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Identity elements for the aminoacylation of
metazoan mitochondrial tRNA”"® have been
widely conserved throughout evolution and
ensure the fidelity of the AGR codon
reassignment
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Eumetazoan mitochondrial tRNAs possess structures (identity elements) that require the specific recognition by their
cognate nuclear-encoded aminoacyl-tRNA synthetases. The AGA (arginine) codon of the standard genetic code has
been reassigned to serine/glycine/termination in eumetazoan organelles and is translated in some organisms by a
mitochondrially encoded tRNA>*",cy. One mechanism to prevent mistranslation of the AGA codon as arginine would
require a set of tRNA identity elements distinct from those possessed by the cytoplasmic tRNAArg in which the major
identity elements permit the arginylation of all 5 encoded isoacceptors. We have performed comparative in vitro
aminoacylation using an insect mitochondrial arginyl-tRNA synthetase and tRNAArgUCG structural variants. The
established identity elements are sufficient to maintain the fidelity of tRNASerUCU reassignment. tRNAs having a UCU
anticodon cannot be arginylated but can be converted to arginine acceptance by identity element transplantation. We
have examined the evolutionary distribution and functionality of these tRNA elements within metazoan taxa. We
conclude that the identity elements that have evolved for the recognition of mitochondrial tRNAArgUCG by the nuclear
encoded mitochondrial arginyl-tRNA synthetases of eumetazoans have been extensively, but not universally conserved,
throughout this clade. They ensure that the AGR codon reassignment in eumetazoan mitochondria is not compromised
by misaminoacylation. In contrast, in other metazoans, such as Porifera, whose mitochondrial translation is dictated by
the universal genetic code, recognition of the 2 encoded tRNAArgUCG/UCU isoacceptors is achieved through structural

features that resemble those employed by the yeast cytoplasmic system.

Introduction

Metazoan mitochondrial genomes have become a valuable source
of information regarding phylogenetic markers' and the evolution of
the mitochondrial genetic code has been extensively analyzed.>’
Mitochondrial translation is mediated by a family of nuclear
encoded aminoacyl-tRNA synthetases that catalyze the attachment
of an amino acid to the cognate tRNA. Eumetazoan mitochondrially
encoded tRNAs possess structures — identity elements™ — that are
recognized by their cognate enzyme yet are frequently rejected by
corresponding cytoplasmic or bacterial aminoacyl-tRNA synthe-
tases.®® On the other hand, mitochondrial aminoacyl-tRNA synthe-
tases may accept heterologous tRNA substrates such as those of £.
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Identity elements that govern tRNA charging have been stud-
ied for the cytoplasmic aminoacyl-tRNA synthetases for all
amino acid specificities'” and in a number of species — although
the claim that they “have been deciphered in eubacteria and most

"4 is, in view of the extent of evolutionary diversity,

eukarya
somewhat exagerated. Nevertheless, it is generally accepted that
in view of the conserved canonical structure retained by the cyto-
plasmic tRNAs, only modest evolutionary divergence in the
nature of identity elements has occurred.'” In contrast, elements
defining accurate eumetazoan mitochondrial aminoacylation
have been established systematically only for serine,'® tyrosine,'”
aspartate,” alanine'® and leucine.'” They appear to follow differ-
ent, relaxed, identity rules reflecting the atypical, variable and

often bizare tRNA secondary structures.
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Of particular interest are tRNAs that participate in codon reas-
signment. tRNA®" has been reassigned to read AGR codons in
invertebrate mitochondria®® that encode either tRNAS* sy or
tRNAS" ;. It has been found that the anticodon is not involved
in the recognition by the corresponding mitochondrial seryl-tRNA
synthetase.'® This supports the argument that participation of the
anticodon in recognition would impede a codon reassignment.”’
However, AGA corresponds to arginine in the standard genetic
code and the anticodon of tRNA™8(, forms an integral part of
the recognition mechanism for the cytoplasmic arginyl-tRNA syn-
thetase.”” For an efficient codon reassignment one would expect
that arginylation of tRNAS" oy by the mitochondrial arginyl-
tRNA synthetase, which would lead to arginine misincorporation,
is avoided by using an alternative set of identity rules. These might
be expected to be shared by organisms that are related evolution-
arily through the same codon reassignment. No extensive investi-
gation of the evolutionary variation in mitochondrial tRNA
identity elements has been performed to date.

We have recently characterized the mitochondrial arginyl-
tRNA synthetase from a Coleopteran insect (Caryedes brasilien-
5i5).> To investigate which structural features are required to ami-
noacylate specifically the mitochondrially encoded tRNAME
isoacceptor a systematic in vitro base replacement and transplanta-
tion study was undertaken. A comparative examination of the
activity of such tRNA variants established the features required for
recognition. An analysis of the aminoacylation properties of the
corresponding tRNA™® from representatives of 7 metazoan phyla
showed that, despite large variations in the secondary structures,
these identity elements have been largely conserved evolutionarily
in eumetazoans that share the AGR codon reassignment.

Results

Throughout these studies, full length tRNAs were prepared by
in vitro transcription, substituting Al or Ul by GI to facilitate
T7 RNA polymerase mediated transcription. The C. brasiliensis
mitochondrial tRNA*®; (Accession No. KF419299) has a typ-
ical Coleopteran primary structure composed of 68 bases (after 3’
—CCA addition) and a GC content of 26.2%. The absence of
modified bases in the transcript substrates may influence charging
levels,”* Modified bases such as m'A9 play a role in stabilizing the
tertiary structure” and W contributes to base pair stability.”**® In
the case of Aedes albopictus (the only insect (RNA™ that has been
sequenced), just 4 modified bases have been detected: m'A9,
W28, 32, v68.% Despite reservations concerning kinetic studies
of such transcripts, by using identical component concentrations
for all aminoacylations, one can make a direct comparison of the
charging efficiency through time-course measurements.'® Using
the derived equation vy/vy=(F" ../ K'\)/# oo/ K w20 (where x and y
refer, in this case, to the cognate and the variant tRNAs, respec-
tively), the initial rate v reflects the catalytic efficiency, irrespective
of whether £, or Km are effected.

Early work on mammalian systems indicated that cytoplasmic
arginyl-tRNA synthetase could not recognize mitochondrial
tRNAME 2132 Subsequently,

using  purified  bovine
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mitochondrial tRNAs a charging unilaterality was observed by
which eubacterial aminoacyl-tRNA synthetases were unable to
charge eumetazoan mitochondrial tRNAs, whereas mitochon-
drial aminoacyl-tRNA synthetases efficiently accepted bacterial
tRNAs.>® A reported exception was that E.coli arginyl-tRNA
synthetase could weakly aminoacylate bovine mitochondrial
tRNA. In view of the potential background of E.coli aminoacyl-
tRNA synthetases in our recombinant C. brasiliensis mitochon-
drial arginyl-tRNA synthetase preparation, we established previ-
ously that the purified E.coli arginyl-tRNA synthetase is unable
to recognize C. brasiliensis mitochondrial tRNA™E 6 2 (or any
of the tRNAs described in this work — data not shown). The
functionality of the C. brasiliensis mitochondrial t(RNA™S g
transcript was confirmed by its aminoacylation by the recombi-
nant insect mitochondrial enzyme (Fig. 1).

