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Abstract

Background: Mitochondrial tRNAs have been the subject of study for structural biologists
interested in their secondary structure characteristics, evolutionary biologists have researched
patterns of compensatory and structural evolution and medical studies have been directed towards
understanding the basis of human disease. However, an up to date, manually curated database of
mitochondrially encoded tRNAs from higher animals is currently not available.

Description: We obtained the complete mitochondrial sequence for 277 tetrapod species from
GenBank and re-annotated all of the tRNAs based on a multiple alignment of each tRNA gene and
secondary structure prediction made independently for each tRNA. The mitochondrial (mt) tRNA
sequences and the secondary structure based multiple alignments are freely available as
Supplemental Information online.

Conclusion: We compiled a manually curated database of mitochondrially encoded tRNAs from
tetrapods with completely sequenced genomes. In the course of our work, we reannotated more
than 10% of all tetrapod mt-tRNAs and subsequently predicted the secondary structures of 6060
mitochondrial tRNAs. This carefully constructed database can be utilized to enhance our
knowledge in several different fields including the evolution of mt-tRNA secondary structure and
prediction of pathogenic mt-tRNA mutations. In addition, researchers reporting novel
mitochondrial genome sequences should check their tRNA gene annotations against our database
to ensure a higher level of fidelity of their annotation.

Background

Mitochondrially encoded tRNAs (mt-tRNAs) are an excel-
lent object of study for researchers in several fields for a
variety of reasons. The primary reason is the wide variety
of available completely sequenced mitochondrial
genomes, which provides a large data sample from a
broad phylogenetic background. Besides the obvious

availability factor, mt-tRNAs show several unusual prop-
erties. mt-tRNAs are of particular interest to structural
biologists, since the secondary structure of the mt-tRNAs
is not as conserved as that of their nuclear encoded coun-
terparts [1], and some mt-tRNAs in several lineages show
accelerated rates of secondary structure evolution [2].
Although some changes of the secondary structure may be
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of limited use as a phylogenetic marker the observation of
parallel loss of the D-loop structure [1-3] may lead to our
understanding of the broader issues associated with paral-
lel evolution of secondary structure.

The evolution of secondary structure in mt-tRNAs is also
coupled with rapid compensatory evolution that is aimed
at the conservation of the secondary structure stability [4].
Indeed, as much as 50% of the substitutions in mt-tRNAs
may be compensatory [4], and further study of these mol-
ecules may shed light on the selective pressure governing
compensatory evolution. Compensatory changes have
also been observed on a larger scale, with the import of
nuclear coded Lys-tRNA was shown to compensate for
complete loss of mt-Lys-tRNA in metatherians [5]. Also,
mt-tRNAs appear to be targets for post-transcriptional
RNA modification mechanisms [6] including instances of
RNA editing where modification of nucleotides that
would otherwise be damaging to function or structure
takes place [7].

Although mt-tRNAs span only 10% of the entire mito-
chondrial genome, they appear to be "hotspots" of dis-
ease-causing mutations, such that 50% of all pathogenic
mutations that have described for the mitochondria have
been localized to one of the mt-tRNAs [8]. In addition,
some mt-tRNAs appear to harbor more disease-causing
variants than others [8,9]. While no explanation for these
observations has been adequately tested, they underline
the medical importance of mt-tRNAs [10,11]. The availa-
bility of secondary structure information [12,13] and evo-
lutionary information including compensatory changes
[13,14] have made progress in the identification and pos-
sible treatment of deleterious variants in mt-tRNAs
[14,15]. Thus, a compilation of a manually curated data-
base of mt-tRNAs incorporating a multiple alignment of
genes from many closely related species and an independ-
ent secondary structure prediction, would serve to
advance structural, evolutionary and medically relevant
studies of mt-tRNAs and aid in the annotation of mt-
tRNAs in newly sequenced mitochondrial genomes.

Construction and content

We obtained complete tetrapod mitochondrial genomes
from GenBank [16] using the Entrez search system [17]
with "tetrapoda AND complete AND genome" in as the
key entry and setting the Limits option of the Entrez
search to mitochondrial sequences. A total of 277 differ-
ent tetrapod genomes were obtained, including 148 mam-
malian, 53 amphibian and 76 saurosopoda genomes (all
GenBank files used are available at the database website).
We then obtained the sequence of all annotated tRNAs
and their flanking regions using a Perl script. All of the mt-
tRNA sequences were aligned with the muscle program
[18] and then manually corrected, using the previously
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available alignment based on secondary structure infor-
mation from Helm et al. [1] and two more extensive data-
sets based on secondary structure alignments [4,14]. Due
to extensive divergence between tetrapods we made no
attempt to align sequences in D- and T- loops.

