anticodon loop sequence, leads to new consensus combina-

tions in the anticodon loop (Figure 3C). Variants with 4
nucleotides in loop L1 share a strict conservation for U or
A residues at position 59, no conservation at positions 57
and 58, Gg, Ass, a very strong tendency for U or A residues
at position 54, and &. At opposite, those variants with 3
nucleotides in loop L1, have a strict conservation of U or A
residues at position 54 and a strict conservation of U or G
residues at position 57 as well as a strong preference for A
or U residues at position 59. There is no conservation at
position 58.

a All analyzed variants show aminoacylation plateaus of at least 40%.
b Major species in yeast.Not determined?d Gain is defined ask{./
Km)rel = (kca[Km)mutan[(kcal/Km)wild7type-

Css. For further analysis, the variants could be divided into
two families, each with 14 variants, corresponding to two
types of sequence homologies within nucleotides 58. In
family 1, all 14 variants share the wild-type tetranucleotide
As6Cs5A54Cs3. In family 2, As4is predominantly replaced by
U (in 13 of 14 molecules) andgis only replaced once by
Uss. Thus, most molecules havesgssUs,Css, one has Kinetic Analysis of Selected Variantshe Michaelis-
AseCs5Gs4Cs3, and another one hassglssUs4Uss. Interest- Menten parametells; andK,, of a representative set of 17
ingly, one variant (9-32, Table 1), has an eight-membered of the 28 selected variants were established and their
anticodon loop. Further ranking within each family was done valylation efficiency calculated (Table 1). Efficiency corre-
according (i) to sequence homology of theehd of the sponds t0 KealKm)rel = (Keal Km)mutan{ (Kead Km)wild—type aNd is

anticodon loop nucleotidessBNsgNs7 (subfamilies) and (ii)
to the number of pseudoknot loop L1 nucleotides. Sub-
families 1.d and 2.d (Table 1) contain variants without any
sequence homology in thes§MsgNs7 triplet. Except for an

expressed here as a “Gain” in activity.

Without exception, all variants exhibited a decreakgd
value, compared t&,, = 2.44 uM for the wild-type TLS.
The distribution oK, values of the variants was remarkably

UseAssGs7 conservation in families 1.c and 2.c, none of the narrow with a mean value of 0.9¢ 0.23uM. Variant 9-3
sequence combinations for these three nucleotides found inwith a K, = 1.68 uM showed by far the largest deviation
one family is present also in the other family. It is interesting from mean. Again without exception, all variants also
to notice that among the given sequences, none of themexhibited an increase ik.:as compared to that of the wild-
presents the canonical wild-type TLS anticodon loop se- type TLS (0.24 st). Here, however, values between indi-
guence. Further, none of these molecules possesses aidual variants varied from 0.89 to 4.18s As a conse-
canonical tRNA? anticodon loop sequence. Concerning the quence, the relative gain of chargeability is largely attributed
pseudoknot, the length of loop L1 varied between 3 and 6 to differences irk.o. All selected variants exhibit increased
nucleotides with a preference for 3 residues (16 variants) valylation efficiency as compared to the wild-type TLS with
and 4 residues (10 variants). Only one five-membered loop gains between 5- and 53-fold. Thus, some variants reach the
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efficiency of valylation of the natural substrate of the enzyme,
yeast tRNA? which is about 59-fold higher than that of
the wild-type TLS (Table 1).

Variants 8-40 and 8-39 were the most active variants with
gains of 53- and 50-fold, respectively. The relative contribu-
tions of Kn, and kes: to the increased valylation efficiency,
however, are rather different to the situation in tRf4ABoth
variants showed highéga: (4—6-fold) and higheiK, (5—
6-fold) as compared to tRNA!, which compensate each
other and lead to a similar global efficiency. Variant 8-40
has an A\CCUACACs; anticodon loop and a four-membered,
U-rich, L1 loop (WL4,UUC,), and variant 8-39 has an
As¢dCGACUGs;3 anticodon loop and a three-membered, UCG,
L1 loop. Interestingly, even a variant displaying an eight-

