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Abstract. The 3231-nucleotide-pair (ntp) sequence of
one end of one of the two linear mitochondrial (mt) DNA
molecules ofHydra attenuata(phylum Cnidaria, class
Hydrozoa, order Anthomedusae) has been determined.
This segment contains complete genes for tRNAf-Met,
l-rRNA, tRNATrp, subunit 2 of cytochromec oxidase
(COII), subunit 8 of ATP synthetase (ATPase8), and the
58 136 ntp of ATPase6. These genes are arranged in the
order given and are transcribed from the same strand of
the molecule. As in two other cnidarians, the hexacoral-
lian anthozoanMetridium senileand the octocorallian
anthozoanSarcophyton glaucum,the mt-genetic code of
H. attenuatais near standard. The only modification ap-
pears to be that TGA specifies tryptophan rather than
termination. Also as inM. senileand S. glaucum,the
encodedH. attenuatamt-tRNAf-Met has primary and sec-
ondary structural features resembling those ofEsch-
erichia coli initiator tRNAt-Met. As the encoded mt-
tRNATrp cannot be folded into a totally orthodox
secondary structure, two alternative forms are suggested.
The encodedH. attenuatamt-l-rRNA is 1738 nt, which
is 451 nt shorter than theM. senile mt-l-rRNA.

Comparisons of secondary structure models of these two
mt-l-rRNAs indicate that most of the size difference re-
sults from loss of nucleotides in theH. attenuatamol-
ecule at a minimum of 46 locations, which includes
elimination of six distinct helical elements.
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Introduction

The mitochondrial (mt) genomes of most Metazoa (mul-
ticellular animals) comprise a single circular molecule of
14 to 20 kb. The more than 90 metazoan mtDNAs that
have been sequenced from both vertebrates and inverte-
brates have been found to have a remarkably constant
gene content. With only a small number of exceptions,
each contains the genes for 13 energy pathway proteins,
the 2 RNA components of mitochondrial ribosomes, and
22 transfer RNAs (tRNAs). However, within the Meta-
zoa, differences in order of these genes occur that are
related in extent to evolutionary distance (Wolstenholme
1992a; Okimoto et al. 1992; Boore and Brown 1994,
1995; Wolstenholme and Fauron 1995; Asakawa et al.
1995; Krettek et al. 1995; Beagley et al. 1996, 1998;
Zardoya and Meyer 1997; Boore 1999).

A number of unusual features characterize metazoan
mt-genomes (Wolstenholme 1992a, 1992b). These in-
clude a gene arrangement that is extremely compact due
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to there being few or no nucleotides between most gene
pairs; genetic codes that contain up to five changes in
codon specificity relative to the standard (universal)
code; unorthodox translation initiation codons; post-
transcriptional generation of translation termination
codons; genes for tRNAs of diverse structural form; and
replication by a unique asymmetrical mode (Wolsten-
holme 1992a, 1992b; Clayton 1992; Wolstenholme and
Fauron 1995; Shadel and Clayton 1997).

The complete nucleotide sequences of the mt-
genomes of two cnidarians, the sea anemoneMetridium
senile(class Anthozoa, subclass Hexacorallia, order Ac-
tiniaria), and a soft coral,Sarcophyton glaucum(class
Anthozoa, subclass Octocorallia, order Alcyonacea)
have been reported (Pont-Kingdon et al. 1994, 1995,
1998; Beagley et al. 1998; Beaton et al. 1998). Also, the
complete gene content and order in the mtDNA of an-
other octocorallian, the sea pansyRenilla kollikeri(order
Pennatulacea) has been determined (Beagley et al. 1995).
Each of these three cnidarian mt-genomes comprise a
single circular molecule in the range 17.5 to 19.0 kb. The
protein and rRNA genes encoded are similar to those of
other metazoan mtDNAs, except that both octocorallian
mtDNAs include a gene for a homolog of MutS, an in-
tegral protein in theEscherichia colipostreplicative mis-
match repair pathway (Pont-Kingdon et al. 1995, 1998;
Beagley et al. 1995). Also, and in striking contrast to all
other metazoan mtDNAs,M. senile mtDNA encodes
only two tRNAs (tRNAf-Met and tRNATrp), andS. glau-
cumandR. kollikerimtDNAs encode only a single tRNA
(tRNAf-Met). M. senilemtDNA has a further unique fea-
ture relative to all other completely sequenced metazoan
mtDNAs in that two protein genes, COI and ND5, each
contain a group I intron. The COI intron includes a gene
for a homing endonuclease as has been found for some
other group I introns, but the ND5 intron is unusual in
that it contains the only copies of the ND1 and ND3
genes present in theM. senilemt-genome (Beagley et al.
1996, 1998).