Obvious errors in the sequence and the alignment were
changed manually. Among large-scale errors annotation
of the tRNA on the wrong strand was the most common
(71 cases out of 6060 tRNAs) followed by labeling of the
tRNA as transporting the wrong amino acid or complete
omissions (20 cases out of 6060 tRNAs). However, most
errors were more subtle, such as an omission or addition
of several nucleotides in the flanks of the gene (690 cases
out of 6060 tRNAs), that were corrected only through the
analysis of secondary structure information coupled with
the availability of a multiple alignment for the entire gene.

Since mt-tRNAs are not as conserved in sequence and
structure as nuclear tRNAs [1-3] a compilation of a multi-
ple alignment alone is insufficient for an accurate second-
ary structure annotation. Thus, we have chosen to add a
secondary structure prediction using mfold [19] in addi-
tion to that produced by the multiple alignment. We pre-
dicted secondary structure using mfold web server and a
Perl script to automate the Web routines. We ran mfold
specifying pairing constraints for stem structures pre-
dicted from the earlier step of the multiple alignment. We
made no attempt to restrict pairing of sequence sections
predicted to be loops. If the above constraints (binding of
some nucleotide pairs) returned implausible tRNA struc-
tures or no structures at all, the alignment and secondary
structure were modified and mfold was ran again to test
the plausibility of the new structure. Finally we ranked
each type of tRNA molecules according to their free ener-
gies and checked by hand 25% of tRNAs with the highest
free energy. Since we have not constrained loop sizes dur-
ing these iterations some loop sizes decreased and stem
sizes increased, leading to increased stability of tRNA mol-
ecules.

Empirically we observed the following constraints of
tRNA secondary structure folding as performed by mfold:
1) minimum loop size was never less than 3 nucleotides
and 2) WC and GU pairs were not formed if both of the
neighbor nucleotides did not participate in pairing. A few
mt-tRNA mfold secondary structures predictions that did
not conform to the expected cloverleaf were manually
rechecked and the alignment altered until the mfold pre-
diction yielded a cloverleaf-like structure. In addition,
some mt-tRNAs, including the mt-tRNASerAGY in all species
[1] and several reptilian and nine banded armadillo mt-
tRNAs®ys [1-3] showed secondary structures that differed
from the expected cloverleaf structure due to the loss of
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the D-stem structure, which is a structural evolutionary
change particularly common in mt-tRNAs [2].

Utility and Discussion

Most tetrapod mitochondrial genomes code for 22 differ-
ent tRNAs with the exception of Metatherians that have
lost the mt-tRNALs [5]. In addition, some tetrapod mito-
chondrial genomes that were labeled as complete were
only partially finished, such that seven mammalian
genomes did not have sequences for tRNAPhe ( Dromiciops
gliroides, Metachirus nudicaudatus, Macrotis lagotis, Noto-
ryctes typhlops, Perameles gunnii, Pseudocheirus peregrinus
and Thylamys elegans) and five mammals did not have the
sequence for tRNAP™ (Arctocephalus forsteri, Dromiciops gli-
roides, Macrotis lagotis, Perameles gunnii and Thylamys ele-
gans). Thus, our database contains complete manually
curated sequence and secondary structure information for
6060 mitochondrially encoded tRNA molecules.