Biochemistry, Vol. 39, No. 20, 2006213

zontal” analysis of Figure 4B). Thus, replacement of the wild-
type CUCU sequence of loop L1 by a UCG sequence, affects
aminoacylation efficiency by a same factor of 48L4, in
each of the three anticodon contexts. In other words, the
exchange of the wild-type L1 loop by a sequence originating
from a selected variant has a similar effect within the context
of three different anticodon loop sequences. The two variants
having the L1 loop replaced by a single C are only poorly
valylated, and their relative specificity constants are de-
creased by factors of 50 (variant H) and 200 (variant G) as
compared to the wild-type TLS. Although the 4-fold stronger
effect observed for variant G may reveal a small differential
effect of shortening the L1 loop according to the sequence
of the anticodon loop, it cannot be excluded that this variation

membered anticodon loop was an excellent substrate foris within the higher error range of measuring low activities

ValRS showing a 14-fold increased aminoacylation ef-
ficiency compared to that of the reference transcript. Among

and is thus not significant.
Relationship between Anticodon and Acceptor Domains

selected variants, in general, sequences deviating considerAn accurate estimation of the relationship between the
ably from consensus sequences were less active substrateanticodon and the pseudoknot domains of the TLS, can be

for ValRS, the least active being variant 9-3 (5-fold gain),

deduced from comparisons between experimental and theo-

which shows the lowest degree of similarity as compared to retical values of the aminoacylation efficieneisf. Variant

consensus sequences.
Importance of Anticodon and Acceptor Domain Nucleo-
tides in Actve Variants.A number of variants for which

D can be considered as derived from the wild-type TLS by
a combination of two major mutations, namely replacement
of the anticodon domain (as in variant C) and replacement

the kinetic parameters have been established, have the samef the pseudoknot domain (as in variant B). If the two

nucleotide composition of loop L1 (Figure 4A). This allows,
in turn, a refined analysis of the contribution of anticodon
loop nucleotides to aminoacylation efficiency. Two variants
have a common &UUC,; sequence in loop L1 and
Us7ACACs; in the anticodon loop, two others share an UCG
sequence of loop L1 andsCss, Css in the anticodon loop,

structural domains contribute independently to aminoacyl-
ation efficiency of variant D, the theoretical gain calculated
on the basis of the individual gains of the single mutated
variants B and C should lead to the same value as the
experimentally determined gain. This is indeed the case with
an experimental gain of 29-fold and a theoretical gain of

and four others share an UCC sequence in loop L1 and5.7 x 4.4= 25-fold. Along the same line, variant F can be

As¢CACs; in the anticodon loop. In each of these groups,
the efficiency in aminoacylation varies from %%.9-fold,
suggesting that the 3 nucleotides at theeBd of the
anticodon loop, as well as nucleotide 54, contribute only
moderately to aminoacylation efficiency.

To further estimate the influence of the anticodon loop

considered as a combination of mutational steps going from
wild-type TLS to variant E in regard of the anticodon loop
and to variant B in regard of the pseudoknot. The theoretical
gain calculated for the double variant F, %84.4= 34, is
very close to the experimental gain of 50 (ratio of 1.47
between the two values). Similarly, comparison between

versus L1 loop size/sequence on specific valylation, new theoretical and experimental efficiencies in valylation of
variants displaying a same anticodon sequence but differentvariant F (originating from C via E and D, experimental gain
L1 loop size/sequence were designed, constructed, andof 50/5.7= 8.7 versus theoretical gain of 1:45.1=7.2),

analyzed (Figure 4B). Thus, the L1 UCG sequence commonvariant H (originating from the wild-type via E and G, 0.16

to two rather active variants (8-8 and 8-39) has been
introduced into the sequence context of wild-type TLS
(variant B), and the wild-type sequence of loop L:ABCU,,)

versus 0.05< 7.8= 0.39), and variant H (originating from
variant B via variants F and G, 0.036 versus theoretical gain
of 0.012) revealed similar values, with a largest ratio of 3

has been introduced into the two previous variants, thus between the two values. Thus, within the limits of errors, it

leading to variants C and E. In addition, deletion mutants of
the wild-type and the variant 8-39, where the L1 loop has

can be considered that the anticodon and the pseudoknot
domains contribute mainly independently to aminoacylation.

been replaced by a single C, have been generated (variants To test whether the selection against the wild-type anti-

G and H, respectively). The Michaelidlenten parameters

codon loop trinucleotide £CCs; was dependent on the

keat and K, of these variants have been measured and the GgsGGgs-stretch at the send of the variants (Figure 1A),

relative efficiencies established (Figure 4B). A “vertical”

we also analyzed a wild-type version of the TYMV£éhd

analysis of the properties of the variants displayed in Figure RNA sequence and an engineered version of the selected