The first exception to the circularity of metazoan
mtDNAs was reported for the mtDNA of the cnidarian
Hydra attenuata(class Hydrozoa, order Anthomedusae),
which was found to occur as two linear molecules of
approximately 8.1 and 8.2 kb (Warrior and Gall 1985).
Later it was shown that mtDNAs of other species of
Hydra also were in the form of two 8-kb linear mol-
ecules, and that mtDNAs of other Hydrozoa and Scypho-
zoa were in the form of a single 14–18-kb linar molecule
(Bridge et al. 1992).

In this paper we report an analysis of the 3231-ntp
sequence at one end of the 8.1-kb linear molecule ofH.
attenuata.

Materials and Methods

H. attenuatawas obtained from Hans Bode, University of California,
Irvine, maintained in the medium of Loomis and Lenhoff (1956) and

fed on freshly hatched brine shrimp (Artemia salina). MtDNA was
obtained and purified as described previously (Warrior and Gall 1985)
from a clone ofH. attenuataderived from a single organism. Following
incubation of purified mtDNA (two linear molecules, each of about 8
kb) with T4 DNA polymerase and all four dNTPs to ensure flush ends,
32P-end-labeled (using [g-32P] ATP and T4 polynucleotide kinase)
EcoRI linkers were added using T4 DNA ligase. Excess linkers were
removed by sepharose CL-4B column chromatography. The resulting
mtDNA molecules were cleaved withEcoRI (using conditions sug-
gested by the manufacturer) and the products were ligated intoEcoRI-
digested plasmid pUC19 and amplified using as hostE. coli JM101,
then recloned into bacteriophage M13mp19. Other details regarding
electrophoresis, cloning, and purification of single-stranded M13
DNAs for sequencing are given or referred to in Pont-Kingdon et al.
(1994).

The entire sequence of theEcoRI fragment in one M13 plasmid
(pRW-E3.2), determined by restriction analysis to comprise the end
segment of the 8.1-kb linear mtDNA molecule, was obtained by em-
ploying three different strategies. The extension di-deoxyri-
bonucleotide termination procedure (Sanger et al. 1977) was used to
determine the sequence of a segment of 3016 ntp that includes one end
of theEcoRI fragment from pRW-E3.2 (ntp 125–3240, Fig. 1A). This
sequence was obtained from sets of deletion clones (Dale et al. 1985)
containing overlapping sequences representing the entire sequence of
both complementary strands of the 3016-ntp segment. As the 3016-ntp
sequence lacked anEcoRI site at one end, an attempt was made to
obtain an extension of this sequence as follows. A polymerase chain
reaction (PCR) was carried out using naturalH. attenuatamtDNA and
a single oligonucleotide [318-1; 58 CATATTCAATCGCCTT-
TACTTTC] which is complementary to nt 468–489 (within the l-rRNA
gene, Fig. 1A), andTaq DNA polymerase (Bethesda Research Labo-
ratories), for 50 cycles of the following regiment: 1 min at 94°C, 1 min
at 60°C, 3 min at 72°C. The 38 ends of the single-stranded product were
either poly (A)-tailed, or poly (C)-tailed, using terminal deoxynucleo-
tidyl transferase, and complementary strands were synthesized using
either theBamHI, BglII, PstI restriction site (RS)–containing primer
TB 17-1 (58 CCAGATCTGGATCCTGCAGTTTTTTTTTTTTTTTT;
Beagley et al. 1996) for poly (A)-tailed strands, or theEcoRI, BamHI
restriction site (RS)–containing primer TB17-4 (58 CTGCGAATTCG-
GATCCTGTGGGGGGGG) for poly (C)-tailed strands, for 5 cycles (1
min at 94°C, 1 min at 37°C, 3 min at 72°C). In each case the double-
stranded product was PCR amplified for 30 cycles (1 min at 94°C, 1
min at 60°C, 3 min at 72°C) using oligonucleotide 318-1 and either the
RS-containing primer TB17-2 (58 CCAGATCTGGATCCTGCAG;
Beagley et al. 1996) or the RS-containing primer TB17-5 (58 CTGC-
GAATTCGGATCCTGT). The resulting products were sequenced in
separate reactions using two oligonucleotides that are complementary
to nt 192–214 (Fig. 1A) (318-2: 58 ATAATTACTAAGAT-
GTTTCAGTTC) and to nt 435–454 (Fig. 1A) (720-4; 58 CAT-
CATACTTTTAATGAATTACC).