Our database is available in 22 text files, one for each
tRNA, with sequences of the 277 different species pre-
sented in the same order in each file. The order of the spe-
cies in the alignment is the same for each mt-tRNA gene
and roughly recapitulates the tetrapod phylogeny. Each
file in the database includes the species common and sci-
entific names, basic phylogenetic information and a mul-
tiple alignment of the tRNA with unaligned flanking
sequence and annotated secondary structure (Figure 1 and
2). The "|" characters in the alignment delineate the con-
served secondary structure prediction that was made using
the alignment of all tRNA genes. The capital and lower-
case letters in the files represent paired nucleotides accord-
ing to the secondary structure prediction that was made
with mfold. The two methods of secondary structure pre-
diction generally showed similar results but small differ-
ences were common. For example, according to the mfold
prediction many species in the tRNAAs» gene form 3 WC
pairs in the D-stem, while the classical tRNA structure sup-
ported by the alignment predicts 4 interacting nucleotides
in this stem (Figure 1b). The value of showing separate
predictions made by the alignment and the secondary
structure is more evident in complicated cases, such as the
case of the anticodon stem in the tRNAAs? of the common
iguana. In this case the alignment delineates the overall
area where the anticodon stem should be formed, while
mfold predicts which nucleotides form WC pairs in the
structure (Figure 1b). Our database has a simple tab-
delimited format with a set number of species in exactly
the same order in each file making it especially useful for
those researchers that wish to use our database in batch by
parsing information on the secondary structure from our
files.

The first database of mammalian mt-tRNAs which we
used as a kernel in our alignment reports only mamma-
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lian species, it does not report any secondary structure that
is independent of a multiple alignment and excludes com-
plicated cases, such as the loss of D-stems [1]. Another,
more current database that includes nuclear and mito-
chondrial tRNAs from the entire diversity of life forms has
been, unfortunately, derived automatically [20] and is
unlikely to be useful to researchers requiring a high level
of sequence and structure annotation fidelity. In addition,
both of these databases are difficult to use in batch mode,
as they do not represent their results in a parsing-friendly
format. Thus, our database is likely to be more useful for
researchers that require a low level of annotation error, a
phylogenetically diverse sample or prefer to work with
many tRNA genes in simple text files. However, our data-
base is not tailored to the needs of researchers that require
a graphical interface for their work.

In the course of re-annotation and the compilation of a
secondary-structure based multiple alignment, we have
modified the annotation of the mt-tRNA gene location for
13% of all mt-tRNAs presented in our database. Such a
high error rate in the annotation of such seemingly simple
molecules as mt-tRNAs underscores the importance of
availability of manually annotated databases such as the
one reported here. In particular, we suggest for researchers
reporting novel mitochondrial genome sequences to
check their tRNA gene annotations against our database to
ensure a higher level of fidelity of their annotation. Man-
ually curated databases have an inherent advantage of a
lower error rate than automatically created ones. How-
ever, a manual assembly of such an extensive database as
the one reported here is a resource-intensive enterprise,
and it is unlikely that the current database will be consid-
erably expanded using the same manual approach. Rather
the aim for the further development of this resource is to
use the alignments reported here as a basis for further
automatic enlargement.