4B allows again investigation of the anticodon nucleotides
effect on aminoacylation. It appears that any deviation from
the G4CGCs7 wild-type sequence improves aminoacylation by

factors ranging from 5.7 to 32, suggesting that nucleotides

59-57 are not random in the very active variants picked
out during the selection process.
Another type of analysis of the valylation properties of

variant 8-8 carrying a single guanine at theebd (Gg)
instead of the GGG-stretch. However, no significant changes
in valylation efficiency were observed (data not shown).
Theoretical Structural Analysis of the TYMV TLS Library
The genetic algorithm implemented as part of the STAR
program @4) and which allows prediction of pseudoknots
was used both to analyze the potential folding of the selected

these variants, based on sequence variations in loop L1 forvariants and to have an insight about the distribution of

a given anticodon loop, gives an additional insight (“hori-

secondary structures of RNAs from the initial library with
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Ficure 4: Contribution of anticodon loop and pseudoknot loop L1 nucleotides of variant TYMV TLS to efficient valylation by yeast
ValRS. The TLS are represented in a schematic way with only sequences of importance explicitly indicated. Variants which have emerged
at either round 8 or 9 of the selection procedure appear in a gray background, those which correspond to the wild-type sequence or which
have been engineered appear without background. Sequence differences between investigated molecules and reference molecules are dashe
(A) Comparative analysis of selected variants sharing a same pseudoknot sequence but with different anticodon loop nucleotides at positions
59, 58, 57, and 54. Names of variants are given on the left sides of the panels and are according to Table 1. Arrows indicate the gain of
valylation efficiency between 2 variants. (B) Comparative analysis of selected and engineered TLS. A vertical analysis allows further
analysis of the contribution of anticodon nucleotides 59, 58, 57, and 54 to valylation, whereas a horizontal comparison allows an investigation
of the contribution of pseudoknot nucleotides. Moreover, since some variants can be considered as global “double mutants” of others,
theoretical efficiencies can be estimated on the basis of additivity of the two domains, and compared to those determined experimentally.
Thus, variants D, F, and H can be considered as double variants of the wild-type TLS via variants B/C, B/E, and G/E, respectively.

special attention to the influence of pseudoknot loop L1 sufficient prerequisite to high level valylation.
sequences. To analyze more rigorously the effect of loop L1 sequence
All except one of the 28 active variants summarized in on the global folding of TYMV RNA variants, the secondary