Influence of anticodon manipulation

Replacement of C35 (Fig. 1) [(numbering throughout refers to
>3] by G, creating a pro-
line-inserting anticodon, abolished arginylation activity entirely.

the conventional tRNA numbering system

Position 36 permits reading of both arginine codon boxes in cyto-
plasmic tRNA™ by accepting G or U and is, as such, a degenerate
identity element in all 3 kingdoms of life.***° In insect mitochon-
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Figure 1. Effect of anticodon base replacements on the activity of C. bra-
siliensis mitochondrial tRNAA™. DNA templates harboring individual sub-
stitutions were transcribed and tested for arginine acceptance using C.
brasiliensis mitochondrial arginyl-tRNA synthetase. Base replacements,
are boxed, with arrows marking their positions. The lower case g1
denotes a replacement of A1 to permit T7 RNA polymerase mediated in
vitro transcription. The structure is shown without the 3’-terminal —-CCA
sequence and the numbering corresponds to the tRNA convention. C.
brasiliensis tRNA"9,cs (Wild type) (@);C35G (v);G36C ([1);G36A (<);
G36U (A);U34A (O).
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dria, this position is restricted to G, as is evident from the loss of
activity when C36, A36 or U36 are inserted (Fig. 1). Thus, the
insect mitochondrial enzyme discriminates against tRNAs bearing
the UCU arginine anticodon of the universal genetic code.

Having evaluated the common cytoplasmic major identity ele-
ments (C35, G36) and since the discriminator base (position 73)
contributes modest specificity only in the case of E.coli'
archaea,®

and
it appeared conceivable that the anticodon alone might
be the sole structural determinant for arginylation. Transplanta-
tion of the arginine UCG anticodon into the structurally dissimi-
lar Drosophila melanogaster mitochondrial tRNAMPC e (Fig. 2A)
(Accession No. J01404) led to a very low L-arginine acceptance.
However, transplantation of the complete tRNA™® anticodon
arm conferred full arginine identity to this tRNA™P,

The Leipzig tRNA database (http://mttrna.bioinf.uni-leipzig.
de/) of mitochondrial tRNA genes provided 1332 unique eumeta-
zoan mitochondrial t(RNA*'® gene sequences. Alignment of these
showed a high level of conservation in the anticodon arm region
(Fig. 2B) (with considerably greater variation throughout the
remaining tRNA). In order to localize the features responsible for
the identity conversion, the tRNA™® gene sequences of the 109
Coleopteran species [(compiled from the MetAmiga database of
metazoan mitochondrial genomes (http://amiga.cbmeg.unicamp.

br/) and Leipzig tRNA databases (http://mttrna.bioinf.uni-leipzig.
de/)] (not shown) was examined more closely. It is evident that
the anticodon loop is, with the exception of position 37 (G/A),
100% conserved within this subset. Of all the other, non-
tRNA™8, Coleopteran mitochondrial tRNA genes (more than
400 from 19 species in the mitochondrial tRNA Leipzig database)
only 22 share the anticodon loop sequence TTTNN(A/G)C. Of
these, the anticodon loop sequence of Coleopteran (RNA is var-
iable but that of the spotted asparagus beetle (Crioceris duodecim-
punctata’’) (Accession No. NC_003372 REGION: 5862..5925)
possesses the tRNA*S_[ike TTTNNAC motif (Fig. 2A). The cor-
responding transcript, with the native alanine anticodon bases
(UGC) could not be arginylated (data not shown) but when this
region was converted to the arginine (UCG) anticodon, the argi-
nylation activity with the Caryedes mitochondrial arginyl-tRNA
synthetase was greater than that of the cognate tRNAAS (Fig. 2a).
Evidently, although the presence of C35, G36 are critical factors,
additional anticodon loop elements are required to complete the
major identity element for this tRNA.

Influence of the anticodon environment
Focusing further on the anticodon loop, it was of interest to
determine in more detail what influence the highly conserved
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Figure 2. A. Anticodon transplantation into tRNA”*® and tRNA*, DNA templates harboring the replacements (boxed) were transcribed and tested for
arginine acceptance using C. brasiliensis mitochondrial arginyl-tRNA synthetase. C. brasiliensis mitochondrial tRNA*c; (@) compared to D. mela-
nogaster tRNA**P¢uc— e (v); D. melanogaster tRNAAP ¢ / C. brasiliensis tRNA*9cs anticodon arm ([J); C. duodecimpunctata tRNAM? gc— ucg (O).
(B). Alignment of eumetazoan mitochondrial tRNAA™ gene sequences. The Leipzig tRNA database (http://mttrna.bioinf.uni-leipzig.de/) of mitochondrial
tRNA genes provided 1332 unique eumetazoan mitochondrial tRNA*"Y gene sequences which were aligned in CLUSTAL OMEGA (http://www.ebi.ac.uk/
Tools/msa/clustalo/) and bases 1-72 of the alignment depicted in WebLogo3 (http://weblogo.threeplusone.com/create.cgi). The position of the antico-
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Figure 3. Influence of the anticodon environment on tRNA*™9 recognition. DNA templates possessing the replacements indicated in boxes were tran-
scribed and tested for arginine acceptance using C. brasiliensis mitochondrial arginyltRNA synthetase. C. brasiliensis mitochondrial tRNA*9,c¢ (@) is
compared to C. brasiliensis tRNA*9ycc A37G (v); C. brasiliensis tRNA*9ycc A32:A38 ([); C. brasiliensis tRNA*cc C32:A38 ($); C. duodecimpunctata
tRNAA . — ucg G31:C39 (A), D. melanogaster tRNAN? ycc — ucg (C1); M. inconspicuus tRNAA e (O). Alternative position 32:38 component bases are

nucleotides enclosing the anticodon triplet have on the tRNA
identity. As would be anticipated, the nature of the conserved
purine at position 37 had no impact on the activity (Fig. 3). In
contrast, positions 32:38 proved to have essential functional
roles. On the one hand, the rare natural C32:C38 combination,
as in Malcus inconspicuus mitochondrial tRNAME ., (Accession
No. NC_012458) was charged by the Caryedes mitochondrial
arginyl-tRNA synthetase to the same level as the cognate tRNA
(Fig. 3). A C32:A38 combination within the framework of Car-
yedes tRNA™8 ¢ led to an almost complete loss in activity
(Fig. 3). Not quite as drastically, a change to A32:A38 resulted in
a substantially reduced activity. A similar reduction was evident
when using Drosophila (RNA™* bearing a UCG anticodon
together with the native U32:U38 (Fig. 3) and thereby being dis-
tinct from the C. duodecimpunctata tRNAM o (U32:C38) that
had been shown to be an active substrate (Fig. 2). The arginyla-
tion of the latter construct could be further improved by intro-
ducing a G31:C39 base pair at the base of the anticodon stem, in
analogy to the native Caryedes (RNA*®| ¢ structure (Fig. 3).
The introduction of this base pair into the existing 5 base pair
anticodon stem (compared to the 4 base paired Caryedes stem)
may explain the higher activity of this construct. Stabilization
through G31:C39 with concomitant improved aminoacylation
has previously been observed for human mitochondrial
tRNA™""” and (RNA™P 0

Codon reassignment of tRNAS" |y is maintained
by restrictive identity elements

An inspection of eumetazoan mitochondrial tRNAS" 1 gene
sequences in the Leipzig database revealed all 77 available datasets
were characterized by a conserved CTTCTAA anticodon loop
(Fig. 4A) that included the negative determinants for arginyla-
tion, U36 and C32:A38. To show that these were indeed respon-
sible for sustaining the codon reassignment of tRN SUeu.,
appropriate base replacements in a beetle serine isoacceptor were
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performed (Fig. 4B). The anticodon swap UCU to UCG proved
to be ineffective in conferring arginylation activity. However, this
replacement in combination with U32:C38 yielded a transcript
with an arginylation close to that of the cognate tRNA™®,

Evolutionary distribution

With a knowledge of the identity elements required by the
Coleopteran mitochondrial arginyl-tRNA synthetase, one may
consider their evolutionary functional relationship to other meta-
zoan species. We have, therefore, investigated the distribution,
structure and activity of mitochondrially encoded arginine isoac-
cepting tRNAs over a wide range of animal taxa.

