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Abstract

In Archaea, previous studies have revealed the presence of multiple intron-containing tRNAs and split tRNAs.
The full unexpurgated analysis of archaeal tRNA genes remains a challenging task in the field of bioinformatics,
because of the presence of various types of disrupted tRNA genes in archaea. Here we suggested a computational
method that searched for widely separated genes encoding tRNA halves to generate suppressive variants of
missing tRNAs. Considering the existence of split tRNA genes widely separated throughout the genome, we
developed our tRNA search algorithm to predict such separated tRNA genes by searching both a conserved
terminal 5'- and 3'-motif of tRNA in agreement with the split hypothesis on the basis of cloverleaf prediction and
precise in silico determination of bulge-helix-bulge secondary structure at the splice sites. By a comprehensive
search for missing tRNA genes, we characterized new variants of selenocysteine tRNA that had been found inserted
in Methanopyrus kandleri AV19. Analysis of the complete genome sequence of M. kandleri AV19 revealed the
multiple mode of transcription of a non-coding RNA decoding UGA to read selenocysteine (Sec) and suggested

further study of the disrupted tRNA genes 002E.

L
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Introduction

Transfer RNA (tRNA) is a central genetic element in the decoding of
genome information for all types of life form in the earth [1]. Since its
discovery in 1950’, the search for this molecule becomes the most
important subject of discussion in the field of molecular evolution [2].
The proper identification of transfer RNAs (tRNAs) is critical for a
detailed understanding of its essential role in the decoding operation
by which the base sequence in a messenger RNA (mRNA) molecule
becomes translated to an amino acid sequence of a protein [3]. In-
stlico prediction of all tRNAs in a complete genome of an organism
still remains a unsolved problem in the field of bioinformatics [4-12].
Although, tRNAs have common secondary and tertiary structures that
govern the important role in controlling their activity [13,14] some
tRNAs are difficult to recognize due to their unusual sub-structures
and may result in the detection of the wrong anticodon. Therefore, the
detection of all tRNA genes in a genome remains an important
challenge.

Notably, there have been three types of tRNA genes previously
identified in microbial genomes: a) Non-intronic tRNA which is a
single uninterrupted gene with no intervening intron sequence, b)
Intron-containing tRNA in which case a number of introns that vary in
length may be present at various locations in a single gene [3,15-18]
and c) Trans-spliced tRNA which comprises of 5° and 3" halves that are
located on two separate genes in the genome sequence [3,19,20]. A
number of studies have revealed that many missing tRNAs have been

left unexplored [1] in Archaea. In search of missing tRNA genes in the
nuclear genome of the red algae Cyanidioschyzon merolae, another
type of fragmented tRNA genes was deciphered in 2007 [21]. In some
cases, the distant 5' and 3" halves of split tRNAs are found inverted
within a single gene [22]. The organization of these fragmented intron-
containing tRNAs that require processing to form mature structure is
surprising. The introns intervening the fragmented or disrupted tRNAs
representing different amino acids are unrelated, but they are not
entirely irrelevant. An endonuclease cleaves the tRNA precursors at
both ends of the intron and it is a well-established fact that archaeal
tRNA splicing endonuclease recognizes a bulge-helix-bulge (BHB)
structural motif around the intron-exon boundaries [23,24]. An
interesting insight into the evolution of tRNA splicing is provided by
the archaeal enzymes which recognize their substrates in the relaxed
form of the BHB motif denoted as HBh or BHB like (BHL) motif
[3,15,18,25].

A number of previous studies have revealed the presence of various
types of disrupted and fragmented intron-containing tRNAs and split
tRNAs in Archaea [3]. A comprehensive prediction of archaeal tRNA
genes, thus, remains a challenging task in the field of bioinformatics
[3]. In the present communication, we have developed a computational
methodology towards genome analysis that searches for fragmented
parts of a tRNA gene in widely separated coding sequences. The search
algorithm is formulated on the basis of conserved cloverleaf structure
of a tRNA with invariant or semi invariant base pairs so that predicted
tRNA halves could form mature tRNA molecules [19]. We know that
the genetic code is very much universal, but some exceptions are also
found to exist in certain species. These deviations from the standard
genetic code may affect the codons involved in initiation and
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termination of protein synthesis. A striking example is the addition of
Selenocysteine (Sec) as twenty first amino acid to the genetic code
[26-28]. The incorporation of the unusual amino acid selenocysteine at
certain UGA codons within the genes that code for selenoproteins are
found in both prokaryotes and eukaryotes to provide an essential
nutrient for their normal growth and development [29]. The specific
changes that recode UGA from stop codon might be accomplished by
the surrounding bases and is determined by the local secondary
structure of mRNA, in particular by the presence of a hairpin loop
downstream of the UGA. We focused our study to identify potential
tRNA genes in the complete genome of M. kandlery AV19 that are
spliced to generate suppressive variants of a non-coding RNA decoding
UGA to read selenocysteine (Sec).

