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ABSTRACT

Human tyrosyl-tRNA synthetase from mitochondria (mt-TyrRS) presents dual sequence features characteristic of eubacterial
and archaeal TyrRSs, especially in the region containing amino acids recognizing the N1-N72 tyrosine identity pair. This would
imply that human mt-TyrRS has lost the capacity to discriminate between the G1-C72 pair typical of eubacterial and mito-
chondrial tRNA™" and the reverse pair C1-G72 present in archaeal and eukaryal tRNA™". This expectation was verified by a
functional analysis of wild-type or mutated tRNA™" molecules, showing that mt-TyrRS aminoacylates with similar catalytic
efficiency its cognate tRNA™" with G1-C72 and its mutated version with C1-G72. This provides the first example of a TyrRS
lacking specificity toward N1-N72 and thus of a TyrRS disobeying the identity rules. Sequence comparisons of mt-TyrRSs across
phylogeny suggest that the functional behavior of the human mt-TyrRS is conserved among all vertebrate mt-TyrRSs.
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Tyrosyl-tRNA synthetase (TyrRS) is distinguished from
other aminoacyl-tRNA synthetases by its ambiguous assig-
nation to class I of synthetases (Bedouelle 2004). Indeed,
this homodimeric enzyme with typical class I motifs binds
its homologous tRNA™" across its inferface (Bedouelle and
Winter 1986) via the major groove side of the amino acid
acceptor stem, as occurs for class II synthetases (Lee and
RajBhandary 1991; Bedouelle et al. 1993; Fechter et al. 2000;
Yaremchuk et al. 2002). Furthermore, tyrosylation reactions
are peculiar in that no cross-aminoacylation between eu-
bacterial tRNA™" and eukaryal TyrRS is possible and vice-
versa (Kleeman et al. 1997; Wakasugi et al. 1998). This
strong and unusual phylogenetic barrier mainly relies on
the properties of the N1-N72 base pair at the top of the
acceptor stem that was assigned as the major tyrosine iden-
tity element in eukarya (C1-G72) (Fechter et al. 2000) and
a minor element in eubacteria (G1-C72) (Quinn et al.
1995). Sequence alignments reveal strict conservation of the
G1-C72 pair in all eubacterial tRNA™" species and its re-
placement by the reverse C1-G72 pair in eukaryal and ar-
chaeal tRNA™" molecules, an uncommon pair at this po-
sition in other tRNAs (Sprinzl and Vassilenko 2005). Re-
cently, the crystallographic structures of Thermus thermo-
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philus and Methanococcus jannaschii tRNA™"/TyrRS com-
plexes brought to light the specific interactions established
between the N1-N72 pair and TyrRS (Yaremchuk et al.
2002; Giegé 2003; Kobayashi et al. 2003). The differences
seen in these interactions provide a structural support ac-
counting for the absence of cross-tyrosylation. In this con-
text, the correlation between two specific sequence clusters
in the catalytic domain of TyrRSs and the N1-N72 identity
pair can be recalled (Nair et al. 1997). Indeed, cluster 1,
within the connective peptide domain, contains the main
amino acids contacting the bases of the N1-N72 identity
pair (Yaremchuk et al. 2002; Kobayashi et al. 2003). The
functional role of these amino acids (Fig. 1) was already
supported by peptide transplantation experiments enabling
an identity switch in heterologous tyrosylation systems
(Wakasugi et al. 1998). Likewise, cluster 2 is involved in N1
recognition (Yaremchuk et al. 2002; Kobayashi et al. 2003).

On the other hand, beside a few studies on yeast mt-
TyrRSs involved in splicing events (Akins and Lambowitz
1987; Kamper et al. 1992), nothing is known concerning
other mt-TyrRSs, in particular in relation to tyrosine iden-
tity. In the frame of a global approach to study human
mitochondrial synthetases, the human mt-TyrRS has been
purified (Bonnefond et al. 2005). Sequence comparisons of
this enzyme with other TyrRSs revealed a eubacterial char-
acter as could be anticipated from the close evolutionary
relation between mitochondria and eubacteria (Gray et al.
2001). Surprisingly, human mt-TyrRS presents also archaeal
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FIGURE 1. Sequence comparison of the clusters in the catalytic domains of TyrRSs in the vicinity to identity elements in tRNA™", The figure
emphasizes the clusters of human mt-TyrRS and compares their sequences to those of TyrRSs from four phylogenetic groups ranked according
to the nature of the N1-N72 base pair. For each group (eubacteria, mitochondria—but without vertebrate mitochondria—archaea, eukarya) three
sequences are explicitly given. Among mitochondrial TyrRSs, those of Arabidopsis thaliana and Caenorhabditis elegans were annotated for the
purpose of this work. Alignments were done with Tcoffee (Poirot et al. 2003) or 3DCoffee (Poirot et al. 2004) to take into account the known
TyrRS crystallographic structures (7. thermophilus, Yaremchuk et al. 2002; M. jannaschii, Kobayashi et al. 2003; Bacillus stearothermophilus, Brick
et al. 1989; Staphylococcus aureus, Qiu et al. 2001; and Homo sapiens mini-TyrRS, Yang et al. 2002). Numberings flanking the alignments
correspond to those of TyrRS from T. thermophilus for eubacterial/mitochondrial TyrRSs and from M. jannaschii for archaeal/eukaryal TyrRSs;
numbering of human mt-TyrRS is also given. The asterisks below the human mitochondrial sequence indicate strict conservation of amino acids
in vertebrate mt-TyrRSs (see the text). Consensus sequences were established with up to 31 known or predicted sequences (exact numbers are
indicated in parentheses); the displayed consensus residues are present in >70% of the analyzed sequences. Underlined amino acids are strictly
conserved; amino acids with the same properties are depicted by (&) for hydrophobic, (+) positively charged, (—) negatively charged, (a) aliphatic,
(p) small, and (h) with hydroxyl group. The consensus within the G1-C72 and C1-G72 groups and within the three domains of life or
mitochondria are emphasized by colors (notice that the conserved amino acids crossing the G1-C72/C1-G72 barrier are in green). Squared
residues are those found in direct contact with bases of either T. thermophilus tRNA™" (Yaremchuk et al. 2002) or M. jannaschi tRNA™"
(Kobayashi et al. 2003).