In view of the highly variable overall secondary structure exhib-
ited by tRNAs of this sub-kingdom (exemplified in Fig. 5A), we
tested mitochondrial tRNA arginylation by the insect mitochon-
drial arginyl-tRNA synthetase of an additional 11 representative
species from a further 6 phyla (Fig. 5B). As judged by the initial
rate of aminoacylation under identical conditions, despite highly
dissimilar structures, most showed significant activity. Within the
Eumetazoans, human tRNAArg, representing Chordata, stood out
in its greater activity compared to the cognate beetle tRNA. The
others of this clade were generally slightly lower in their activity.
Despite the disparate use of the ACG anticodon by the Cestoda
class of Platyhelminthes, this isoacceptor was an adequate substrate
for the insect enzyme. In contrast, the same isoacceptor from the
Chromadorea branch of Nematodes was a poor (Haemonchus con-
tortus) to negligible (Caenorbabditis elegans) substrate. As shown
above (Fig. 1), A34 could fully replace U34 in the recognition
process in the context of the insect tRNA structure. Since, despite
evidence to the contrary,”® it is considered that in tRNAs A34 is
generally deaminated to inosine,” a potential involvement of ino-
sine in tRNA recognition required further investigation. Reverse
transcription of total C. elegans RNA with a primer specific for
tRNAs, followed by PCR with a tRNA™®,-specific primer and
sequencing, gave no indication for the presence of an inosine-
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derived G34% (Fig. 5B, inset). Hence,
mitochondrial C. elegans (RNA™S, s
not post-transcriptionally deaminated
and the decreased activity must be
related to a loss in optimal macromolec-
ular recognition, such as through the
sub-optimal U32:U38 tRNA structure
or the absent T-arm that is a feature in
all 11 Chromadorean tRNA*®,’s in
the Leipzig database.

In addition to Eumetazoa, the meta-
zoan kingdom includes the Porifera and
Placozoa phyla. In contrast to Eumeta-
zoans, members of both these phyla
(with the exception of Hexactinellida)
use translation Table 4 (see heep://www.
ncbi.nlm.nih.gov/Taxonomy/Utils/
wprintge.cgi for mentions of Tables 4
and 5) (UCU = Arg) for decoding the
mitochondrial ~ genome.  Placozoan
tRNAME ., represented by 7richoplax
adhaerens, is a good substrate for insect
mitochondrial arginyl-tRNA synthetase
achieving twice the charging level com-
pared to the cognate tRNA (Fig. 5B);
the additional mitochondrially encoded
UCU isoacceptor is not expected to be
a substrate (see discrimination against
U36, above). The Porifera are subdi-
vided into 3 classes. Only a single Cal-
carean tRNA™8 - is known®' and
this was not investigated. From the large
class of Demospongiae several mito-
chondrial genomes have been described
as encoding both UCG and UCU iso-
acceptors. The position 32:38 bases are
distinct from the optimally active U32:
C38. Nevertheless, the (RNAME
from Iotrochota birotulata proved to be
recognized by the insect mitochondrial
arginyl-t(RNA synthetase (Fig. 5B). The
tRNAME oy transcript, on the other
hand, having the U36 negative determi-
nant for the insect enzyme was inactive.
The few examples of mitochondria
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Figure 4. Restrictive identity elements maintain tRNA*®",c, codon reassignment. (A). Alignment of
eumetazoan mitochondrial tRNA®®"ycy gene sequences. The Leipzig tRNA database (http://mttrna.bio
inf.uni-leipzig.de/) of mitochondrial tRNA genes provided 77 unique eumetazoan mitochondrial tRNA-
Ser,cu gene sequences which were aligned in CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clus
talo/) and the central 35 bases of the alignment depicted in WebLogo3 (http://weblogo.threeplusone.
com/create.cgi). (B). Identity conversion of tRNAS®",cy to arginine acceptance. DNA templates possess-
ing the replacements indicated in boxes were transcribed and tested for arginine acceptance using C.
brasiliensis mitochondrial arginyl-tRNA synthetase. C. brasiliensis mitochondrial tRNA*9,c; (@) is com-
pared to C. duodecimpunctata tRNA>®"ycysuce (V) and C. duodecimpunctata tRNA>®"ycysucg U32:C38
(0.

from the borderline class of Hexactinellida encode solely the
tRNAME isoacceptor but bear the unfavorable C32:A38 anti-
codon loop feature. The corresponding tRNA from Aphrocallistes
vastus was completely devoid of arginylation activity when tested
with the insect enzyme.

Heterologous arginylation with yeast cytoplasmic arginyl-
tRNA synthetase

Prokaryote tRNA*® can be charged by yeast cytoplasmic
arginyl-tRNA synthetase whereas the yeast tRNA™® lacking the
major A20 identity element is not arginylated by the E. coli
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enzyme.*? The absence of a canonical A20 in the insect mito-
chondrial tRNA* might be seen as one factor preventing ami-
noacylation by the E.coli enzyme. On the other hand, the
mitochondrial tRNA possesses all the elements that have been
described as being essential (or permissible) for acceptance by the
yeast arginyl-tRNA synthetase.” 6

Since the yeast cytoplasmic arginyl-tRNA synthetase can toler-
ate some variability in the D-loop,?® we considered the insect
mitochondrial tRNA*"® to be a potential substrate for heterolo-
gous aminoacylation. However, the wild type insect tRNA was
not detectably arginylated by a yeast extract active in the
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aminoacylation of yeast tRNAME (Fig. 5C). On the other
hand, not only were both 7. adhaerens and I. birotulata UCG iso-
acceptors substrates for the yeast enzyme, but the sponge UCU
isoacceptor also proved to be efficiently arginylated (Fig. 5C).
The Hexactinellida tRNA®;~ remained inactive.

Discussion

Cytoplasmic arginyl-ctRNA synthetases recognize all nuclear
encoded tRNA™ isoacceptors >**® (and unpublished results for
plants). The mitochondrial reassignment of the AGA codon
from Arg to Ser (invertebrates), Gly (tunicates) or termination
(vertebrates, trematodes and echinoderms)®® relies not only
on the serylation or glycinylation of mitochondrially encoded
tRNAS ey or (RNASY ey but also on avoiding the recogni-
tion of the UCU-bearing tRNA by the mitochondrial arginyl-
tRNA synthetase.

We have focused our attention on the tRNA recognition by
the C. brasiliensis mitochondrial arginyl-tRNA synthetase.”> We
have investigated the identity elements that are contained within
the structure of the tRNA by systematic base replacements and
by transplanting sequence fragments from the cognate tRNA'®
to unrelated mitochondrial tRNAs.