The sequence of the end 190 ntp of the linear molecule was deter-
mined using the chemical cleavage method of Maxam and Gilbert
(1980). TheH. attenuattamtDNA EcoRI fragment was purified from
pRW-E3.2, and 38 end labeled by a fill-in reaction using the Klenow
fragment and [a-32P] dATP. The labeled fragment was cleaved at an
internal HindIII site (nt-939, Fig. 1A) and the resulting twoEcoRI–
HindIII fragments were separated by gel electrophoresis. The smaller
fragment (934 ntp), 38 end labeled within theEcoRI site was purified
from the gel, subjected to Maxam and Gilbert chemical cleavage, and
the products were fractionated on 8% and 15% denaturing acrylamide
gels. Sequences were analyzed using Wisconsin GCG programs and
Lasergene software from DNASTAR. Secondary structure potentials of
DNA sequences upstream from the tRNAf-Met gene were analyzed by
the methods of Zucker et al. (1999) (www.ibc.wustl.edu/∼zuker/dna/
form1.cgi [based on parameters in SantaLucia 1998]). The nucleotide
sequence of the 3231-ntpH. attenuatamtDNA has been submitted to
Genbank under the accession number AF100773.
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Fig. 1. A Nucleotide sequence of a segment of one of the 8-kb linear
mtDNA molecules ofHydra attenuata.The first 9 ntp (underlined) of
the 3240-ntp sequence shown originate from an addedEcoRI site–
containing linker. The remainder of the sequence contains complete
genes for COII (cytochromec oxidase subunit II), ATPase8 (ATPase
subunit 8), l-rRNA (large ribosomal subunit RNA), tRNAf-Met and
tRNATrp, and the 58 terminal 136 ntp of the ATPase6 gene. Transcrip-
tion of all genes is from left to right, as indicated. The predicted amino
acid sequence of each of the protein genes is shown below the sequence
and termination codons are indicated by ter. TGA codons are shown to
specify tryptophan. tRNA genes are overlined and the anticodons are

indicated by brackets.B Summary gene map of the 3240-ntpH. at-
tenuatamtDNA sequence shown inA, and conserved gene arrange-
ments relative toH. attenuatamtDNA, found in the mtDNAs ofRenilla
kollikeri and Sarcophyton glaucum(Anthozoa, Octocorallia), and
Metridium senile(Anthozoa, Hexacorallia) (Beagley et al. 1995, 1998;
Beaton et al. 1998). The number of apparently noncoding nucleotides
between adjacent genes are shown (numbers ofS. glaucunnoncoding
nucleotides are in parentheses). The single nucleotide pair overlap be-
tween theH. attenuataATPase8 and ATPase6 genes is indicated by -1.
The precise 58 and 38 termini of theH. attenuatamt-l-rRNA gene have
not been determined.

406



Results and Discussion

The sequence shown in Fig. 1A is a molecule end con-
taining 3240-ntpEcoRI fragment of the 8.1-kb mtDNA
molecule ofH. attenuatta(including the added 9 ntp
EcoRI site–containing linker, ntp 1–9, underlined, Fig.
1A). Nucleotides 225–3240 were obtained by Sanger se-
quencing of deletion clones. As this 3016-ntp sequence
lacked anEcoRI site at one end, an attempt was made to
determine additional sequence from PCR-generated seg-
ments of the fragment end lacking anEcoRI site. An
additional 100 ntp (105–224 ntp) were obtained. How-
ever, Southern blotting of32P-end labeled oligonucleo-
tide 720-4 (complementary to ntp 192–214, Fig. 1A) to
electrophoretically separated naturalH. attenuatta
mtDNA digested withScaI (which cleaves at nt 544
[AGTACT], Fig. 1A) revealed a band of about 525 ntp
(data not shown). This is about 100 ntp larger than that
expected from the sequences obtained by the Sanger
method, suggesting that extension synthesis had been
blocked. Therefore, to determine the remaining end-
proximal region of the molecule we relied on Maxam
and Gilbert chemical sequencing reactions of the rel-
evant segment of the cloned pRW-E3.2 fragment. The

sequence obtained (195 ntp: ntp 1–195; Fig. 1A) in-
cluded a terminalEcoRI site and overlapped and added
104 ntp to the previously determined sequence. Success-
ful addition of anEcoRI linker to an end of a naturalH.
attenuatamtDNA molecule by the T4 DNA polymer-
ase–T4 DNA ligase procedure employed, indicates that
the ends of the complementary strands of the molecule
are not linked to each other and is consistent with them
terminating with a 38 hydroxyl and a 58 phosphate.

From nucleotide and predicted amino acid sequence
comparisons to mtDNAs ofMetridium senile, Dro-
sophila yakuba,and mouse (Fig. 2) (Bibb et al. 1981;
Clary and Wolstenholme 1985; Beagley et al. 1998),
it was determined that theH. attenuatamtDNA se-
quence contains, in the order given, complete genes for
tRNAf-Met, l-rRNA, tRNATrp, and COII. All of these
genes would be transcribed in the same direction, left to
right, as shown in Fig. 1A. The open reading frame fol-
lowing the COII gene is interpreted as the ATPase8 gene
based on a minimal similarity of the predicted amino
acid sequence to that of theM. senileATPase8 gene (Fig.
2) and on hydropathic profile similarities to those of
other metazoan ATPase8 genes (data not shown). The
136 ntp following theH. attenuataATPase8 gene are