sequence features in the two aforementioned clusters (Fig. cognate mitochondrial tRNA™" transcript but also, and
1). When comparing the residues in human mt-TyrRS ho-  even more efficiently, Escherichia coli tRNA™", both mol-
mologuous to those interacting directly with the acceptor  ecules presenting a G1-C72 pair at the top of their acceptor
stem of tRNA™", as seen in the crystal structures (Yarem- stems (Bonnefond et al. 2005; Fig. 2A,E; Table 1). The im-
chuk et al. 2002; Kobayashi et al. 2003), it appears that four ~ portance of this pair for eubacterial TyrRS recognition has
among them cannot be linked to any phylogenetic group of ~ been known since the 1970s (Celis et al. 1973) and was
TyrRSs (T197, 1248, Y255, and N259), three are of mito- strengthened by studies on E. coli microhelices showing that
chondrial type (R194, S200, and G249), M252 is of archaeal a transversion of GI1-C72 into C1-G72 reduces the effi-
type, and E256 is conserved in almost all TyrRSs. It was  ciency of tyrosylation by the homologous enzyme (Quinn et
previously suggested and experimentally verified that the  al. 1995). Because of the mosaic character of human mt-
sequence of these clusters relies on the specificity of the  TyrRS, a mutant of its cognate tRNA™" (Fig. 2B) with the
synthetase toward tRNA (Quinn et al. 1995). In the present ~ reverse eukaryal/archaeal type identity version (C1-G72)
case, the mosaic character of the human mt-TyrRS in the  should also present tyrosylation capacity. This was verified
two clusters implies a different recognition of the tRNA by a kinetic analysis showing that permutation of the N1-
than that found typically in eubacteria or eukarya. In other =~ N72 pair does not affect the overall tyrosylation efficiency
words, human mt-TyrRS would tyrosylate tRNA™" species (as defined by the k_,/K,, ratio) of these tRNAs (Table 1).
disregarding the nature of their N1-N72 base pair. To verify =~ However, the individual kinetic parameters are modified,

this assumption, a series of tRNA™" molecules from differ-  with reduced K,, and k_, values, indicating an increased
ent organisms, either wild type or mutated, were tested for  affinity of the mutant for mt-TyrRS compensated by a re-
their tyrosylation abilities (Fig. 2). duced turnover of the enzyme. This functional behavior

It is known that human mt-TyrRS charges not only its ~ demonstrates the noninvolvement of the N1-N72 pair in
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FIGURE 2. Sequence of wild-type and mutated tRNA™" molecules. The nature of the N1-N72 base pair is emphasized in each molecule.
Wild-type human mt-tRNA™" is depicted in A, its variant with the reversed C1-G72 pair in B, chimeric mt/cyt-tRNAT" with cyt-tRNA™" acceptor
stem in C, and wild-type human cyt-tRNA™" in D. The sequence of native tRNA™" from E. coli (E) is displayed in italics. Mitochondrial and E.
coli sequences are in gray whereas eukaryal (cytosolic) sequences are in black. Sequence data are taken from Sprinzl and Vassilenko (2005). All
transcripts were produced in vitro using the “transzyme” method and purified as described in Fechter et al. (1998) whereas native tRNA™" from

E. coli (E) was from Subriden.

mitochondrial tyrosine identity in human, although the al-
tered values of K, and k_,, suggest that N1 and/or N72 play
a role in the catalytic mechanism of tyrosylation. To our
knowledge, this is the first case where identity rules are
disobeyed with a determinant having lost its universal func-
tion. From the point of view of evolution, this conclusion
may appear surprising since identity rules are ancient. To
rationalize this contradiction, one can suggest that the ty-
rosine system in human mitochondria was under a subtle
evolutionary process where mutations in the synthetase re-
laxed its specificity by removing or altering specific contacts
with the primordial G1-C72 identity pair. This process
should find appropriate conditions within mitochondria
that are niches with a reduced set of tRNAs and a simplified
and more permissive macromolecular environment. This
view finds support in the overall different tyrosylation
mechanism of tRNAs with G1-C72 or G1-C72 pairs.