The anticodon base G36 is an absolute requirement for argi-
nylation and, in contrast to the cytoplasmic tRNA counterpart,
cannot be replaced by U36 or any other base. A major identity
element for the recognition of the C. brasiliensis mitochondrial
tRNA™E by its cognate synthetase resides, as is the case for cyto-
plasmic tRNA*® from several organisms,43 is the central antico-
don position, C35. Replacement by G35 in the cognate tRNA
eliminated acceptor activity. However, the anticodon triplet as a
whole, while eliciting a very slight arginylation, was not adequate
for efficient recognition when transplanted into Drosophila
tRNA™P, The presence of the remaining bases of the highly con-
served anticodon loop, however, conferred arginine acceptance to
both mitochondrial (RNA*P and tRNA*? The identity ele-
ments are independent of the sequence of the distal acceptor
stem. The major identity element A20, that has been described
for the E.coli,** mammalian cytoplasmic®® and plant arginyl-
tRNA synthetases,*?
during the evolution of highly variable and, in some species, rudi-
mentary D-stem/loops. The activity of the C. duodecimpuncrata
tRNA*M* whose anticodon had been replaced by UCG supports

has been lost in insect mitochondria

the conclusion that the discriminator base U3 ((RNA®) or A5
(tRNA™?) does not play a role in recognition. Indeed, position
73 in 567 insect mitochondrial tRNA®"® gene sequences is usu-
ally A or T but can be G or C (in 22 of the annotations). Thus,
the complete set of identity elements is restricted to the antico-
don loop. The nature of the bases found at positions 32 and 38
plays a major role. Maximal activity was achieved with U32:C38
that is prevalent in insects, and with the less common C32:C38.
Some alternative combinations were adequate, if less active, sub-
strates. C32:A38 on the other hand, proved to be a strong nega-
tive determinant for arginylation in the context of the insect
mitochondrial tRNA framework. U32 is modified to ¥32 in
insects®” although the lack of modification does not prevent tran-
scripts from being recognized by the arginyl-tRNA synthetase.
The nature of these elements ensures that the reassigned tRNA-
Serucu is not arginylated since U36 prevents recognition by the
arginyl-tRNA synthetase. Additionally, even in the case of a
U36G mutational event, all 77 eumetazoan tRNA "¢y sequen-
ces in the database (http://mttrna.bioinf.uni-leipzig.de/) possess
the C32:A38 pairing that, as we have shown, virtually abolishes
arginylation. Replacement of both negative determinants by G36
and U32:C38 in tRNAS" |y conferred arginylation activity to
this tRNA.

The recognition elements of tRNA™® that we have defined
may be restricted to Coleoptera since the anticodon loop
sequence is absolutely conserved within 109 members of this tax-
onomic order. However, an examination of metazoan tRNA
sequences available in the databases showed that the identity ele-
ments are frequently retained in members of several phyla.
Within the Metazoa, the most extensive clade is that of the
Eumetazoa (Fig. 5). Here, the Ecdysozoa group includes the
phyla Arthropoda, Onychophora (velvet worms) and Nematoda.
There is little data regarding Onychophoran mitochondria. The
four available organelle genomes reveal a nominal loss of 9 tRNA
A™E 46 glthough a 31 bp fragment
representing the 5 half including the anticodon loop was anno-
tated as such (HM600781). Subsequently, extensive RNA edit-
ing was detected that conferred a potential eumetazoan tRNA*'®

genes, including that of tRN

structure to this gene product.””

In the smaller class within the Nematoda phylum, 14 Enoplea
mitochondrial sequences encode tRNAME -, with the Coleop-
teran anticodon-loop sequence. The larger Chromadorea class is
represented by 69 sequences of which 67 have ACG, 1 UCG
(Mecistocirrus ~ digitarus), 1 GCG  (Strongyloides  stercoralis)

Figure 5 (See previous page). Phylogenetic metazoan relationships (not to scale). The nature of the codon reassignment is framed in orange. Phyla
maintaining the universal genetic code are shaded in purple, those using reassigned arginine codons are shaded in beige. Organisms possessing tRNA*"
resembling the canonical cytoplasmic secondary structure are highlighted in yellow and those thought to be involved in extensive mitochondrial tRNA
import or editing, in blue. Broken lines denote that the taxonomic lineage has been abbreviated, for clarity. (A). Structures of metazoan mitochondrial
tRNA™Y isoacceptors (without the ~CCA end) from 7 phyla that were tested as substrates for the insect arginyl-tRNA synthetase. The cognate tRNA is
given in red. Unless otherwise annotated, UCG isoacceptors are shown. Sequences were obtained from the Leipzig database (http://mttrna.bioinf.uni-leip
zig.de/). The anticodon loop sequence of the Enoplea class of Nematoda is identical to that of Insecta and was not tested. (B). Arginylation activity of
tRNAs shown in (A). Initial rates (pmol/min) relative to the cognate tRNA (red) are given. Inset: DNA sequence corresponding to the reverse transcribed
anticodon stem region of C. elegans tRNA*"9,c confirming the absence of A-to-l editing of the wobble base at position 34 (boxed). (C). Heterologous
aminoacylation of metazoan mitochondrial tRNAs by yeast cytoplasmic arginyl-tRNA synthetase. The mitochondrially encoded Placozoan tRNA*™9 ¢,
was not tested. Initial rates (pmol/min) relative to the cognate yeast cytoplasmic tRNA (red) are given.
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anticodons. The ACG anticodon is frequently associated with
decoding using the deaminated inosine wobble position,*®
Within this class, Caenorhabditis elegans is a representative of the
order Rhabditida. We have examined C. elegans mitochondrial
tRNA*E, . by reverse transcription followed by PCR and
sequencing. As in the case of cytoplasmic tRNA*®,; in plants®®
and in insects (unpublished results), the first position of the anti-
codon is not deaminated and that, therefore, translation of all
arginine codons by this isoacceptor must rely on non-standard
wobble interactions. The presence of A34 in the cognate tRNA
did not influence the aminoacylation activity by the insect
arginyl-tRNA synthetase so that the loss of arginine acceptance
by the C. elegans tRNAE,; may be indicative of a modulated
recognition mechanism for these isoacceptors.

More examples of an ACG anticodon are found within the
Cestoda and Rhabdoptophora classes of Platyhelminthes,
whereas in the same phylum the members of the Monogenea and
Trematoda classes feature the mitochondrial UCG anticodon
(with the exception of Benedemia seriolae with ACG). In the case
of T.solium, that possesses the favorable U32:C38, activity was
reduced to about a third compared with the cognate system sug-
gesting that recognition may also be dominated by alternative
elements.

Of 1125 Echinodermata and Chordata mitochondrial
tRNAMS in the Leipzig database, 21 species from 16 genera have
bases at positions 32:38 that are distinct from the majority U32:
C38. Four of these have been annotated as tRNA™S despite hav-
ing atypical anticodons [Phocoena phocoena; UCA, Acc.No.
NC_005280.1, Cervus elaphus; UUG, NC_007704.1 (although
2 other Cervus species possess standard UCG anticodons),
Cyclemys atripons (vertebrate); CCG, NC_010970 and Odonto-
butis platycephala (vertebrate); CCG, NC_010199.1]. Overall,
more than 98% of chordate and echinodermate tRNA™ sequen-
ces possess the identity elements experimentally established in the
coleopteran case. The likelihood that members of this phylum
share identity elements with insects is supported by the high level
of arginylation of human mitochondrial (RNA™ by the insect
enzyme. Similarly, the small sample of available Annelida
tRNAME sequences, with highly diverse overall structures (as
evident for the 2 Clitellata examples examined here) shows a
trend toward a coleopteran anticodon loop structure and, conse-
quently, comparable identity elements.