Fig. 2. Comparisons of the predicted amino acid sequences of the
two completely sequenced mt-protein genes, COII and ATPase8, and
the partially sequenced ATPase6 gene (see gene designations in the
Fig. 1 legend) ofH. attenuatamtDNA with the amino acid sequences
of the corresponding proteins ofMetridium senile(M.s.,Beagley et al.
1998),Drosophila yakuba(D.y., Clary and Wolstenholme 1985), and
mouse (M.m.,Bibb et al. 1981). All amino acid sequences are inferred
from nucleotide sequences. The amino acids identical to those ofH.
attenuataare indicated by aterisks. A dash indicates the absence in one
sequence of an amino acid that occurs in one or more of the other,
corresponding sequences. Genetic code modifications used for transla-

tion of mtDNA nucleotide sequences are as follows. TGA specifies
tryptophan in all species; ATA specifies methionine inD. yakubaand
mouse sequences, but isoleucene in theH. attenuataand M. senile
sequences. AGA specifies serine in theD. yakubasequence (AGA and
AGG do not specify an amino acid in mouse mt-protein genes, and
AGG does not specify an amino acid inD. yakubamt-protein genes
[Bibb et al. 1981; Clary and Wolstenholme 1985]), but arginine in the
H. atenuataand M. senile sequences. Above theH. attenuatase-
quences # identifies tryptophans all specified by TGA codons,D iden-
tifies arginines specified by AGA codons, and↓ identifies isoleucines
specified by ATA codons.
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tentatively identified as the 38 end proximal region of the
ATPase6 gene, based on the occurrence of three short
amino acid sequence motifs found in corresponding re-
gions of theM. senile ATPase6 gene (Fig. 2). The
ATPase8 and ATPase6 genes would be transcribed in the
same direction as the other, upstream genes (Fig. 1A).

It remains unclear as to which portion of the 260-ntp
sequence upstream from the tRNAf-Met gene might be
concerned with transcription initiation and as to whether
a region of the sequence contains a replication origin. A
notable feature in this region is the run of 31 Gs (ntp
76–106, Fig. 1A), which may have blocked the extension
synthesis sequencing reactions. Also, the DNA sequence
upstream from the run of Gs, the sequence between the
run of Gs and the tRNAf-Met gene, and the entire 260-ntp
sequence have considerable stable secondary structure
potential (DG values are −13.3, −12.3, and −27.0 kcal/
mol, respectively). It is of interest to note that within an
intergenic region of mtDNA of the sea urchinStrongy-
locentrotus purpuratus,there occurs a run of 20 Gs im-
mediately upstream from the sequence that acts as tem-
plate for synthesis of a displacement loop (D-loop)
(Jacobs et al. 1989). However, we could not detect fur-
ther sequence similarities upstream or downstream from
the runs of Gs in theH. attenuataand S. purpuratus
mtDNA molecules. Batch sequence comparisons of the
260-ntpH. attenuatasequence revealed a high degree of
similarity between an A+T-rich 31-ntp sequence (ntp
220–247; Fig. 1A) and sequences found in gene and
nongene regions of genomic DNAs of organism that in-
clude Saccharomyces cerevisiae, Caenorhabditis el-
egans,andHomo sapiens.However, none of these latter
sequences have been identified as, or are presumed to be
transcription or replication initiation sequences. Further,
short tandem repeated sequences that are characteristic
of the telomeres of eukaryotic linear chromosomal DNA
molecules (Henderson 1995) and the linear mtDNAs of
the protozoan ciliatesTetrahymenaand Paramecium
(Morin and Cech 1988a, 1988b; Cummings 1992) are not
apparent in the end regions upstream from theH. attenu-
ata mt-tRNAf-Met gene.

The relative arrangement of the genes in theH. at-
tenuata mtDNA molecule has some similarities to
mtDNA molecules of both the octocorallian anthozoans
Renilla kollikeriandSarcophyton glaucumand the hexa-

corallian anthozoanM. senile(Beagley et al. 1995, 1998;
Beaton et al. 1998). InR. kollikeri and S. glaucum
mtDNA the COII-ATPase8-ATPase6 gene order is con-
served in a segment of the molecule that also includes the
COIII gene followed by a tRNAf-Met gene (Fig. 1B),
which is transcribed in the opposite direction to all other
genes (Beagley et al. 1995; Beaton et al. 1998). InM.
senilemtDNA the ATPase8-ATPase6 gene order is also
found, a situation common to mtDNAs of vertebrates,
echinoderms, arthropods, and the polyplacophoran mol-
lusc K. tunicata (Wolstenholme 1992a; Boore and
Brown 1994). However, although the overlap of the 38
end of the ATPase8 gene and the 58 end of the ATPase6
gene seen inH. attenuatamtDNA is also found in ver-
tebrates, echinoderms, and arthropods, the two genes are
separated by 20, 18, and 29 ntp inR. kollikeri, S. glau-
cum,andM. senilemtDNAs, respectively (Fig. 1B). The
H. attenuatagene order tRNAf-Met-l-rRNA is conserved
among cnidarians only inM. senilemtDNA (Fig. 1B).