Conclusion

We report a secondary structure based multiple alignment
of 6060 mt-tRNAs from 277 tetrapod species. In the
course of our work, we have re-annotated a large fraction
of mt-tRNA genes, and manually checked all secondary
structure predictions. We expect that our database will
facilitate further research of mitochondrially encoded
tRNAs from a structural, evolutionary and medical per-
spectives. Currently, mammalian mitochondrial tRNAs
are thought to have a high level of similarity to the canon-
ical tRNA secondary structure [1]. However, an analysis of
exceptions to the canonical tRNA structures among the
vertebrate mt-tRNAs, which is made possible with the
database reported here, has not been undertaken. The
evolutionary implications of compensations on a molec-
ular level have been investigated previously [4], however,
the study of CPDs in mt-tRNAs has been performed only
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Homo sapiens tRNAASN
3
5 G
Acceptor -
stem A-U
U-G
SYyaccc! Ca
uUa AA ST
ST TN L[JJ Uu
U AGGGU Y T
G G stem/loop
D-stem/ C:"CSlJ
loop uU-A
A-U  Anticodon
CG -CA stem/loop
1 gcgggagaag | TAGATTG |aa |GCCa|gttgatta---
2 gcgggagaag | TAGATTG |aa |GCCa |gttgcata---
3 gcgggagaag | TAGATTG |aa |GCCa |gttgttta---
4 gcgggagaag | TAGATTG | aa|GCCa|gttgtttrg--
5 gcgggagaag | TAGATTG |aa|GCCa|gttgatta---
6 gcgggagaag | TAGATTG|aa|GCCa |gttgaata---
7 gggagagatg | TAGATTG |aa |GCCa |gttgatta---
8 gcgggagaag | TAGATTG |aa |GCCa |gttgtata---
9 gcgggagaag | TAGATTG |aa |GCCa |gttgtttg---
10 gcgggagaag | TAGATTG |aa|GCCa|gttgatta---
11 gcgggagaag | TAGATTG | aa |GCCa |gttgttta---
12 gcgggagaag | TAGATTG | aa |GCCA|GttgaCTa---
13 gcgggagaag | TAGATTG |aa |GCCa |gttgatta---
14 gcgggagaag | TAGATTG |aa |GCCa |gttgttta---
15 gcgggagaag | TAGATTG | aa |GCCa |gGTatgATa- -
16 gaggtgggaa | TAGATTG|aa |GCCA|ggtgatta---
17 gcgggagaag | TAGATTG | aa |GCCA [gttgttta---
18 gcgggagaag | TAGATtg |aa |GCCa |gttgttta---
19 gcgggagaag | TAGATTG | aa|GCCa|gttgttta---
20 gcgggagaag | TAGATTG |aa |GCCA |GttagCTa---
21 tttaccagtt |TAAATTG|aa|GCCa|agagtte----
22 gcgggaaaag | TAGACTA |ag |ACTT [gctggtta---
23 acgggagaag | TAGAAtg|aa|GCTC|gctggata---
24 ctaggaaaag | TAGATTA |aa |GCTt |gttgattt---
25 gcgggagaag | TAGATTA |aa |GCTC |GetggatT---
26 gcgggagaaa | TGGACTG | aa |GTTC|tctgggtt---
27 ttgggagaag | cGGACTG | aa | GCCT | GGGtggTTT- -
28 acgggagaag | TAGATAG |aa |GCCC|gctggtta---
29 agaagaagcg | cGGATAG |ag |GCCC |GectggatT---
30 gacgaagctg | TAGATTA |ag|GCCc |getggttt---
31 aacggagaag | TAGATTA|ta|gGTCt |aataggtt--
32 tttettatca | ACGGGAG|aA |GCGG |acagaage---
33 gcgggaaagg | TAGGCAA |aa |GCCC |GetggatT---
34 gtggcctaaa | TAGATAA|aa|GCCa|gttgaata---
35 gggtttggga | TARACAG|aa |ACTC |gttggttg---
36 cagggtctgg | TAGACAG|aa |GCCT |GttggttT---
37 cggggtctag | TAGACAG|ga |GCCT [gttggata---
Figure |
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Homo_sapiens
Tarsius_bancanus
Tupaia_belangeri
Cynocephalus_variegatus
Ochotona_princeps
Sciurus_vulgaris
Urotrichus_talpoides
Rousettus_aegyptiacus
Ursus_maritimus
Odobenus_rosmarus_rosmarus
Tapirus_terrestris
Physeter_catodon
Muntiacus_muntjak
Orycteropus_afer
Bradypus_tridactylus
Dasypus_novemcinctus
Elephantulus_sp.
Procavia_capensis
Dugong_dugon
Mammuthus_primigenius
Macropus_robustus
Ornithorhynchus_anatinus
Buergeria_buergeri
Ambystoma_mexicanum
Ranodon_sibiricus
Typhlonectes_natans
Bipes_biporus
Shinisaurus_crocodilurus
Eumeces_egregius
Gekko_gecko
Acrochordus_granulatus
Iguana_iguana
Chelonia_mydas
Pelomedusa_subrufa
Alligator_mississippiensis
Ciconia_ciconia
Dinornis_giganteus

human

western tarsier
northern tree shrew
Malayan flying lemur
American pika
Eurasian red squirrel
Japanese shrew mole
Egyptian rousette
polar bear

Atlantic walrus
Brazilian tapir
sperm whale

muntjak

aardvark
pale-throated sloth
nine-banded armadillo
elephant shrew

cape rock hyrax
dugong

woolly mammoth
wallaroo

platypus

Buerger's frog
axolotl

Siberian salamander
caecilian

five-toed worm lizard
crocedile lizard
mole skink

tokay

little file snake
common iguana

green seaturtle
helmeted turtle
American alligator
white stork

giant moa
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Hominidae
Tarsii
Scandentia
Dermoptera
Lagomorpha
Rodentia
Insectivora
Chiroptera
Carnivora
Carnivora
Perissodactyla
Cetacea
Cetartiodactyla
Tubulidentata
Xenarthra
Edentata
Macroscelidea
Hyracoidea
Sirenia
Proboscidea
Metatheria
Monotremata
Anura
Salamandroidea
Cryptobranchoidea
Gymnophiona
Amphisbaenia
Anguimorpha
Scincomorpha
Gekkota
Serpentes
Iguania
Cryptodira
Pleurodira
Crocodylidae
Neognathae
Palaeognathae