Table 1 were predicted to fold into the wild-type secondary structure of all possible variants of the wild-type sequence
structure as depicted in Figure 1A. Interestingly, the only with the L1 loop sequence replaced by any of the possible
active variant predicted to fold into an alternative structure tri- and tetranucleotide sequences (a total of 320 sequences)
was the less active one among all the functional variants was also predicted. Approximately 73% of the tetranucleotide
(9-3). In contrast, only five of 16 inactive variants were loops and 78% of the trinucleotide loops were predicted to
predicted to fold into the wild-type secondary structure, fold into the wild-type secondary structure and, thus allow
suggesting that correct folding is a necessary but notfor pseudoknot formation. This means that 27 and 22%,
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respectively, of the molecules do have sequences in looploop and the pseudoknot loop L1 can be considered as
L1 which hinder correct folding. Interestingly, none of the separable and independent entities. This knowledge allows
molecules that contain a trinucleotide loop with either an A now for easier interpretation of data to estimate the role of
or a U at the 5end (which is the case for 14 out of 16 of individual nucleotides in valine identity of the TLS variants.
the in vitro selected variants) were predicted to fold into  Refined View of Anticodon Loop Recognitidxpproxi-
alternative structures as compared to the wild-type secondarymately 65% of variants from a random sample of RNAs from
structure. In contrast, 44% of the molecules with trinucleotide rounds 8 and 9 (with mutations in the randomized domains)
loops with a G or a Gesidue at their 'send were predicted  revealed a substrate activity toward ValRS that was signifi-
to fold into alternative structures. In regard of tetranucleotide cantly increased as compared to the wild-type. All these
L1 loops, only 4% of the molecules that comtai U residue molecules contained nucleotidessAnd Gs. The remaining
at position 23 (which was strictly conserved in the selected 35% of variants showed plateau levels of charging of less
variants) were predicted to fold into alternative structures. than 1% using standard conditions. At less stringent condi-
In contrast, depending on the nature of the nucleotide, tions, however, sequences containing an A residue at position
between 38 and 53% of the tetranucleotide loops with 56 could be charged to levels of up to 40%. Since no
nucleotides other than U at position 23, were predicted to consensus motifs could be traced within the group of less
fold into alternative structures. No such correlation was found active variants, we assume that these mutants were co-
for position 21, which also was strictly conserved in four- selected by some unspecific adsorption to magnetic beads
membered L1 loops. rather than through some specific function. Consequently,
these variants were excluded from further analysis. However,
DISCUSSION the very low activity of these variants at opposite to the
Key Features for Efficient Valylation of TLS by Yeast spectacular activity of those RNAs bearing the two nucleo-
ValRS.This study was intended (i) to search for alternative tides Ass and Gs demonstrates the importance of both
valylation identity elements in the anticodon loop for nucleotides for valylation specificity. Similar results were
valylation of the TYMV tRNA-like structure and (ii) to  obtained for Gz which was substituted only once (out of 28
search for alternative structures/sequences in the pseudoknatequences)yba U residue. Thus, &, Css, and Gz emerge
domain. Accordingly, a library of TYMV RNA variants was  as primary identity elements required for valylation of the
designed with mutations concentrated in these two domains.TLS by yeast ValRS, whatever the size and sequence of loop
Starting with a pool of 2x 10" variants that completely L1 of the pseudoknot. This extends previous mutational
covers the mutant space, nine rounds of selection werestudies which showed that Css, and Gz are major identity
carried out, using a method for the selection of specifically elements for wheat germ valylatio23, 24) to the yeast
aminoacylatable RNAs in vitro39). Combined kinetic and  enzyme. These nucleotides are found in the consensus
sequence analyzes of 51 selected individual RNAs lead tosequences of both valylatable plant viral tRNA-like structures
the following major conclusions: (i) all selected active (6, 8) and yeast tRNA' (46) (Figure 1B). It is thus
variants are more efficient substrates for ValRS than the wild- concluded that &, Css, and Gz are necessary and sufficient
type TYMV TLS, (ii) selection of variants as active as the valylation identity elements. Under the stringent conditions
cognate substrate of the enzyme, yeast tR8yAas occurred,  used in the present work, no alternate combination of
(iii) all variants do fold into the pseudoknotted tRNA-like nucleotides at these positions, efficiently recognized by yeast
structure, (iv) anticodon loop and pseudoknot domains act ValRS, could be selected.
independently, (v) all active variants possess the central and At position 54, variants showed predominantly the wild-

3'-end anticodon-triplet nucleotidessfand Gs, (Vi) valyl- type A residue (50% of variants) or a U residue (46% of
ation tolerates variability in size and sequence of loop L1 variants) which lead to the general classification into two
from the pseudoknot. families according to the consensus sequenggSACs; or

Independence of Anticodon Loop and Pseudoknot Do- AssCUGCs; of the 3-end of the loop (Table 1). AlthoughsA
mains. The variability of selected active variants both in is strictly conserved in plant viral valine-specific tRNA-like
sequence of the complete anticodon loop and in sequencsstructures, previous mutational studies on TYMV RNA
and size of the pseudoknot loop L1 confirms that both indicated that position 54 had a moderate contribution to
structural domains of the TLS contribute to efficient recogni- valylation efficiency 23, 24) with C being the less favorable
tion and aminoacylation by yeast ValRS. To verify whether substitution. In line with these data, none of the selected
these domains contribute independently or in a cooperativemolecules contairtea C residue at this site. Interestingly,
manner 45), the efficiency of a number of mutants bearing all canonical tRNAs47) possess a purine at the equivalent
exchanged anticodon or pseudoknot domains were calculategosition. The selection of valylatable variants twd U at
on atheoretical basis and compared to the experimental datathis position suggests that the presence of a purine in
Only a limited number of variants which were picked up canonical tRNAs is linked to other functions than amino-
during the in vitro selection process were useful for those acylation. Alternatively, tolerance of a pyrimidine in the
comparisons, so that a series of rationally engineered TYMV TLS may be linked to new structural features of the
additional variants were created (Figure 4B). Experimental anticodon loop linked to nucleotides from thieside of the
and theoretically estimated aminoacylation efficiencies on loop.
the basis of additivity of the anticodon and pseudoknot Nucleotides at positions 559 forming the 5end of the
domains of engineered variants revealed that they vary atanticodon loop, although variable, are not random in the
most by a factor 3. Hence, based on the set of data obtainedselected valylatable variants. In particular, position 57 and
so far, the contributions of both domains to the overall 59 showed absolute preferences for G/U and A/U, respec-
valylation activity are likely additive. Thus, the anticodon tively (Figure 3, panels B and C). Similar preferences for
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purines at these positions can be seen in the TLS oflikely occurs also for tRNAs interacting with ValRSs. Thus,
furoviruses 8) as well as in TLSs from various tymoviruses the native structure of the loop, typically linked to the
(6). Surprisingly, none of the wild-type cytosines was found presence of residuegb) is likely not important for amino-