Within the Biletaria, the exotic Chaetognath (arrow worms)
phylum is enigmatic since the mitochondria of the members fail
to encode any tRNAs,*” and an import of nuclear encoded mito-
chondrial tRNAs (to meet the demands of codon reassignment)
would be required. Cnidarians, that largely import both cyto-
plasmic tRNAs and their cognate synthetases to the mitochon-
dria,”® have retained the conventional arginine codons in the
mitochondrial genome.

In sponges (Porifera) (that are classified within the Metazoa but
represent a phylum distinct from Eumetazoa), 34 of the 35 mito-
chondrial genome sequences in the MetAmiga database code for
both tRNAM® ¢ and tRNAME . They display a conventional
structure and length with conserved U8, G18, G19, A21, U33,
and A38 throughout, and the canonical GUUCRA T-loop.
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Decoding is according to translation Table 4, allowing UCU anti-
codons for arginine translation. The exceptional sponge within the
MetAmiga database, Aphrocallistes vastus, whose tRNA™E tran-
script is inactive with both the insect and yeast arginyl-tRNA syn-
thetase, is one of 3 examples from the Hexactinellida class. These,
whose affinity to Bilaterians has been noted previously,”" use trans-
lation Table 5 where UCU serves as a serine decoder. Aphrocallistes
vastus and the partial mitochondrial sequence of Iphiteon panacea
(Accession No. EF537576) and Sympagella nux (EF537577) are
annotated with tRNA™®;, whereas the additional tRNA(UCU)
found in Aphrocallistes is probably required for serine decoding™
(despite  being annotated as tRNA™® in the database
(NC_010769). Their borderline existence between the other
sponge classes and Biletaria is also evident from the divergent sec-
ondary structure within the class. Thus, whereas the Iphiteon
tRNA resembles the eumetazoan mitochondrial structure with an
A-rich abbreviated D-loop, Aphrocallistes tRNA has features remi-
niscent of canonical cytoplasmic tRNAs, including the T-loop
GUUCRA sequence, that are found in Demospongiae. All other
sponges in the database belong to Demospongiae that use transla-
tion Table 4, and thus utilize a (RNAMS -y isoacceptor. Here,
only the UCG isoacceptor is a substrate for the insect mitochon-
drial synthetase, whereas both isoacceptors are charged by the yeast
cytoplasmic enzyme. However, neither was a substrate for a higher
eukaryotic (plant) cytoplasmic arginyl-tRNA synthetase (data not
shown) that requires an A20 identity element.*’> Parenthetically,
evidence has been presented that the yeast cytoplasmic arginyl-
tRNA synthetase has mitochondrial origins.”>>* Finally, in a third
class of sponges, the Calcarea, the CGN arginine codon has been
reassigned to glycine, retaining tRNA™E -, as the sole arginine
decoder.”! Identity elements for all sponges are anticipated to be
different from the Coleopteran consensus, requiring the recogni-
tion of both U36 and G36 in the 2 alternative isoacceptors and of
divergent 32:38 positions. The challenge of recognizing all argi-
nine isoacceptors by a single arginyl-tRNA synthetase has been
met by all cytoplasmic arginyl-tRNA synthetases so that a direct
import of the cytoplasmic form into Demospongian mitochondria
would be one conceivable alternative to re-inventing UCG/U anti-
codon recognition by a specialized mitochondrial enzyme. An
examination of the incomplete sole Poriferan genome in the data-
base reveals evidence for the existence of 2 similar but distinct
nuclear encoded arginyl-tRNA synthetases in Amphimedon queens-
landica. Although only partial sequences that include the arginyl-
tRNA synthetase signature sequence are available, it is interesting
to note that both have N-terminal sequence motifs characteristic
of the cytoplasmic form (in particular the GDYQCNNAM-like
feature) (Table SI). Furthermore, mitochondrial targeting (by
both MitoProt>> and CELLO) is predicted for one of the gene
products. We would speculate that, as for some plant aminoacyl-
tRNA synthetases’” a duplicated form of the cytoplasmic enzyme
has acquired a targeting sequence for import into the Demospon-
giae mitochondria. The canonical nature of the tRNA structures
encoded by these organelles®® permits their interaction with the
conventional, but imported cytoplasmic enzyme that can master
redundant anticodon recognition. This would also be in accor-
dance with the observation that members of certain genera within
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the Demospongiae lack the mitochondrial coding capacity for
numerous tRNAs,”*® including those for (RNA™® (Clade G1).
Having also lost the genes coding for mitochondrial aminoacyl-
tRNA synthetases, the inevitable import of cytoplasmic tRNAs
would then also require the intra-organellar availability of their
cognate cytoplasmic enzymes.

The Placozoan phylum within the metazoan kingdom is rep-
resented in the database by 6 sequences from 2 genera. These dis-
play a conventional cloverleaf structure having U8, G18, G19,
and the T-loop GUUCRA sequence. Five of the 6 available spe-
cies encode both UCG and UCU isoacceptors with the UCG
anticodons enclosed by the Coleoptera-like U32:C38 anticodon
loop sequence, whereas the UCU anticodon loops possess C32:
A38. As in the Demospongiae a single arginyl-tRNA synthetase
with an extended recognition capability, such as the cytoplasmic
counterpart, is likely to arginylate both decoders.

We conclude that the identity elements that have evolved for
the recognition of mitochondrial tRNAME by the nuclear
encoded mitochondrial arginyl-tRNA synthetases of eumetazoans
have been conserved, with minor modulations, and possibly
alternative elements in the Chromadorea class of Nematodes.
They ensure that the AGR codon reassignment in eumetazoan
mitochondria is not compromised by misaminoacylation. In con-
trast, in other metazoans whose mitochondrial translation is gov-
erned by the universal genetic code, tRNA™® recognition is
achieved through structural features that resemble those
employed by the yeast cytoplasmic system. The exceptional class
of Hexactinellida whose tRNA*"® failed to be recognized by all
tested enzymes (prokaryotic, eukaryotic cytoplasmic, coleopteran
mitochondrial ~ or  yeast further

cytoplasmic)  requires

investigation.

Materials and Methods

Primers for transcription were products of Sigma-Aldrich
(Supplementary Table 2). A protocol for the preparation of a
yeast extract containing arginyl-tRNA synthetase activity was
kindly provided by Dr. R. Giegé (Strasbourg).®’ Reverse tran-
scription analysis of tRNA was performed as described.”® Total
C. elegans RNA was kindly provided by Dr. E. Schulze
(Freiburg).

For efficient in vitro transcription of the mitochondrial
tRNAME genes, position Al or Ul was replaced by G.% In
vitro transcription was performed with double stranded tDNA
obtained by a Klenow fill-in-reaction using Exo-Minus Klenow
DNA Polymerase (Epicenter) and an appropriate full-length oli-
gonucleotide template bearing a T7 promoter extension. One
nmol of single stranded template was incubated in a 1 ml reac-

tion volume containing 10 mM Tris-HCl pH7.5, 5 mM

References

1. Bernt M, Braband A, Schierwater B, Stadler PF.
Genetic aspects of mitochondrial genome evolution.
Mol Phylogenet Evol. 2013; 69:328-38;
PMID:23142697; http://dx.doi.org/10.1016/j.ympev.

2012.10.020 Mitochondrial

www.landesbioscience.com

2. Watanabe K, Yokobori S-I. tRNA Modification and
Genetic Code Variations in Animal Mitochondria. J
Nucleic Acids. 20115 2011:623095; PMID:22007289 4.