CTT--AG|ctgttaa|-CTAAG|-Tgttt
TTT--AG|ctgttaa|-CTARAA|-ttttc
TTT--AG|ctgttaa|-CTAAA| -Gtttc
ATT--AG|ctgttaa|-CTAAT|-ttctc
TTT--AG|ctgttaa|-CTARA|-ttttc
TTT--AG|ctgttaa|-CTAAG| -Tattt
TTT--AG|ctgttaa|-CTAAA | -atttc
TTT--AG|ctgttaa|-CTAAA| -gtttc
TTT--AG|ctgttaa|-CTAAA|-Atttt
TTT--AG|ctgttaa|-CTAAA|-Gtttt
TTT--AG|ctgttaa|-CTAAA| -atttc
TTT--AG|ctgttaa|-CTAAA| -agttc
TTT--AG|ctgttaa|-CTARA| -gtttc
TTT--AG|ctgttaa|-CTAAA|-Ttttc
TTT--AG|ctgttaa|-CTAAA|-gtttc
TTT--AG|ctgttaa|-CTARA | -atttc
TTT--AG|ctgttaa|-CTAAA| -agttc
TTT--AG|ctgttaa|-CTAAA | -atttc
TTT--AG|ctgttaa|-CTAAA| -gtgtc
TTT--AG|TTgttAA| -CTAAG|attttc
CTT--AG|ctgttaa|-CTAAG|-agtta
TTT--AG|ctgttaa|-CTAAA | -atatt
TTT--AG|ctgttaa|-CTAAA|atatt-
TTT--AG|ctgttaa|-CTAAA |aattt-
TTT--AG|ctgttaa|-CTAAA |aagtc-
TTT--AG|TTgttAA| -CTAAA |aggtc-
CTT--AG|ctgttaa|-TTAAG|Tgttt-
ATT--AG|ctgttaa|-TTAAT|Ttgtc-
TTT--AG|ctgttaa|-CTAAA|atttt-
ATT--AG|TTgttAA|-CTAGT|gtttt-
tCT--AG|TTgttAA| -CTAGEt |tattt-
GGcTGGg |gtgttta |gCTGTT |aacta-
TTT--AG|ctgttaa|-CTAAA |Ttgtt-
GTT--AG|ctgttaa|-CTAAT|Tattt-
TTT--AG|ctgttaa|-CTARA|Tattt-
TTT--AG|ctgttaa|-CTAGA |atttt-
TTT--AG|ctgttaa|-CTAGA|atatt-

GTGGG|tttaagt----|CCCAT
GTGGG |gttggag---- | CCCGC
GTGGG | GttggaT- - - - | CCCAC
GCAGG|gttggag- CCTGT
GTGGG|GttggaT----|CCCAC
ATAGG|ttaaat----- CCTAT
GTGGG |gttgaag- CCCAC
GTGGG |gttggag- CCCAC
GTGGG | acaaaag- cccac
GTGGG|trtgtgt- CCCAC
GCGGG |ataatag- CCCGT
gtGGG|AagtgtaT ccCte
GTGGG | ggtggag- CCCAC
ATAGG|tttgaat- CCTAT
GTGGG | ATcaaGT- CCCAT
GTGGG | gttggag- CCCAC
GTAGA |ataaaag- TCTAC
GTGGG |attatag- CCCAC
GTGGG |gtaggag---~- | CCCAT
gtGGG|attgaag- CCCtc
GTGGG |atagata- CCCAC
ATAGG |atcaagg---~-|CCTAT
GCGGG | atcaagg- CCCGC
gtAGG|ataaaag- CCTtc
gtAGG |ataaaag----|CCTtc
GTGGG|ataaaag- CCCAT
GTAGG|atcaagg- CCTGC
ACGGG|atcgagg----|CCCGT
ACGGG |atcaagg- CCCGT
GCAGG | atcgagg- CCTGC
GTGGG |atcgaag----|CCCAC
aaTTT|TtgtgggatcG|AGGee
ATGGG |atcgagg---~- | CCCAT
ATGGG |atcaaag----|CCCAT
GTGAG|atcgaag---- | CTCGC
GTGGG |atcaagg---- |CCCAC
ATGGG |atcgagg- - - - | CCCAT

