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Abstract

Transfer-RNA genes in archaea often have introns intervening between exon sequences. The structural motif at the boundary between
exon and intron is the bulge-helix-bulge. Computational investigations of these boundary structures in Haloarcula marismortui lead us
to propose that tRNA-isoleucine and tRNA-tryptophan genes are co-located. Precise in silico identification of the splice-sites on the
bulges at the exon—intron boundaries lead us to infer that a single intron-containing composite tRNA-gene can give rise to more than

one gene product.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Transfer-RNA; Alternate splicing; Haloarcula marismortui; Overlapping tRNA; Noncanonical-intron; tRNA-isoleucine

In our recent work [1], we analysed 1001 cytoplasmic
tRNA genes (tDNAs) in 22 archaeal genomes in search
of identity elements of aminoacylation [2]. As these investi-
gations progressed we observed some tDNAs missing in
archaea [3]. In this paper, we investigate Haloarcula maris-
mortui ATCC 43049 (NC_006396) and report that a rare,
and so far unnoticed, tRNA-isoleucine(UAU) gene is co-
located with tDNA-tryptophan(CCA). The exon-intron
boundaries are analysed [4]; the multiple splice-sites on
the bulges are identified in silico.

Haloarcula marismortui is a halophilic archaeal isolate
from the Dead Sea. The genome is organized into nine cir-
cular replicons of varying G + C compositions ranging
from 54% to 62%. This halophilic archaea uses the strategy
of high surface negative charge of folded proteins as means
to circumvent the salting-out phenomenon in a hypersaline
cytoplasm [5].
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Introns are found in tDNAs in all three domains of
life [6]. These were first discovered in yeast’s nuclear
tDNA [7]; later found in several archaeal tDNAs
between nucleotide positions 37 and 38, located in anti-
codon (AC) loop [8]. These are the canonical introns.
Archaea [9], an intermediate between eukarya and bacte-
ria, have tRNAs [10] that share many similarities with
those of either or both these domains. Archaeal tDNAs
also have introns at positions other than canonical.
These unusually located noncanonical introns in archaeal
tDNAs were observed in 1987 [11]. Presence of intron in
tDNA at canonical position is detected by the algorithm
tRNAscan-SE [12]. But detecting the unusually located
noncanonical introns could be difficult. This is due to
the lack of prior knowledge regarding their lengths and
exact locations. An incomplete set of tDNAs within the
genome is generally an indication that the missing
tDNAs contain one or two unusually located introns.

Eukaryotic and archaeal tRNA-gene splicing mecha-
nisms share deep similarities. Intron splicing in both these
domains occurs through endonucleolytic cleavage of tRNA
genes producing 5’ hydroxyl and 2’,3’ cyclic phosphate
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termini at intron—exon boundaries [13]. There are at least
three forms of tRNA endonuclease in archaea: homotetra-
meric, homodimeric, and heterotetrameric. Crenarchaeal
and nanoarchaeal endonucleases are heterotetrameric.
Euryarchaeal endonucleases are usually homotetrameric
or homodimeric, but with exceptions. Splicing mechanism
in most of the cases depends on structures that lie primarily
within the introns and occurs by trans-esterification reac-
tions. The splicing machinery cleaves introns at variable
positions in pre-tRNAs within the bulge-helix—bulge,
BHB, motif[14]. Splicing of introns hence is a RNA-protein
interaction which requires mutual recognition of two com-
plementary structures. Introns contribute to the specificity
of splice-site recognition. Mutational analysis, secondary
structure probing, and sequence analysis have shown that
the conformation of the BHB motif is more important for
archaeal endonuclease recognition than its sequence [15].
Mitochondrial tRNA genes were found earlier to overlap
by one to six nucleotides with downstream genes on the same
strand [16]. For instance, tRNA™" and tRNA® of human
mitochondrial genome overlap with one another by one
nucleotide at the first base of tRNA*. This nucleotide is
the discriminator base of tRNA™[17,18]. But tDNA-over-
laps in H. marismortui are altogether new phenomena. Here
the domain of overlap is far wider, encompassing the entire
tDNAs. These tDNAs are entirely co-located on the genome.