In all aminoacylation systems studied so far, part of the
acceptor branch was always found involved in identity
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(Giegé et al. 1998; Beuning and Musier-Forsyth 1999).
Therefore we first verified whether other elements of the
acceptor stem participate in tyrosine identity. For that we
constructed a chimeric molecule derived from wild-type
human mt-tRNA™" with the whole stem replaced by that of
human cytosolic (cyt) tRNA™". This variant has a C1-G72
pair and only two (out of seven) base pairs in common with
human mt-tRNA™" (U3-A70 and A7-U65) (Fig. 2C). Based
on the crystal structure of the T. thermophilus TyrRS/
tRNA"™ complex (Yaremchuk et al. 2002), these two pairs
would a priori not interact with mt-TyrRS, and therefore
not participate in tyrosine identity. This is also the case for
the other four remaining pairs, since the chimerical mol-
ecule is fully active in tyrosylation and, remarkably, displays
kinetic parameters similar to those of wild-type mt-tRNA™"
(Table 1). Thus, it can be concluded for an absence of
tyrosine identity determinants in the double-stranded moi-
ety of the acceptor branch in human mt-tRNA™". This
conclusion is supported by the efficient tyrosylation by hu-
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TABLE 1. Tyrosylation by human mt-TyrRS of wild-type tRNA™" molecules or their variants with mutations in the acceptor stem

KM kcat kcat/KM L
tRNAT (uM) (1072 - s7") (1072 - s7' - pM™Y) (x-fold)
[G1-C72] group

human mt® (wt) 4.8 46 9.6 1

E. coli® (wt) 0.52 210 400 0.024
human mt (A73) (var) 24 0.054 0.002 4800

[C1-G72] group

human mt (C1-G72) (var) 0.48 3.4 7.1 1.3
human chimeric (mt/cyt) (var) 2.2 30 13.6 0.7
human cyt (wt) 48 100 2.1 4.6
S. cerevisiae (wt) 1.3 1.7 1.3 7.4

tRNAs are ranked in two groups according to the nature of the N1-N72 pair. The C-terminal His-tagged human mt-TyrRS was cloned,
expressed, and purified as described elsewhere (Bonnefond et al. 2005). Tyrosylation assays were performed at 37°C in 50 mM HEPES-NaOH
(pH 7.6) buffer containing 25 mM KCI, 12 mM MgCl,, 2.5 mM ATP, 0.2 mg/mL bovine serum albumin, 1 mM spermine, and 10 pM
L-[PH]-tyrosine at 49 Ci/mmol (Sohm et al. 2003). Apparent kinetic parameters were determined from Lineweaver-Burk plots in the presence
of 75 or 1.5 pM TyrRS with transcript concentrations varying from 0.2 to 1.6 pM. tRNAs were renatured by heating at 60°C for 90 sec in water
and slow cooling to room temperature before use. Experimental errors on k_,; and K, varied at most by 20%. Experiments represent an average

of at least two independent experiments.

“L values correspond to losses of efficiency relative to wild-type human mt-tRNA™" (the value <1 corresponds to a gain in efficiency).

bData taken from Bonnefond et al. (2005).

man mt-TyrRS of tRNAs with important sequence varia-
tions in their acceptor stems, namely, human cy‘[-‘[RNATyr
and yeast tRNATYT (Fig. 2D,F; Table 1). In a next step we
searched whether discriminator residue 73 is a tyrosine
identity element. As found in other tyrosylation systems
(Fechter et al. 2001), mutating A73 into G73 abolishes tyro-
sylation of human mt-tRNA™" (K, /k_,. reduced 4800-fold;
see Table 1). Summarizing, it appears that only residue A73
in the tRNA acceptor branch plays an identity role for tyro-
sylation of human mt-tRNA™". This implies that other el-
ements in the tRNA molecule, determinants in the acceptor
branch or antideterminants, have acquired a more prepon-
derant role in specifying tyrosylation in human mitochon-
dria.

In an evolutionary perspective it would be surprising that
the unprecedented properties of a TyrRS to charge indif-
ferently eubacterial and eukaryal tRNA™" species are re-
stricted to the human mitochondrial enzyme. Examination
of mitochondrial TyrRS sequences revealed strong homolo-
gies between human and other vertebrates mt-TyrRSs. Nine
putative mt-TyrRS sequences could be retrieved from the
genomes of Canis familiaris, Danio rerio, Gallus gallus, Mus
musculus, Pan troglodytes, Ratus norvegicus, Sus scrofa,
Takifugu rubripes, and Tetraodon nigroviridis. The high se-
quence conservation in the clusters (Fig. 1) thus suggests
the same dual functionality of the concerned TyrRSs toward
the N1-N72 base pair. Whether the corresponding TyrRSs
actually exhibit this property remains to be investigated.
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