TGGTCTA
CAATCTA
CAATCTA
CAGTCTA
CAGTCTA
CAATCTA
CAATCTA
CAATCTA
CGATCTA
CAATCTA
CAATCTA
CAATCTA
CAATCTA
CAATCTA
CAGTCTA
CAGTCTA
CAATCTA
CtGTCTA
CAATCTA

CTATCTa
TGGTCTG
TAGTCTA
CTCCTGT
TTGTCTA
TTATCTA
CTGTTTA
CTGTCTA
CTGTCTA

gtaagggctt
gtgggaggac
gtaaggactt
gtaagggttt
gggggactta
gtaggagggc
gtaaggattt
gtaagggctt
gaagggctta
gtgaggattt
gtgagggett
gtgaggactt
gtgaggattt
gtaagggctt
gtgaggattt
gagaggactt
gaagggttta
gaagggctta
ggaggattta
gaagggctta
gttctaagaa
ggagaattta
gagggcttta
gaaaggcctt
tgaaggtctt
gtaaggtctt
gaaggcttta
gtaagttcta
ggaggcttta
ggggatttta
gtgagtttta
ctagggaggc
gtaaggcett
ggaagacttt
ttgaggtttt
ggtaaggccc
ggaaggcctt

The secondary structure of the human mt-tRNAAs" (a) and the multiple alignment with annotated secondary structure for
selected species of mt-tRNAAsh (b, c). The "|" characters separate the loops and stems based on the accepted basic secondary
structure of mt-tRNAs form Helm et al. (2000) while capital letters denote those nucleotides that are predicted by mfold to
participate in WC or GU pairing in stem structures.
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Dasypus novemcinctus tRNACYs

1 Homo_sapiens human Hominidae
2 Tarsius_bancanus western tarsier Tarsii
3 Tupaia_belangeri northern tree shrew Scandentia
4 Cynocephalus_variegatus Malayan flying lemur Dermoptera
5 Ochotona_princeps American pika Lagomorpha
3 6 Sciurus_vulgaris Eurasian red squirrel Rodentia
LJ 7 Urotrichus_talpoides Japanese shrew mole Insectivora
5 8 Rousettus_aegyptiacus Egyptian rousette Chiroptera
A - U 9 Ursus_maritimus polar bear Carnivora
G-C 10 QOdobenus_rosmarus_rosmarus Atlantic walrus Carnivora
Acceptor 11 Tapirus_terrestris Brazilian tapir Perissodactyla
C-G 12 Physeter_catodon sperm whale Cetacea
cC-G stem 13 Muntiacus_muntjak muntjak Cetartiodactyla
LJ' (5 14 Orycteropus_afer aardvark Tubulidentata
15 Bradypus_tridactylus pale-throated sloth Xenarthra
LJ";\ 16 Dasypus_novemcinctus nine-banded armadillo Edentata
G-C C 17 Elephal:ntulus_sp: elephant shrew Hacros;elidea
A A C G U CU A 18 Procavia_capensis cape rock hyrax Hyracgldea
LJ FT 10 19 Dugong_dugon dugong Sirenia
20 Mammuthus_primigenius woolly mammoth Proboscidea
A G C A G C 21 Macropus_robustus wallarco Metatheria
(: LJ 22 Ornithorhynchus_anatinus platypus Monotremata
23 Buergeria_buergeri Buerger's frog Anura
U A TYC- 24 Ambystoma_mexicanum axolotl Salamandroidea
A G 25 Ranodon_sibiricus Siberian salamander Cryptobranchoidea
U=A stem/loop 26 Typhlonectes_natans caecilian Gymnophiona
U-G 27 Bipes_biporus five-toed worm lizard Amphisbaenia
28 Shinisaurus_crocodilurus crocodile lizard Anguimorpha
U - A 29 Eumeces_egregius mole skink Scincomorpha
G _C . 30 Gekko_gecko tokay Gekkota
A-U Anticodon 31 Acrochordus_granulatus little file snake Serpentes
= 32 Iguana_iguana common iguana Iguania
Lﬁ - U StemfIOOp 33 Chelonia_mydas green seaturtle Cryptodira
(3 34 Pelomedusa_subrufa helmeted turtle Pleurodira
LJ !\ 35 Alligator_mississippiensis American alligator Crocodylidae
(3 !\ 36 Ciconia_ciconia white stork Neognathae
(: 37 Dinornis_giganteus giant moa Palaeognathae