Materials and Methods

The whole genome sequence of M. kandleri AV19 (GenBank
accession no: NC-003551) along with gene annotations were retrieved
from NCBI GenBank. All sequences marked as CDS were considered.
It also includes those sequences which were annotated as hypothetical
or predicted by computational methods. The genome sequence of M.
kandleri AV19 contains 1,694,969 base pairs. The GC content of the
genome is about 61% which is unusually high compared to other
methanogens. M. kandleri is among the most heat tolerant organisms
with an optimum growth temperature near 98°C. In terms of
maintaining stability with the extreme nature of its environment, it
exhibits an unusual and diverse pattern of post transcriptional
modification of tRNA nucleosides [30]. In this study, we developed a
computational approach to characterize suppressive variants of
selenocysteine tRNA gene that had been found inserted in the
complete genome of M. kandleri AV19.

We adopted the standard cloverleaf model for studying the
secondary structure of predicted tDNAs in our computational
approach. The salient features included in our search algorithm
considered T8, G18, R19, T44, R53, Y55 and A58 as conserved bases
for archaeal tRNAs. The constraints on lengths of stems of regular
tRNA A-arm, D-arm, AC-arm and T-arm were considered to be 7 bp,
4 bp, 5 bp and 5 bp respectively. We considered at most one mismatch
in every of the four arms and in the 3D-base pairs. In few cases the
constraints on lengths of D arm and AC arm were relaxed. Base
positions optionally occupied in D-loop were considered to be 17, 17a,
17b, 20a, 20b and 20c. Moreover, extra arm or V-arm was also
considered in our search- algorithm. The constraint on length of V-
arm was restricted to be less than 21 bases. Our search algorithm
looked for the promoter sequence ahead of the 5 -end. Splicing of
tRNA was considered at 37/38 or 36/37 position. The introns and split
position were constrained to harbour BHB secondary structure for
splicing out during tRNA maturation.

To provide a complete picture of tRNA diversity, we based our
search for the prediction of nuclear tRNA genes on two features which
were characteristic of tRNA structures [5]. These were local potential
hairpin and stem structures consistent with the cloverleaf structural
motif of the typical tRNA sequences [5] and the presence of several
invariant or semi-invariant bases that define two conserved regions
[5,31] T, Y, C and D regions. Our program searches sequences which
can define the highly conserved T-loop region and the adjacent 3" -
acceptor stem sequence so that the reverse complementary sequence
(defining the 5' -acceptor stem sequence) plus a D-stem identifies the
corresponding 5 -half [19]. The length of V loop can be adjusted as
necessary for structuring anticodon stem. Finally, predicted tRNA-

halves that recognizes the canonical or relaxed form of bulge-helix-
bulge motif around the boundaries are re-joined in-silico and analysed
by tRNA Scan [8,19]. In addition to identifying the set of tRNAs
predicted by the tRNA Scan-SE, our algorithm predicted several other
tRNA halves spread throughout the genome. Surprisingly, many of
these tRNA halves that follow the split hypothesis at the exon-intron
boundaries could be joined to predict the missing tRNAs [19]. Here we
reported that analysis of the complete genome sequence of M. kandleri
AV19 revealed a good number of genes encoding the selenocysteine
transfer RNA species.

Results and Discussion

Archaea, an intermediate between Eukarya and Bacteria, have
tRNAs that share many similarities with those of either or both of these
domains [32]. In the present study, we developed an algorithm to
search for widely separated tRNA signature sequences in the archeal
genome. Since its development in 1997, tRNA scan-SE has become a
tool of choice for tRNA prediction. This program is sensitive and
highly selective, and all currently known tRNAs could be found using
its ‘maximum sensitivity’ mode. However, a number of unusual tRNAs
[33] containing long introns remain unexplored. Later, ARAGON [7]
is added to tRNA prediction software packages. All known tRNAs with
and without the presence of canonical tRNA introns are predicted with
high accuracy by using algorithms such as tRNA scan-SE and
ARAGORN. More recently, modified algorithms, which allow the
prediction of tRNAs containing non-canonical introns, multiple
introns, and split tRNA genes, for annotation of tRNAs at the genome
level have been developed [17-20,23,32]. Considering the existence of
split tRNA genes widely separated throughout the genome, application
of our tRNA prediction software to the completely genome sequence of
M. Kandlery AV19 predicted a number of missing tRNAs. Algorithm
has been developed to detect fragmented tRNA genes in the genome
sequence by searching consensus 5'- and 3'- halves of tRNA genes.
Searching a pairing stretch of 7 nucleotides of 3'-region to a reverse
complementary sequence in the 5'- region for the tRNA's acceptor
stem, matching pairs of tRNA-half genes were identified by our
computational approach.