The H. attenuataCOII gene is 23 and 22 codons
larger than the COII genes ofD. yakubaand mouse,
respectively, but only two codons larger than theM.
senileCOII gene (Fig. 2, Table 1). The major size dif-
ference between these COII genes occurs at their 58 ends.
TheH. attenuataATPase8 gene is of a size (68 codons)
similar to those ofM. senile(72 codons) and mouse (67
codons), but considerably larger than that ofD. yakuba
(54 codons) (Fig. 2, Table 1).

Codon Usage and the Genetic Code

Codon usage among the complete COII and ATPase8
genes and partial ATPase6 gene is summarized in Table
2. Although all 20 amino acids are collectively encoded
by the threeH. attenuatamt-protein genes, only 38 of the
expected 62 amino acid–specifying codons (assuming
that TGA specifies tryptophan, see below) are used. The
24 codons not used have a bias reflecting the low average
G (9.2%) and C (10.4%) content of the sense strands of
the COII, ATPase8, and ATPase6 protein genes and the
low average frequencies with which codons of these
genes end in G (3.0%) or C (4.1%): of the 8 codons
comprising exclusively G and/or C, only 2 are used; of
the 24 codons in which 2 of the nucleotides are G and/or

Table 1. Comparisons of predicted amino acid sequences of protein genes encoded in mtDNAs ofHydra attenuata, Metridium senile,mouse, and
Drosophila yakuba

Number of amino acids Percentage amino acid sequence similaritya,b

H. attenuata M. senilea mousea D. yakubaa H. attenuata/M. senile H. attenuata/mouse H. attenuata/D. yakuba

COII 250 248 227 228 52.8 44.0 51.8
ATPase8 68 72 67 53 21.5 11.4 9.3

a Data for M. senile,mouse, andD. yakubaare from Pont-Kingdon et al. (1994) and Beagley et al. (1998); Bibb et al. (1981); and Clary and
Wolstenholme (1985), respectively
b These values are calculated from Fig. 2. the values are the minimum similarities that include all insertion/deletions
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C, only 8 are used. In the COII gene the only codon
ending in G is ATG, the single codon used to specify
methionine (see below). The average G + C content
(19.6%) ofH. attenuatamt-protein genes is much less
than the G + C contents of mt-protein genes of other
Cnidaria:M. senile,37.5%;S. glaucum,35.5% (Beagley
et al. 1998; Beaton et al. 1998). As is the case for all
other cnidarian protein genes so far reported, the threeH.
attenuatamt-protein genes all begin with an ATG codon.

In the mt-genetic codes of the hexacorallian antho-
zoanM. senileand the octocorallian anthozoanS. glau-
cum the use of TGA to specify tryptophan is the only
modification found, relative to the standard genetic code
(Pont-Kingdon et al. 1994, 1998; Beagley et al. 1998).
This contrasts with the mt-genetic codes of other Meta-
zoa in which four or five codon-specificity modifications
occur (Wolstenholme 1992a, 1992b; Wolstenholme and
Fauron 1995). The most common of these involve the
codons ATA, AGA, and AGG. In most invertebrate and
all vertebrate mtDNAs ATA specifies methionine rather
than isoleucine. In invertebrate mtDNAs (other than
those of Cnidaria) AGA and AGG specify serine except
that in urochordates they specify glycine (Yokobori et al.
1993). However, in vertebrate mtDNAs these codons do
not specify an amino acid, although in rare cases each
may act as a translation termination codon (see Wolsten-
holme 1992a).

Among the two complete and one partialH. attenuata
mt-protein gene sequences obtained, six TGA codons
occur, all in the COII gene. The interpretation that these
TGA codons specify tryptophan is supported by the ob-
servation that there is a five out of six correspondence in
position of theH. attenuataCOII TGA codons to codons
specifying tryptophan in each of theM. senile,mouse,
and D. yakubaCOII genes (Fig. 2). Also,H. attenuata
mtDNA encodes a tRNA with a 58 UCA anticodon (Figs.

1A and 3) expected to recognize 58 UGA, and 58 UGG
codons, although TGG codons do not occur in theH.
attenuatamt-protein genes so far sequenced (Fig. 1A). A
greater use of TGA than TGG codons to specify trypto-
phan has been noted for all non-cnidarian mt-protein
genes and correlates with a universal occurrence among
these mtDNAs of more codons ending in A than in G.
However, in contrast, in bothM. senileandS. glaucum
mtDNAs although there is again a greater overall fre-
quency of codons ending in A than in G (1.7:1 and 2.2:1,
respectively) the frequency of TGG codons is in consid-
erable excess to TGA codons (1.6:1 inM. senile and
30.0:1 inS. glaucum) (Pont-Kingdon et al. 1994, 1998;
Beagley et al. 1998; Beaton et al. 1998).