Methods

We developed a computational approach to search tRNA genes having
introns at positions other than canonical to identify the tRNA genes
missed out by tRNAscan-SE [12] and ARAGORN [19]. About one
thousand tRNA-genes from archaea were studied for this purpose. From
this database of 1001 tRNA-genes we fine-tuned the strategy to locate
noncanonical introns. The salient features were: (i) sequences were con-
sidered that gave rise to the regular cloverleaf secondary structure. (ii)
Conserved elements: T8 (except Y8 in Methanopyrus kandleri), G18, R19,
R53, T44, Y55, and A58 were considered as conserved bases for all
archaeal tRNAs. Further there were tRNA-specific conserved or identity
elements [1] of archaea, (iii) the promoter ahead of the 5’ end looked for,
(iv) the constraints of lengths of stems of regular tRNA A-arm, D-arm,
AC-arm, and T-arm were 7, 4, 5, and 5 bp, respectively. In few cases, the
constraints on lengths of D-arm and AC-arm were relaxed. (v) Base
positions optionally occupied in D-loop were 17, 17a, 20a, and 20b. (vi)
The extra arm or V-arm was considered for type I and II tRNAs. The
constraint on length of V-arm: less than 21 bases (vii) Noncanonical
introns were considered at any position in tRNA-genes. The introns
constrained to harbour the bulge-helix—bulge (BHB) secondary structure
for splicing out during tRNA maturation. The minimum length of intron
allowed was 6 bases. (viii) The locations of the noncanonical intron and of
the splice-sites on the bulges fixed to have the right conserved and identity
bases for the two overlapped tDNAs. With these features in our algo-
rithm, we extracted a rare copy of isoleucine tRNA gene missed out in
H. marismortui. We found it embedded with tryptophan tDNA.

Results and discussions
{RNA™[] tRNAT? embedded genes

We investigated the genome of the archaea H. marismor-
tui. In this archaea, the rare isoleucine tRNA gene with

anticodon UAU was not annotated earlier. We identified
it between 646,395 and 646,575 on the genome. The entire
sequence of this tRNA gene is shown in Fig. 1. The intronic
segments are marked in a different colour. Interestingly,
when we carefully analyse and observe the specific patterns
of this genomic segment, it has features of both tRNA-iso-
leucine (UAU) and tRNA-tryptophan (CCA) genes. Our
observations lead us to propose two alternate intron splice
sites give rise to two different gene products from this single
composite tRNA gene. We present the two optimized sec-
ondary structures arising from this gene, after the introns
are spliced out, in Figs. 2A and B. One of these corre-
sponds to tRNA-isoleucine; the other one to tRNA-trypto-
phan. We now analyse in silico the secondary structure at
the exon-intron boundary—the bulge-helix-bulge (BHB).
To be precise a relaxed BHB, having reverse complementa-
ry features, is found to be more appropriate. It is the con-
formational structure most easily recognized and processed
by archaeal splicing mechanism. We elucidate this identifi-
cation now. Note that intron splicing occurs during tRNA
maturation following the transcription of the gene. Splicing
in archaea is enzyme catalyzed, initiated by an endonucle-
ase that excises the intron to yield half-molecules with ends
containing a 2’-3’ cyclic phosphate and a 5’-OH.

The secondary structure of the intronic sequence with a
periodic repeat of the motif “helix (h)-bulge (b)-helix (h)”
is shown in Fig. 3. The first one designated as h; is a 5 base
pair helix; h, is a 4 base pair helix. hs, hy, and hs are 9, 10,
and 8 bp helices, respectively with one nucleotide opening
in each of these three helices. The first bulge b, is a 3 nucle-
otide (nt) bulge. b,, bs, by, and bs are 14, 4, 20, and 7 nt
bulges, respectively. Among these bulges, splice sites for
the noncanonical intron (NCI) of isoleucine tRNA lie on
the opposite of b; and on by between adenine-guanine
and uracil-guanine, respectively. The splice sites for canon-
ical intron (CI) of the same lie on the same two bulges
between adenine—cytosine and uracil-adenine. To obtain
isoleucine-tRNA as one of the gene products noncanonical
splicing is proposed at the positions marked “IleN” and
“IleN.” in Fig. 3; the canonical splicing proposed at
“IleCy” and “IleC.”, keeping the rest of the gene intact.
For the other gene product, tryptophan-tRNA, we propose