3. Abascal F, Posada D, Zardoya R. The evolution of the
mitochondrial genetic code in arthropods revisited.

DNA.

RNA Biology

MgCl,, 2.5 mM dNTPs, 0.75 M betaine, and 100 pmol 3’-ter-
minal-specific 20-mer primer, for 5 min at 95°C. After cooling
in ice for 5 min, 2.5 ul 1 M DTT and 50 U Klenow DNA poly-
merase were added. Incubation for 1 h at 37°C was followed by
ethanol precipitation. A 0.5 ml in vitro transcription contained
T7 RNA polymerase buffer (4% PEG8000, 40 mM Tris-HCI,
pH 8.0, 12 mM MgCl,, 5 mM DTT, 1 mM spermidine-HCI,
0.002% Triton X-100), 5 mM NTP, 20 mM GMP, 0.1 U of
inorganic pyrophosphatase, 0.7 nmol template DNA and 52 nM
T7 RNA polymerase prepared from the recombinant pAR1219
expression plasmid.®> The reaction mixture was incubated for
4 hours at 42°C, and purified over a NAP-5 gel filtration column
(GE Healthcare). DNase digestion was performed in a 0.5-ml
reaction with DNase buffer and 1 U DNase (Fermentas) for
30 min at 37°C. The reaction mixture was phenol extracted and
ethanol precipitated. Confirmation that the homogeneity of the
tRNA transcript was greater than 90%, was obtained by electro-
phoresis on 10% denaturing polyacrylamide gels. The tRINA was
refolded by heating the solution for 5 min to 70°C, followed by
slow cooling in the presence of 25 mM Tris-HCI, pH 7.5 and
5 mM MgCl,. (RNA variants were prepared analogously, using
primers given in Supplementary Table 2.

Aminoacylation with ['*C]-labeled L-arginine was carried out
at 30°C in 50 pl reactions in the presence of 50 mM Hepes,
pH7.5, 10 mM MgCl,, 4 mM ATP, 17 uM [14C]—L—arginine
(300 mCi/mmol; Perkin Elmer) and 20 pg tRNA transcript.
The reaction was initiated by the addition of recombinant
C. brasiliensis mitochondrial arginyl-tRNA synthetase ** to a final
concentration of 6 nM. At the given time intervals, 10 pl ali-
quots were removed and spotted onto 5% TCA-pre-treated
Whatman 3 MM discs, washed twice for 10 min with 5% TCA
and once with ethanol before air drying and quantification by lig-
uid scintillation counting. Results are those of at least duplicate
determinations and were analyzed in SIGMAPLOT12. In con-
trast to the human mitochondrial tRNA™", whose more conven-
tional structure permits the replacement of the 3’-terminal A by a
radioactive AMP,(’4 the insect tRNA® was not a substrate for E.
coli® or yeast®® nucleotidyl transferase. The significantly more

.. . L. .6
sensitive assay for amino acid incorporation®” could not be used.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Supplemental Material

Supplemental data for this article can be accessed on the
publisher’s website.

PMID:22397376; http://dx.doi.org/10.3109/19401736.
2011.653801

McClain WH, Chen YM, Foss K, Schneider J. Associa-
tion of transfer RNA acceptor identity with a helical

irregularity. Science. 1988; 242:1681-4;
2012; 23:84-91; PMID:2462282;  http://dx.doi.org/10.1126/science.
2462282

1321


http://www.tandfonline.com/krnb
http://www.tandfonline.com/krnb

20.

. Schulman LH, Pelka H. The anticodon contains a

major element of the identity of arginine transfer
RNAs. Science. 1989; 246:1595-7; PMID:2688091;
http://dx.doi.org/10.1126/science.2688091

. Fender A, Gaudry A, Jiihling F, Sissler M, Florentz C.

Adaptation of aminoacylation identity rules to mam-
malian mitochondria. Biochimie. 2012; 94:1090-7;
PMID:22402012; http://dx.doi.org/10.1016/j.biochi.
2012.02.030

. Kumazawa Y, Yokogawa T, Hasegawa E, Miura K,

Watanabe K. The aminoacylation of structurally vari-
ant phenylalanine tRNAs from mitochondria and vari-
ous nonmitochondrial sources by bovine mitochondrial
phenylalanyl-tRNA synthetase. ] Biol Chem. 1989;
264:13005-11; PMID:2473985

. Kumazawa Y, Himeno H, Miura K, Watanabe K. Uni-

lateral aminoacylation specificity between bovine mito-
chondria and eubacteria. ] Biochem. 1991; 109:421-7;
PMID:1880129

. Bullard JM, Cai YC, Demeler B, Spremulli LL. Expres-

sion and characterization of a human mitochondrial
phenylalanyl-tRNA synthetase. ] Mol Biol. 1999;
288:567-77;  PMID:10329163;  http://dx.doi.org/
10.1006/jmbi.1999.2708

. Bullard JM, Cai YC, Spremulli LL. Expression and

characterization of the human mitochondrial leucyl-
tRNA synthetase. Biochim Biophys Acta. 2000;
1490:245-58; PMID:10684970;  http://dx.doi.org/
10.1016/S0167-4781(99)00240-7

. Spencer AC, Heck A, Takeuchi N, Watanabe K, Spre-

mulli LL. Characterization of the human mitochondrial
methionyl-tRNA  synthetase. Biochemistry. 2004;
43:9743-54;  PMID:15274629;  http://dx.doi.org/
10.1021/bi049639w

. Chareziriski M, Borkowski T. Comparative studies on

glutamyl-tRNA  synthetases isolated from cytoplasm
and mitochondria of calf brain. ] Neurochem. 1978;
31:1063-8; PMID:29940; http://dx.doi.org/10.1111/
j.1471-4159.1978.tb00148.x

. Giegé R, Sissler M, Florentz C. Universal rules and idi-

osyncratic features in tRNA identity. Nucl Acids Res.
1998; 26:5017-35; PMID:Can’t; http://dx.doi.org/
10.1093/nar/26.22.5017

. Bonnefond L, Giegé R, Rudinger-Thirion J. Evolution

of the tRNA(Tyr)/TyrRS aminoacylation systems. Bio-
chimie. 2005; 87(9-10):873-83; PMID:16164994;
http://dx.doi.org/10.1016/j.biochi.2005.03.008

. Xue H, Shen W, Giegé R, Wong JT. Identity elements

of tRNA(Trp). Identification and evolutionary conser-
vation. J Biol Chem. 1993; 268:9316-22;
PMID:8486627

. Ueda T, Yotsumoto Y, Ikeda K, Watanabe K. The T-

loop region of animal mitochondrial tRNA(Ser)(AGY)
is a main recognition site for homologous seryl-tRNA
synthetase. Nucl Acids Res. 1992; 20:2217-22;
PMID:1375735;  http://dx.doi.org/10.1093/nar/20.9.
2217

. Bonnefond L, Frugier M, Giegé R, Rudinger-Thirion J.