A total of five AGA codons (but no AGG codons)
occur in theH. attenuataCOII gene (2), ATPase8 gene
(2), and partial ATPase6 gene (1). Three of these AGA
codons (two in the COII gene and one in the ATPase6
gene) are similarly located to arginine-specifying codons
in all of the correspondingM. senile, mouse, andD.
yakubamt-protein gene sequences. Also, a fourth AGA
codon in theH. attenuataATPase8 gene is similarly
located to an arginine-specifying codon in theM. senile
ATPase8 gene. These observations strongly support the
interpretation that at least AGA has the standard genetic
code specification of arginine in theH. attenuatamt-
genetic code, as is the case in the other two cnidarians
examined to date.

From the following observations, ATA also appears
to have the standard genetic code specificity of isoleu-
cine inH. attenuatamtDNA. Of the 13 ATA codons that
occur in theH. attenuataCOII gene, six, four, and five
correspond in position to isoleucine-specifying codons in
theM. senile,mouse, andD. yakubaCOII genes, respec-
tively. Among theM. senile,mouse, andD. yakubaCOII
genes only two locations (both in the mouse COII gene)

Table 2. Codon usage in the COII and ATPase8 genes and partial ATPase6 gene ofHydra attenuata

Phe TTT 34 Ser TCT 18 Tyr TAT 14 Cys TGT 5
TTC 5 TCC 2 TAC 0 TGC 0

Leu TTA 39 TCA 10 Ter TAA 2 Trp TGA 6
TTG 3 TCG 0 TAG 0 TGG 0

Leu CTT 5 Pro CCT 9 His CAT 6 Arg CGT 1
CTC 0 CCC 0 CAC 1 CGC 0
CTA 5 CCA 3 Gln CAA 9 CGA 0
CTG 0 CCG 0 CAG 0 CGG 0

Ile ATT 29 Thr ACT 6 Asn AAT 30 Ser AGT 6
ATC 2 ACC 0 AAC 4 AGC 0
ATA 23 ACA 5 Lys AAA 14 Arg AGA 5

Met ATG 7 ACG 0 AAG 0 AGG 0

Val GTT 9 Ala GCT 6 Asp GAT 14 Gly GGT 6
GTC 0 GCC 0 GAC 0 GGC 1
GTA 8 GCA 0 Glu GAA 12 GGA 1
GTG 0 GCG 0 GAG 0 GGG 1

The total number of occurrences are given for each codon. The only deviation from the standard genetic code appears to be the use of TGA codons
to specify tryptophan
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that correspond to ATA codons in theH. attenuataCOII
gene are occupied by methionine-specifying codons (Fig.
2). Further, of the five ATG codons in theH. attenuata
COII gene, four, three, and three correspond to methio-
nine-specifying codons in theM. senile,mouse, andD.
yakubaCOII genes, respectively. None of theH. attenu-
ata ATG codons correspond to isoleucine-specifying
codons in theM. senile,mouse, andD. yakubaCOII
genes.

The above findings add further strength to the con-
clusion drawn from ourM. senileandS. glaucumstudies
(Pont-Kingdon et al. 1994, 1998; Beagley et al. 1998)
that the tryptophan specificity of TGA predates the emer-
gence of Metazoa, but that the switch in specificities of
AGR codons from arginine to serine and ATA codons
from isoleucine to methionine postdated divergence of
the cnidarian line from the ancestral lines of all other
extant Metazoa.

TheH. attenuatamt-tRNAf-Met and mt-tRNATrp Genes

TheH. attenuatamt-tRNAf-Met gene (Fig. 3A) predicts a
tRNA that is identical in size (71 nt) and secondary struc-
ture potential to the mt-tRNAf-Met of both M. senileand
S. glaucum(Pont-Kingdon et al. 1994, 1998). Overall
sequence similarities of the mt-tRNAf-Met gene of H.
attenuatato those ofM. senileandS. glaucumare 66.2%
and 63.4%, respectively. Also as reported for the two
previously described cnidarian mt-tRNAf-Met genes, the
H. attenuatamt-tRNAf-Met gene contains two major fea-
tures of standard tRNAs (prokaryotic tRNAs and tRNAs
encoded in eukaryotic nuclear and chloroplast DNAs)
that are absent in most metazoan mt-tRNAs: both G18

and G19 in the DHU loop, and the complete 58 T54, T55,

C56, Pu57, A58, N59, Py60 TcC loop. Further, almost all of
the other nucleotides that are highly conserved (T8, Pu9,
A14, Pu21, Py32, T33, Pu37, Py48, G53, C61) or semi-
conserved (Pu10, Pu13, Pu15, Py25, Py27, and Pu43) among
standard tRNAs (Rich and RajBhandary 1976; Dirhei-
mer et al. 1979; Singhal and Fallis 1979; Sprinzl et al.
1989) are found in theH. attenuatamt-tRNAf-Met gene
(Fig. 3A). Also as in the other cnidarian mt-tRNAf-Met