Isoleurine tRNA(TAT) gene: 646395-646575
NCI between 31 4 32and a CI

GGGGTCGIGGCCTAGTCCGGGAAGGCGGCTGACTCCAGAGGCCACGCG
CCTGGCGACGACACTCCAAGAGCTCGATATACTGAGCGGECCGGCTGATCAC
CGGTTCGCGACGATGACCCTCTGGAGTTCCGAGGCGCAGGACGGAGATA
TCAGCCGATCGGGGGTTCAAATCCCTCCGACCCCA

Tryptophan tRNA(CCA) gene : 646395-646575

GGGGTCGIGGCCTAGTCCGGGAAGGCGGCTGACTCCAGAGGCCACGCG
CCTGGCGACCGACACTCCAAGOACTGATATACTGAGCGGCCGGCTGATCAC
CGGTTCGCGACGATGACCCTCTGGAGT TCCGAGGCGCAGGACGGAGATA
TCAGCCGATCGOGGATTCAAATCCCTCCGACCCCA

Fig. 1. Overlapping tRNA gene sequences of the rare tRNAS(UAU) with
tRNATP(CCA) of H. marismortui. The portion in black portion denotes
the gene; blue indicates NCI; brown indicates CI; green indicates 34th,
35th, and 36th nucleotides.



Z. Ghosh et al. | Biochemical and Biophysical Research Communications 339 (2006) 37-40 39

A AT3

1GC 72
GC
ac
GC
UA
CcG A
7 GC66 u A

GGGGG
c u ¢
U
A
G GA G CG
GC
cG
UA
GC

Anticodon

u cuccce A

B A73
1GC 72
GC
GC
GC
UA
CG A
7 GC66 u A
u cuccc A

u G137

c A
34 036

(2]

Anticodon

Fig. 2. (A) Secondary structure of tRNA"(UAU). (B) Secondary structure of tRNATP(CCA).
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Fig. 3. BHB structure of overlapped tRNA"S(UAU) and tRNAT(CCA)
Ns: Noncanonical intron start position; Ne: noncanonical intron end
position; Cs: canonical intron start position; Ce: canonical intron end
position. — Signifies splicing sites on the introns in tDNAs. h denotes
helix and b denotes bulge and these are assigned numbers like 1, 2, 3, etc.

only a canonical splicing at “TrpC,” and “TrpC,.”” The end
points of canonical splice positions for both tryptophan
and isoleucine in this composite tRNAs gene coincide. Fol-
lowing the standard tRNA numbering nomenclature we
have the following: for isoleucine tRNA, the noncanonical
intron lies between 32nd and 33rd tRNA-positions. It has
length 15. Then there is the canonical intron between
37th and 38th tRNA-nucleotide positions. The canonical
intron is 21 bases long. For the other gene product, namely
tRNA-tryptophan, there is just the canonical intron
between 37th and 38th tRNA-positions. This canonical
intron is of length 36.

The tRNA-isoleucine has the important conserved bases,
adenine at 73rd and 35th positions and Uracil at 36th, nec-
essary for aminoacylation by isoleucine aminoacyl tRNA
synthetase. It has all the conserved bases and base-pairs
of other archaeal isoleucine tRNAs. The tryptophan-tRNA
product has all the important features of tryptophan tRNA.
Cytosine at 34th and 35th positions and adenine at 36th
position are the identity elements for proper aminoacyla-
tion, in addition to the discriminator base, adenine, at 73.

Conclusions

In archaea, we studied the availability of all tRNAs over
the entire set of sequenced genomes. Extending our investi-
gation to the newly sequenced halophile H. marismortui we
identified the non-annotated isoleucine- tRNA gene in it.
Interestingly, this tRNA gene is co-located with tRNA-tryp-
tophan. In some of the primary transcripts of mitochondrial
tRNA of animals, tRNA genes are known to overlap by one
to several bases. But here the overlap encompasses the entire
transfer-RNA genes. This is a novel phenomenon. Splicing
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of introns at alternate positions on the bulges of the BHB at
the intron—exon boundary generates tRNA-Ile (UAU) or
tRNA-Trp(CCA). This in silico evidence leads us to propose
that a single intron-containing composite t RN A-gene can give
rise to two tRNA products. Assuming this alternate intron
splicing mechanism we speculate now on how it works. There
are at least two possibilities. One is to assume that tRNA-en-
donuclease recognition sites are not uniquely determined.
Coded into the tDNA there are sequence/structural signa-
tures that lead to one or the other of the splice-sites. An alter-
nate possibility is to assume that there exist two competing
almost equally stable structural motifs leading to two alter-
nate splicing modes.
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