Human mitochondrial TyrRS disobeys the tyrosine identity
rules. RNA. 2005; 11:558-62; PMID:15840810; http://dx.
doi.org/10.1261/rna.7246805

. Lovato MA, Chihade JW, Schimmel P. Translocation

within the acceptor helix of a major tRNA identity
determinant.  EMBO  J.  2001;  20:4846-53;
PMID:11532948;  http://dx.doi.org/10.1093/emboj/
20.17.4846

. Sohm B, Sissler M, Park H, King MP, Florentz C. Rec-

ognition of human mitochondrial (RNALeu(UUR) by
its cognate leucyl-tRNA synthetase. ] Mol Biol. 2004;
339:17-29;  PMID:15123417;  http://dx.doi.org/
10.1016/j.jmb.2004.03.066

Watanabe K. Unique features of animal mitochondrial
translation systems. The non-universal genetic code,
unusual features of the translational apparatus and their
relevance to human mitochondrial diseases. Proc Jap
Acad B. 2010; 86:11-39; PMID:20075606; http://dx.
doi.org/10.2183/pjab.86.11

1322

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ueda T, Watanabe K. The evolutionary change of the
genetic code as restricted by the anticodon and identity
of transfer RNA. Orig Life Evol Biosph. 1993; 23(5-
6):345-64; PMID:8115164; htep://dx.doi.org/
10.1007/BF01582085

Sissler M, Giegé R, Florentz C. The RNA sequence
context defines the mechanistic routes by which yeast
arginyl-tRNA synthetase charges tRNA. RNA. 1998;
4:647-57; PMID:9622124; htep://dx.doi.org/10.1017/
$1355838298980037

Leisinger A-K, Janzen DH, Hallwachs W, Igloi GL.
Amino acid discrimination by the nuclear encoded
mitochondrial arginyl-tRNA synthetase of the larva of
a bruchid beetle (Caryedes brasiliensis) from northwest-
ern Costa Rica. Insect Biochem Mol Biol. 2013;
43:1172-1180; PMID:24446543; http://dx.doi.org/
10.1016/j.ibmb.2013.10.004

Sissler M, Helm M, Frugier M, Giege R, Florentz C.
Aminoacylation properties of pathology-related human
mitochondrial ¢(RNA(Lys) variants. RNA. 2004;
10:841-53;  PMID:15100439;  hrtp://dx.doi.org/
10.1261/rna.5267604

Helm M, Brulé H, Degoul F, et al. The presence of
modified nucleotides is required for cloverleaf folding
of a human mitochondrial tRNA. Nucl Acids Res.
1998; 26:1636-43; PMID:9512533; http://dx.doi.org/
10.1093/nar/26.7.1636

Auffinger P, Westhof E. Singly and bifurcated hydro-
gen-bonded base-pairs in tRNA anticodon hairpins and
ribozymes. ] Mol Biol. 1999; 292:467-83;
PMID:10497015; http://dx.doi.org/10.1006/jmbi.1999.
3080

Cabello-Villegas J, Nikonowicz EP. Solution structure
of psi32-modified anticodon stem-loop of Escherichia
coli tRNAPhe. Nucl Acids Res. 2005; 33:6961-71;
PMID:16377777;  http://dx.doi.org/10.1093/nar/gki
1004

Kierzek E, Malgowska M, Lisowiec J, Turner DH,
Gdaniec Z, Kierzek R. The contribution of pseudouri-
dine to stabilities and structure of RNAs. Nucl Acids
Res. 20135 42:3492-3501; PMID:24369424; http://dx.
doi.org/10.1093/nar/gkt1330

HsuChen CC, Cleaves GR, Dubin DT. Sequences of
three transfer RNAs from mosquito mitochondria.
Plasmid. 1983; 10:55-65; PMID:6622560; http://dx.
doi.org/10.1016/0147-619X(83)90057-4

Eisenthal R, Danson M]J, Hough DW. Catalytic effi-
ciency and kcat/KM: a useful comparator? Trends Bio-
technol. 2007; 25:247-9; PMID:17433847; http://dx.
doi.org/10.1016/j.tibtech.2007.03.010

Buck CA, Nass MM. Studies on mitochondrial tRNA
from animal cells. I. a comparison of mitochondrial
and cytoplasmic trna and aminoacyl-tRNA synthetases.
J Mol Biol. 1969; 41:67-82; PMID:4308495; http://
dx.doi.org/10.1016/0022-2836(69)90126-0

Lynch DC, Attardi G. Amino acid specificity of the
transfer RNA species coded for by HeLa cell mitochon-
drial DNA. ] Mol Biol. 1976; 102:125-41;
PMID:775098; http://dx.doi.org/10.1016/0022-2836
(76)90077-2

Sprinzl M, Steegborn C, Hiibel F, Steinberg SV. Com-
pilation of tRNA sequences and sequences of tRNA
genes.  Nucl  Acids  Res.  1996;  24:68-72;
PMID:8594604; http://dx.doi.org/10.1093/nar/24.1.68

Tamura K, Himeno H, Asahara H, Hasegawa T, Shi-
mizu M. In vitro study of E.coli tRNA(Arg) and tRNA
(Lys) identity elements. Nucl Acids Res. 1992;
20:2335-9; PMID:1375736; heep://dx.doi.org/
10.1093/nar/20.9.2335

Mallick B, Chakrabarti J, Sahoo S, Ghosh Z, Das S.
Identity elements of archaeal tRNA. DNA Res. 2005;
12:235-46; PMID:16769686; heep://dx.doi.org/
10.1093/dnares/dsi008

Sissler M, Giegé R, Florentz C. Arginine aminoacyla-
tion identity is context-dependent and ensured by alter-
nate recognition sets in the anticodon loop of accepting
tRNA  transcripts.  EMBO  J.  1996; 15:5069-76;
PMID:8890180

RNA Biology

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Stewart JB, Beckenbach AT. Phylogenetic and genomic
analysis of the complete mitochondrial DNA sequence
of the spotted asparagus beetle Crioceris duodecim-
punctata. Mol Phylogenet Evol. 2003; 26:513-26;
PMID:12644408;  http://dx.doi.org/10.1016/S1055-
7903(02)00421-9

Aldinger CA, Leisinger A-K, Gaston KW, Limbach PA,
Igloi GL. The absence of A-to-I editing in the antico-
don of plant cytoplasmic tRNAArgACG demands a
relaxation of the wobble decoding rules. RNA Biol.
2012; 9:1239-1246; PMID:22922796; http://dx.doi.
0rg/10.4161/rna.21839

. Percudani R. Restricted wobble rules for eukaryotic

Genet.  2001;  17:133-5;
http://dx.doi.org/10.1016/S0168-

genomes.  Trends
PMID:11314654;
9525(00)02208-3
Motorin Y, Muller S, Behm-Ansmant I, Branlant C.
Identification of modified residues in RNAs by reverse
transcription-based methods. Methods Enzym. 2007;
425:21-53; PMID:17673078; heep://dx.doi.org/
10.1016/S0076-6879(07)25002-5

Lavrov D 'V, Pett W, Voigt O, et al. Mitochondrial
DNA of Clathrina clathrus (Calcarea, Calcinea): six lin-
ear chromosomes, fragmented rRNAs, tRNA editing,
and a novel genetic code. Mol Biol Evol. 2013; 30:865-
80; PMID:23223758;  http://dx.doi.org/10.1093/
molbev/mss274

Liu W, Huang Y, Eriani G, Gangloff ], Wang E, Wang
Y. A single base substitution in the variable pocket of
yeast tRNA(Arg) eliminates species-specific aminoacy-
lation. Biochim Biophys Acta. 1999; 1473(2-3):356-
62;  PMID:10594373;  http://dx.doi.org/10.1016/
S0304-4165(99)00143-9

Aldinger CA, Leisinger A-K, Igloi GL. The influence of
identity elements on the aminoacylation of tRNA(Arg)
by plant and E.coli arginyl-tRNA synthetases. FEBS J.
2012; 279:3622-3638; PMID:22831759; htep://dx.
doi.org/10.1111/.1742-4658.2012.08722.x