genes, theH. attenuatamt-tRNAf-Met gene has an A11-
T24 pair (rather than a Py11-Pu24 pair found in almost all
standard tRNA genes) in the DHU stem, and a mis-
matched pair (AA) at the top of the aminoacyl stem (C A
and T C in theM. senile and S. glaucumtRNAf-Met

genes, respectively), two features found in theE. coli
initiator tRNAf-Met. The three cnidarian mt-tRNAf-Met

genes so far described lack one (H. attenuataand
S. glaucum) or two (M. senile) of the three G-C pairs
found at the base of the anticodon stem of prokaryotic
initiator tRNAf-Mets and eukaryotic nuclear DNA-
encoded initator tRNAMets, that in E. coli have been
shown to be important for targeting tRNAf-Met to the
ribosome P site (RajBhandari and Chow 1995). All three
of these G-C pairs are present in mt-tRNAf-Met genes of
vertebrates, insects, most echinoderms, an annelid, a bi-
valve mollusc, and some gastropod molluscs. However,
in nematodes only two anticodon-proximal G-C pairs
occur, in Asterina pectinifera(echinoderm) the central
pair is G?T, and in bothK. tunicata (polyplacophoran
mollusc) andCepaea normalis(gastropod mollusc) the
anticodon-distal pair is a G A mismatch (Sprinzl et al.
1998).

In the H. attenuatamtDNA sequence (Fig. 1A), a
69-ntp segment located between the 38 end of the l-rRNA
gene and the COII gene has most of the primary and
potential secondary structural characteristics expected

Fig. 3. Potential secondary structures of the genes for tRNAf-Met (A)
and tRNATrp (B and C, alternative forms) encoded inH. attenuata
mtDNA. The nucleotide numbers follow the numbering system used
for yeast tRNAPhe (Sprinzl et al. 1989). As theH. attenuatatRNATrp

cannot be completely folded into the usual secondary structure, two
alternative, nonorthodox secondary structural forms are shown for this
tRNA gene. InC, dashed lines indicate possible base pairing between
complementary sequences of five nucleotides.
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for a tRNATrp gene (anticodon 58 TCA). This sequence is
one nucleotide shorter than and has 57.8% similarity to
theM. senilemt-tRNATrp gene (Beagley et al. 1998). As
is the case in theH. attenuatamt-tRNAf-Met gene, the

mt-tRNATrp gene includes a complete TcC loop se-
quence (T54, T55, C56, Pu57, A58, N59, Py60) and other
nucleotides that are highly conserved in standard tRNAs
(T8, Py32, T33, Pu37, Py48, G53, C61). However, in the

Fig. 4. Secondary structure model of theH. attenuatamt-l-rRNA.
The 58 and 38 regions are contained inA andB, respectively. The 58
and 38 ends are defined as corresponding to the nucleotides that follow
the 38 terminal nucleotide of the tRNAf-Met gene and preceed the 58

terminal nucleotide of the tRNATrp gene (Fig. 1A). The sequence is
numbered every 25 nt from the 58 end. Watson-Crick base pairings are
indicated by a dash between nucleotides. Pairing of G and U is indi-
cated by G?U and presumed pairing of G and A is indicated by GCA.
The solid outlines indicate sequences that, in theMetridium senile
mt-l-rRNA andEscherichia coli23S rRNA secondary structure models
are at identical locations and are 100% conserved (Gutell et al. 1993;
Beagley et al. 1998). The similarities of these latter sequences toH.
attenuatamt-l-rRNA are indicated: **** 100%; *** 86–91%; ** 70–

80%; * 46–63%. Roman numerals identify six major domains corre-
sponding to the six domains of theE. coli 23S secondary structure
model (Gutell et al. 1993). Bold numbers identify helices that appear to
have been conserved relative to theE. coli model (1–101, as defined by
Brimacombe et al. 1990). Bold numbers in parentheses indicate the
equivalent locations ofE. coli 23S rRNA helices that clearly cannot be
formed from theH. attenuatasequence. Those numbers in parenthesis
that are underlined indicate helices that are absent inH. attenuatabut
present inM. senile.The large bold negative numbers shown indicate
differences of more than 10 nucleotides in either one or more helical
elements in theH. attenuatamt-l-rRNA model relative to theM. senile
mt-l-rRNA model.
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predictedH. attenuatamt-tRNATrp gene sequence only
one G is found in the location expected for the highly
conserved G18-G19, and the sequence cannot be folded
into a totally orthodox mt-tRNA secondary structure.
There are, in fact, two ways in which this sequence can
be folded, as diagrammed in Figs. 3B and 3C. In the
secondary structure shown in Fig. 3B, in contrast to what
is usually found in mt-tRNAs, there is one nt (a T) rather
than 2 nt (TA) between the amino-acyl stem and the
DHU stem, 6 ntp rather than 5 ntp in the anticodon stem,
and 3 nt rather than 4 nt or 5 nt in the variable loop. This
is similar to the secondary structure proposed for mt-
tRNASer (UCN) genes of mammals (Yokogawa et al.
1991; Watanabe et al. 1994). In the alternative secondary
structure shown in Fig. 3C, a DHU stem is formed by

pairing between two complementary sets of five nucleo-
tides with elimination of both nucleotides usually found
between the aminoacyl and DHU stems. Interestingly,
the mt-tRNAf-Met gene of five species (pyriformis, ther-
mophila, pigmentosa, hyperangularis,and hegewischi)
of the ciliated protozoanTetrahymenaalso contain a
DHU arm sequence in which three consecutive nucleo-
tide pairs could form with elimination of nucleotides
between the aminoacyl and DHU stems (Suyama et al.
1987; Morin and Cech 1988a).