at these positions. By varying the sequence of the véry 5 acylation but for the other functions of the tRNA, such as
end of the complete TLS, it could be demonstrated that the binding to the ribosome and to the messenger RNA.
selection against the wild-types{CCs; sequence at these  contripution of the Pseudoknot Loop L1 to Valylatidm.
positions was not due to the nonviral G-rich sequences atihe course of the present selection experiments with yeast
the 3-end of the transcripts that potentially could favor the \/5|RrS those variants were enriched that contain a three- or
formation of an (inactive) alternative structurég). It is a four-membered L1 loop, indicating that these loop sizes
noteworthy that in all 18 tRNA genes from yeast, position 516 more favorable for specific valylation. Variants with loop

32, which corresponds to position 59 in TYMV RNA, iS | 1 shorter than 3 nucleotides vanished completely, whereas
exclusively occupied by an U residue, which is also the there still remained some variants with five- and six-

predominant nucleotide found in the selected variants. membered loop L1. This is in agreement with the phylo-
Canonical tRNAs possess a strictly conserved U residue genetic comparison of different tymoviral and furoviral

at position 33_ 47), equ_walgant to position 58 in the TLS. RNAs @6, 8), in which L1 loops may adopt various sizes

The role of this nucleotide is of structural nature and allows 5,4 sequences and still keep excellent substrate properties

a turn of the RNA chain, so that tRNA nucleotides 3B 15 yaRS. In addition, previous studies with wheat germ

(equivalent to 5753 in TLS, see Figure 1A) are stacked \/3|RS had revealed that mutants remained excellent sub-

on the anticodon stem helix (reviewed in ®9). In the  gyrates for ValRS as long as the overall A-type RNA helix

selected TYMVTLS, no g:onseryat|om a U atthis position  geometry and the pseudoknot stability are maintair2e (

was found. This likely is again related to the selection o1 ng simple correlation could be established between

pressure applied, which involves only recognition by ValRS, 555 | 1 size and aminoacylation efficiency. Indeed, in some

and not binding to the ribosome and messenger RNA, as.,qe5 mutants with larger L1 loops performed better than
was the case during evolution of natural tRNAs. The fact o concomitant variants with smaller L1 loops and vice
that natural viral tRNA-like sequences are not involved in o oo

protein synthesis2) can likely explain the general absence . . .

of an U at position 58. Residue 57, which corresponds to | Intergstmgly, for either of the two major classes of Ll.

the wobble nucleotide of the anticodon triplet, has a strong 00p SIZES, CONSENSUS Sequences were obgerved,_ which
allowed for an alternative classification of active variants

preference for U/G, whereas in the natural tRf&pecies, ) ; .

it presents a large variability4g). Here again, selection (Figure SC). The class of variants with afour-mempered L1

pressure did not take into account other functions than !00P contained two remarkably conserved nucleotides, C

valylation and especially did not take into account codon @"d L The latter is also conserved with respect to wild-
type TYMV RNA. Similarly, in the three-membered L1

reading. . L .
Comparison of aminoacylation efficiencies of selected and loops, there is a conserved pyrimidine residue.

engineered variants sharing a same pseudoknot structure/ It is likely that these sequences have been selected for
sequence but different anticodon loop nucleotides allows the structural reasons rather than for contacts with the synthetase.
search for a role of nucleotides 59, 58, and 57. Interestingly, This assumption is based on two main considerations. First,
as soon as the sequence deviates by at least two position®NA secondary structure prediction of variants of the wild-
from the wild-type sequence CCC, there is a strong gain in type TLS with all possible four-membered L1 loop sequences
aminoacylation efficiency (by factors varying from 5.7 to revealed that alternative folding of molecules can be ef-
32). However, provided two C’s are mutated, any tested fectively suppressed by keepjira U conserved at position
combination of nucleotides lead to the same effect. Thus, it 23. As a result of the statistical survey, 96% of all possible
appears that these nucleotides contribute in a significant wayfour-membered L1 loop variants with andhre predicted