>
w

1 tctttttacc |AGCTCCG |ag- TTgcaAA | TTCGA |agaa- |GCAGc |ttcaaa---- |cCTGC | -CGGGGCT | tctccecgect
2 ctttttacca|AGTCCTG|aa- TTgcaAA | TTCAA|agaa- |GCAGe |ttcaat - tCTGC | -CGGGACT | tctecegect
3 ctttttacca|AGCCCTG |ag- |GTGG|agaat---|CCAT| -g| TCGAA- | TTgcaAA | TTCGA |agaa- |GCAGe | ttcaat---- [cCTGC | -CGGGGCT | teteccegect
4 tccttcacca |AGCCTTG|ag- |GTGA|ttta---~-|TCAC| -g| TTGAA- | TTgcaAA | TTCAG |aaga~- |GCAGe | ttcaat -~~~ | tCTGC | -CGGGGCT | tcteccegect
5 tttettacca |AGCCCTG TTgcaRAA | TTCAA|agga- |GCAGe |ttcaaa- tCTGC | -CGGGGCT | teteecegecet
6 ctttttacca |AGCCCTG TTgcaAA | TTCAA |agga- |GCAGe |ttcaac-~--~- | tCTGC | -CGGGGCT | tctccegect
e ctttttacca|AGCCTTG TTgcaAA | TTCAA|agga- |GCAGc |tttaaac--- | tCTGC | -CAGGGCT |tccteteceg
8 ctttttacca |AGTCCCG|ta- |GTGT |TatgaG-- |ACAT| -g| TCGAA- | TTgcaRAA | TTCGG |agag- | GCAGe | ttaaat---- |cCTGC | -CGGGGCT | tctececegect
9 ctttttgcca |AGCTCTG | tg- |GTGA|ataa--~-~- | TCAT| -a| TTGAA- | TTgcaAA | TTCAA|agaa- | GCAGA | ttcaat- TCTGC | -CGGGGCT | teteocegect
10 ccttttacca|GGCCCTG | ta- TTgcaAA | TTCAA|agaa- | GCAGe ©CTGC | -CGGGGCT | teteceegect
11 ctttttgcca |AGCCTCG|tg- TTgcaAA | TTCGA | agaa- | GCAGe aCTGC | -CGGGGCT | tectcecegect
12 ctttttacca|AGCCTTG|ta- TTcgaAA | TTCAA|agga- |GCAGc cCTGC | -CGGGGCT | tctecececgect
13 ctttttacca |GGTCCTG|tg- TTgcaAA|TTCAA |agaa- |GCAGe |ttcaaac--- | tCTGC | -CGGGGCT | tctececegect
14 ctttttacca|AGCTCTG|ag- TTgcaAA | TTCGA |agaa- |GCAGe |ttcaat---- | tCTGC | -CGGGGCT | tctcccgect
15 tttttgecac |GGCCCCG|tg- TTgcaAA|TTCGg | cgaa- |GCAGt |attaaac--- [ tCTGC | -CGGGGCT | tctecegect
16 ccattaaata |AGCCTTG|aa- TtgcaaG|TTCAG|Agaa- |GCAGe |tgtaaac--- | tCTGC | -CAGGGCT |ttatgattce
17 cecttttacca|AGCCCTG |ag- ctgcaaa|TTCGA|agaa- |GCAGe |ttcaaa---- | tCTGC | -CGGGGCT | tctecegect
18 tcttttgcca |GGTCCTG | tg- TTgcaAA |TTCGA |agaa- |GCAGc |ttcaat==== | tCTGC| -CGGGACT | tctccegect
19 cctttttatc |AGgCCTG|cg- TTgcaAA | TTCAA |agaa- |GCAGc |ttcaac---- | tCTGC| -CGGGgCT | tctccegect
20 ctttttacca |GGCCTTG|aaa |GTGE [aa------ aCAT| -g| TCGAA- | ctgcaaa | TTCGA |aaaaa |GCAGc |ttcaat---- | tCTGC | -CGGGGCT | tctocecgect
21 accttttatt [GGCTTTG TTgcadh |TTCAA|agaa- |GTAGT |CagatG- GCTGC | -CAAGGCT | tgagtggttg
22 ccttttacca |GGCCCTG TTgcaAA |TTCGA |aaaa- |GCATc |tgcaga---- |aGTGC | -CGGGGCT | tttccegect
23 ctctttecca|GGCCTTG TTgcaRA|CCaCA|agtc- |GCAGa ¢CTGC | -CAGGGCT |tctecegttt
24 ttttttatca |AGCCTTG TTgcaAA |TTTTA |aaga- | ACGAC cTCGT | -CGGGGCT | tctececegett