DHU arm sequence modifications have been de-
scribed previously for metazoan mt-tRNAs that recog-
nize serine-specifying codons. All known mtDNA-
encoded tRNASer(AGN) genes of invertebrates, tRNASer

(AGR) genes of vertebrates, and tRNASer (UCN) genes

Fig. 4. Continued.
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of nematodes, some molluscs, and the annelid worm
Lumbricus terrestris,have a DHU arm replacement loop
of between 6 and 13 nt that either lacks or has unusual
internal base pairing potential (Wolstenholme 1992a;
Boore and Brown 1994, 1995; Terrett et al. 1996;
Yamazaki et al. 1997; Beagley et al. 1999). A similar
secondary structure has been proposed for other mt-
tRNAs of the gastropodAlbinaria coerulea(Hatzoglou
et al. 1995). Genes for other tRNAs with different modi-
fications of their secondary structural form have been
found among metazoan mtDNAs, including genes for 20
of the 22 mt-tRNAs of nematodes in which the TcC arm
is replaced with a single loop of between 6 and 12 nt that
lacks intra-strand pairing potential (Wolstenholme et al.
1987; Okimoto et al. 1992). From computer modeling
studies further unusual secondary structural features
have been suggested for a variety of metazoan mt-tRNAs
(Steinberg et al. 1997).

As is the case for all other metazoan mt-tRNA genes
the trinucleotide CCA, that occurs at the 38 end of pro-
karyotic tRNA genes is absent from this position in each
of the twoH. attenuatamt-tRNA genes.

TheH. attenuatamt-l-rRNA Gene

If the entire 1738-ntp sequence between the tRNAf-Met

and tRNATrp genes (Fig. 1A) encodes the mt-l-rRNA,
then this mt-l-rRNA is 451 nt shorter than that ofM.
senile,the largest metazoan mt-l-rRNA so far reported
(Beagley et al. 1998).

A secondary structure model for theH. attenuatamt-
l-rRNA based on the secondary structure model ofE. coli
23S rRNA (Brimacombe et al. 1990; Gutell et al. 1993)
is shown in Fig. 4. This model, in accordance with mod-
eling of theE. coli 23S rRNA, is divided into 58 and 38
regions (A and B, Fig. 4) that collectively comprise he-
lical elements numbered as in Brimacombe et al. (1990).
All of the 25 helical elements absent from theM. senile
mt-l-rRNA model (Beagley et al. 1998) are also absent
from theH. attenuatamt-l-rRNA model. Relative to the
M. senilemt-l-rRNA model there is loss of a further six
helical elements (12, 22, 30, 77, 78, 84) in theH. attenu-
atamodel. Also, neither of the two helical elements pres-
ent in theM. senilemodel but not in theE. coli 23S
model (11A and 96A) are present in theH. attenuata
model.

The largest single nucleotide difference between the
H. attenuataandM. senilemt-l-rRNA secondary struc-
ture models results from a severe shortening of helical
element 38 by 74 nt. From other distinct locations (he-
lical elements and loops) in theH. attenuatamodel there
are 13 losses (totaling 323 nt) of between 11 and 42 nt
(shown in Fig. 4) and 32 losses (totaling 121 nt) of be-
tween one and 10 nt. Also, there are 13 locations at
which between one and 5 nt (totaling 31 nt) have been
added. The sum of the nucleotides predicted to be lost or

gained at specific locations is 423 which accounts for
91.6% of the difference in size of 451 nt between theH.
attenuataandM. senilemt-l-rRNAs.

As is the case for the secondary structure models pro-
posed for other metazoan mt-l-rRNAs (Gutell et al. 1993;
Okimoto et al. 1994), including that ofM. senile(Bea-
gley et al. 1998), the secondary structure model forH.
attenuatashown in Fig. 4 includes all of the core nucleo-
tide elements given for theE. coli 23S rRNA by Ceder-
gren et al. (1988). This observation, together with con-
servation of the overall secondary structure of theH.
attenuatamt-l-rRNA relative to the ml-l-rRNA ofM.
senileand the 23S rRNA ofE. coli mt-l-rRNAs, argue in
favor of theH. attenuatamt-l-rRNA being functional in
regard to mitochondrial protein synthesis.
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