McClain WH, Foss K. Changing the acceptor identity
of a transfer RNA by altering nucleotides in a “variable
pocket.” Science. 1988; 241:1804-7; PMID:2459773;
http://dx.doi.org/10.1126/science.2459773

. Guigou L, Mirande M. Determinants in tRNA for acti-

vation of arginyl-tRNA synthetase: evidence that tRNA
flexibility is required for the induced-fit mechanism.
Biochemistry. 2005; 44:16540-8; PMID:16342945;
http://dx.doi.org/10.1021/bi051575h

Podsiadlowski L, Braband A, Mayer G. The complete
mitochondrial genome of the onychophoran Epiperipa-
tus biolleyi reveals a unique transfer RNA set and pro-
vides further support for the ecdysozoa hypothesis. Mol
Biol Evol. 2008; 25:42-51; PMID:17934206; http://
dx.doi.org/10.1093/molbev/msm223

Segovia R, Pett W, Trewick S, Lavrov D V. Extensive
and evolutionarily persistent mitochondrial tRNA edit-
ing in Velvet Worms (phylum Onychophora). Mol
Biol Evol. 2011; 28:2873-81; PMID:21546355;
http://dx.doi.org/10.1093/molbev/msr113

Agris P. Decoding the genome: a modified view. Nucl
Acids Res. 2004; 32:223-38; PMID:14715921; heep://
dx.doi.org/10.1093/nar/gkh185

Papillon D, Perez Y, Caubit X, Le Parco Y. Identifica-
tion of chactognaths as protostomes is supported by the
analysis of their mitochondrial genome. Mol Biol Evol.
2004; 21:2122-9; PMID:15306659; http://dx.doi.org/
10.1093/molbev/msh229

Haen KM, Pett W, Lavrov D V. Parallel loss of
nuclear-encoded mitochondrial aminoacyl-tRNA syn-
thetases and mtDNA-encoded tRNAs in Cnidaria. Mol
Biol Evol. 2010; 27:2216-9; PMID:20439315; http:/
dx.doi.org/10.1093/molbev/msq112

Haen KM, Lang BF, Pomponi SA, Lavrov DV. Glass
sponges and bilaterian animals share derived mitochon-
drial genomic features: a common ancestry or parallel
evolution? Mol Biol Evol. 2007; 24:1518-27;
PMID:17434903;  http://dx.doi.org/10.1093/molbev/
msm070

Volume 11 Issue 10



52.

53.

54.

55.

56.

Rosengarten RD, Sperling EA, Moreno MA, Leys SP,
Dellaporta SL. The mitochondrial genome of the hex-
actinellid sponge Aphrocallistes vastus: evidence for
programmed translational frameshifting. BMC Geno-
mics. 2008; 9:33; PMID:18215303; http://dx.doi.org/
10.1186/1471-2164-9-33

Diaz-Lazcoz Y, Aude JC, Nitschké P, Chiapello H,
Landes-Devauchelle C, Risler JL. Evolution of genes,
evolution of species: the case of aminoacyl-tRNA syn-
thetases. Mol Biol Evol. 1998; 15:1548-61;
PMID:12572618; http://dx.doi.org/10.1093/oxfordjo-
urnals.molbev.a025882

Karlberg O, Canbick B, Kurland CG, Andersson SG.
The dual origin of the yeast mitochondrial proteome.
Yeast. 2000; 17:170-87; PMID:11025528; http://dx.
doi.org/10.1002/1097-0061(20000930)17:3%3c170::
AID-YEA25%3¢3.0.CO;2-V

Claros MG, Vincens P. Computational method to pre-
dict mitochondrially imported proteins and their tar-
geting sequences. Eur ] Biochem. 1996; 241:779-86;
PMID:8944766; heep://dx.doi.org/10.1111/j.1432-
1033.1996.00779.x

Yu C-S, Lin C-J, Hwang J-K. Predicting subcellular
localization of proteins for Gram-negative bacteria by
support vector machines based on n-peptide composi-
tions. Protein Sci. 2004; 13:1402-6; PMID:15096640;
http://dx.doi.org/10.1110/ps.03479604

www.landesbioscience.com

57.

58.

59.

60.

6l.

62.

Duchéne A-M, Giritch A, Hoffmann B, et al. Dual tar-
geting is the rule for organellar aminoacyl-tRNA syn-
thetases in Arabidopsis thaliana. Proc Natl Acad Sci
USA. 2005; 102:16484-9; PMID:16251277; htep://dx.
doi.org/10.1073/pnas.0504682102

Lavrov D V, Forget L, Kelly M, Lang BF. Mitochon-
drial genomes of two demosponges provide insights
into an early stage of animal evolution. Mol Biol Evol.
2005; 22:1231-9; PMID:15703239; http://dx.doi.org/
10.1093/molbev/msi108

Wang X, Lavrov D V. Seventeen new complete
mtDNA  sequences reveal extensive mitochondrial
genome evolution within the Demospongiae. PLoS
One. 2008; 3:¢2723; PMID:18628961; http://dx.doi.
org/10.1371/journal.pone.0002723

Gazave E, Lapébie P, Renard E, et al. Molecular phy-
logeny restores the supra-generic subdivision of homo-
scleromorph sponges (Porifera, Homoscleromorpha).
PLoS One. 2010; 5:¢14290; PMID:21179486; http://
dx.doi.org/10.1371/journal.pone.0014290

Giegé R. Recherches sur la spécificité de reconnaissance
des acides ribonucléiques de transfert par les amino-
acyl-tRNA synthétases [dissertation]. Strasbourg: Uni-
versité Louis Pasteur; 1972. French.

Puglisi JD, Piitz J, Florentz C, Giegé R. Influence of
tRNA tertiary structure and stability on aminoacylation
by yeast aspartyl-tRNA synthetase. Nucl Acids Res.

RNA Biology

63.

64.

65.

66.

67.

1993; 21:41-9; PMID:8441619; http://dx.doi.org/
10.1093/nar/21.1.41

Davanloo P, Rosenberg AH, Dunn JJ, Studier FW.
Cloning and expression of the gene for bacteriophage
T7 RNA polymerase. Proc Natl Acad Sci USA. 1984;
81:2035-9; PMID:6371808; heep://dx.doi.org/
10.1073/pnas.81.7.2035

Bhaskaran H, Taniguchi T, Suzuki T, Suzuki T, Per-
ona JJ. Structural dynamics of a mitochondrial tRNA
possessing weak thermodynamic stability. Biochemis-
try. 2014; 53:1456-65; PMID:24520994; http://dx.
doi.org/10.1021/bi401449z

Shi PY, Maizels N, Weiner AM. CCA addition by
tRNA nucleotidyltransferase: polymerization without
translocation? EMBO J.  1998; 17:3197-206;
PMID:9606201; http://dx.doi.org/10.1093/emboj/17.
11.3197

Sternbach H, von der Haar F, Schlimme E, Gaertner E,
Cramer F. Isolation and properties of tRNA nucleo-
tidyl transferase from yeast. Eur J Biochem. 1971;
22:166-72; PMID:5116607; heep://dx.doi.org/
10.1111/j.1432-1033.1971.tb01528.x

Wolfson AD, Uhlenbeck OC. Modulation of tRNAAla
identity by inorganic pyrophosphatase. Proc Natl Acad
Sci USA. 2002; 99:5965-70; PMID:11983895; http://
dx.doi.org/10.1073/pnas.092152799

1323