25 ttttttacca|AGCCTCG TTgcaAA|TTTTA|aagg- |GAaAA |ttaagt---- | TTCTC | -CGGGGCT | tetcccgegt
26 tcttgttacc |AGecCCGG TTgcaAA |CCTTA | aaaaG | GeGGA TCCCC| -CCGGacCT |tttctececege
27 tctaccaagt |AGTTCTG TTgcaAA | TTTGG | Ccac~ | GCCGC GCGGC | -CAGAGCT |tctctecttt
28 tcttetttee |AGTTCGG TTgcaAA | CTTGG |aaag- | GAGAT ATCTC | -CCGGACT |tctecegttt
29 gcccctatca |GGCCCAG gtgcaaa | TCTTG |agaa- | GAGCc | CCaaaaGG-- | tGCTC | -CTGGGCT |tcttectteta
30 cctectacta | AGCCCGG gtgcaaa | TTTAA |ACaa~- |GCACC|cggaac---- |GGTGC | CCtGGGCT | tcgtccectt
31 ctttgctatc |AGCCCCG TTgcaAA|TCcGG | aaaa- |GGCGa tTGCC| -CGGGGCT | tecteecgtttt
32 ctttatcaca|GCTCTGG atgcaaa | TTTGA |agaag | AGCCC GGGCT | -CCGGGGC | ttctecegtt
33 cttecttatca|GACCTtg TTgcaAA|TTTAA|agat- |ATATC|tttgtt---- |GATGT | -ctGGGTT |ttcecegettt
34 ttcttactat |GGCTLTG ttgcaag|TCTGA |agaa- |GTGCT [gtttaattta |GGCAC|-CGLGGCC|taaatagata
35 ttctttatca |AGCCTCA TTgcaAA | TTCGT|agat - |GTACT | ttaagt - - - - | AGTAC | -TGGGGTT | tgggataaac
36 tcttecttatc|GACCCTG TtgcaaG|CTCAt | tgat - |GTGCG | TtaagaG- - - | CGTGC | -CAGGGTC | tggtagacag
37 ccttcttatc|GACCCTG TtgcaaG|CTCAt | tgat - |GTACA | TTgaaAA- - - | TGTGC | -CGGGGTC | tagtagacag
Figure 2

The secondary structure of the the nine-banded armadillo mt-tRNASs (a), and the multiple alignment with annotated second-
ary structure for selected species of mt-tRNACys (b, c). The "|" characters separate the loops and stems based on the accepted
basic secondary structure of mt-tRNAs form Helm et al. (2000) while capital letters denote those nucleotides that are pre-
dicted by mfold to participate in WC or GU pairing in stem structures. The secondary structure of mt-tRNASerAGY in our data-
base resembles the one of the nine-banded armadillo mt-tRNACs (c).
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on mammalian mt-tRNAs. Finally, prediction of patho-
genic mutations in mt-tRNAs relies heavily on evolution-
ary conservation [13,14] and the availability of a
secondary structure-based alignment of an expanded set
of species may contribute to a more accurate prediction of
the phenotypic consequences of mt-tRNA mutations.

Availability and requirements
Project name: mt tRNA tetrapod database;

Project home page: http://www.umich.edu/~kondrash/

Database/;

Operating system(s): Platform independent;
Programming language: none

License: no restriction;

Any restrictions to use by non-academics: no restriction.
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