In a first step, we remove all matching pairs to from cloverleaf
structure of un-split tRNAs and the remaining 5 and 3’ regions are
used to predict possible split tRNAs by searching matching pairs of
their anticodon stem sequences. Finally, the respective tRNA halves are
joined and the resulting sequence have been analysed by using tRNA
scan-SE. The split tRNA genes are widely separated throughout the
genome. Most of these tRNA genes are found to be split into two
tRNA-halves after the anticodon-adjacent position 37, the normal
location of tRNA introns. Aside from usual split at 37, a good number
of conjugated halves may also be split after the anticodon position.
Each of the split tRNA pairs possessed a flanking leader sequence at
the 5" and 3" -end on two separate genes sharing a common BHB motif
or its relaxed form for recognition and cleavage by tRNA
endonucleases. It is well investigated that split tRNA genes in
prokaryote genomes are usually expressed through RNA splicing [34].
It has been reported that both split and permuted tRNA genes are
much common in Nanoarchaeum equitans [35]. More recently, a
computational analysis of the N. equitans genome revealed that a
number of tRNA halves spread throughout the genome [19] could be
joined in silico producing tRNA genes encoding the glutamate
(tRNAGlu), histidine (tRNAHis), tryptophan, and methionine [36].
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Although many potential missing tRNAs may be detected by our
split tRNA search programme, we have been interested in search of
selenocysteine tRNA in the present study. To our knowledge
selenoproteins have been found to be widely distributed in all sphere of
life [29]. In this context, the existence of a number of tRNA sec half
genes in M. kandleri AV19 is most exciting. A good number of 5’
tRNA halves of tRNA (sec) were identifled by our programme that
differed mainly in anticodon loop/arm or in V loop for a single 3" half.
With a relaxation of single nucleotide mismatch in the acceptor arm, a
critical analysis has revealed a good number of genes encoding the
selenocysteine transfer RNA genes in M. kandleri AV19. The sequences
also reveal characteristic nucleotides in the respective tRNA species
needed for recognition by the cognate aminoacyl-tRNA synthetase
[19]. For example, the tRNASec half genes encode the unique G-1:C73
base pair required for aminoacylation of tRNASec (by histidyl-tRNA
synthetase), and the tRNASec isoacceptors contain the characteristic
D-loop nucleotides 20a and 20b [19]. The locations of the fragmented
part of the isotypes of the predicted sec tDNAs are summarized in
Figures 1-3.
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Figure 1: The locations and the gene sequences of the fragmented
part of the isotypes of the predicted sec tDNAs.
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Figure 2: The schematic diagrams of the typical tDNAs that split at
37/38 position along with the structures of the BHB motifs. Splice
sites are indicated by arrows.

Also we remarkably observed in Figure 1, that exon-1 combined
with the exon-2, exon-3 and exon-4 respectively. These fragmented
parts are located in different regions within the genome. The schematic
diagrams of the typical tDNAs that split at 37/38 or 36/37 position are
displayed in Figures 2 and 3 respectively along with the structures of
the BHB motifs. The analysis of exon-intron junctions of the newly
found split tRNA halves has revealed that canonical or relaxed BHB
structural motifs exist at splicing junctions [3]. In some cases, an
unusual single-nucleotide mismatch was also found within the central
H helix [3]. It is well known that the heterotetrameric enzyme is able to
process both canonical and relaxed form of BHB motifs at various
splice sites in the tRNA structure [3,24] and is even capable of cleaving
each strand at a bulge in a bulge-helix-bulge motifs with variable bulge
length [3,23]. Finally, based on the hypothesis that split tRNA genes
encoding tRNAsec should contain the consensus bases of all archaeal
elongator tRNAsec, namely U8, Al4, G18, G19 and the T-loop
GTTCAAATC [19], we characterize new variant of selenocysteine
tRNA gene (Figure 3) that had been found inserted in the complete
genome of M. kandleri AV19 with its 1%t half located at
(674560-674600) and 2" half at (1146698-1146735).
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Exn-5 5 half (674560-674600) GTGGGGGTCGGCTAGCCGGACGTAGC CACCGUCACTCA

Exn-6 3 half (1146608-1146735) CTCCCCCTACGCCCCCTCCCCCCTTCAAATCC CCCCCCCCC
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Figure 3: The schematic diagrams of the typical tDNAs that split at
36/37 position along with the structures of the BHB motifs. Splice
sites are indicated by arrows.

In summary, we have developed a new split tRNA search program
for detecting missing tDNAs by integration of fragmented tDNAs
which are widely separated throughout the genome and have been able
to identify a novel tDNA candidate complementing missing tRNAsec
in M. kandleri AV19. The present study reveals that the integration of
tRNA fragments widely separated throughout the genome might
provide a mechanism for the generation of the suppressive tRNA
genes. Our program, however, should prove useful in examining newly
sequenced genomes for the presence of nonstandard amino acids
within the genetic code.
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