to the aminoacylation properties of the RNAs. Since all to fold into the wild-type secondary structure. In agreement
non-C combinations are more favorable for valylation and with these findings, 96% of the family of active sequences
are also present in the consensus yeast tRN@specially from selection rounds 8 and 9, but only 30% of the inactive
Us,, equivalent to W), it is concluded that the three C  molecules, were predicted to fold into the wild-type second-
residues occurring in the wild-type TLS introduce negative ary structure. Second, the recently solved crystal structure
effects for recognition by yeast ValRS. It is worth mentioning (54) and NMR structure5) of pseudoknots, and especially
that the three-C stretch is absent from any valylatable TLS of the TYMV TLS acceptor stem5f), allow for new

with the exception of KYMV in addition to TYMV§). Thus, considerations on the relative importance on individual
the sensitivity of plant ValRS to these nucleotides may be nucleotides in folding and/or stabilization of the pseudoknot.
somewhat different from that of the yeast enzyme. Interestingly, the conserved residug; th our selected active

In conclusion, yeast ValRS is able to charge with high four-membered L1 loop variants has a particular fully
efficiency a series of substrates which do have non canonicalextended conformation so that to cross the major groove.
anticodon loops. In these anticodon loops, two very con- Probably, the unusual conformation of base 23, necessary
served elements are absent, namely Bhd a purine at  to cross the major groove, determines the nature of the
position 37. Crystallographic structures of tRNAs complexed nucleotide at this position. At position 21, throughout all
to their cognate aminoacyl-tRNA synthetase [e.g., in the valylatable tymoviral RNAs (except CcTMV RNA), a
glutamic and aspartic systen&0(-53)] highlight indeed that ~ pyrimidine is conserved. In contrast to,4Jof wild-type
the anticodon loop structure is completely changed as TYMV RNA, selected sequences comtah C which may
compared to that of a noncomplexed tRNA. This situation also stack on the helix.
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The class of active variants with three-membered L1 loops further supports the paradigm: (i) no canonical anticodon
contains a strongly conserved pyrimidine in the central loop structure, as required for protein synthesis, is a
position of the loop and has a strong preference of U at the prerequisite for efficient recognition by ValRS, (ii) a large
5'-end of the loop. RNA secondary structure prediction of structural variability is allowed in loop L1 of the pseudoknot,
variants of the wild type TLS transcript with all possible but (iii) the identity elements in the anticodon must be
three-membered L1 loop sequences revealed that alternativepresent.
folding of molecules can be totally suppressed by keeping a  Since the TLSs present at theehd of viral RNAs are of
U (or an A) conserved at position 23. biological importance, especially in initiation of minus-strand

Finally, class | synthetases, the family to which belongs replication (reviewed in refl), one can question about the
ValRS, bind to the minor groove side of the acceptor helix, activity of the newly selected variants in the TYMV life
in the vicinity of the extended'3nd (reviewed in reB2). cycle. Since this activity implies recognition of the TLS by
Footprinting experiments between ValRS and the TYMV the plant synthetas&®), elongation factor EF-d (17), the
TLS (56), as well as comparison of the TLS NMR structure nucleotidyl-transferase (CCAs&9), the viral replicaseqQ),
with the X-ray structure of tRNAY complexed with its and presumably by other protein factors such as the coat
cognate synthetase, a class | enzy®@ 61), reveals that protein @1), it would be interesting to elucidate whether
both the L1 and the L2 loop are at the side opposite from optimal sequences for yeast ValRS, both in the L1 loop and
where the enzyme bind$%). Thus, loop L1 residues may inthe anticodon loop are “permissive elemen&)(for these
not directly interact with the synthetase, and conserved proteins. Thus, it will be informative to analyze RNAs
residues more likely allow the formation of the pseudoknot selected for optimal valylation in vitro for their “viability”
structure and stabilize it. Further analysis has to confirm, in terms of replication in vitro as well as in vivo.
whether structural requirements, i.e., structural flexibility
facilitating partial refolding imposed by the synthetase upon ACKNOWLEDGMENT
substrate binding, rather than direct recognition, are the basis
of conservation of sequence elements within the L1 loop of
selected TYMV RNA variants.
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