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Abstract. The 3231-nucleotide-pair (ntp) sequence of Comparisons of secondary structure models of these two
one end of one of the two linear mitochondrial (mt) DNA mt-I-rRNAs indicate that most of the size difference re-
molecules ofHydra attenuata(phylum Cnidaria, class sults from loss of nucleotides in thHe. attenuatamol-
Hydrozoa, order Anthomedusae) has been determinegcule at a minimum of 46 locations, which includes
This segment contains complete genes for tRN#,  elimination of six distinct helical elements.

I-rRNA, tRNAT™, subunit 2 of cytochrome oxidase

(COll), subunit 8 of ATP synthetase (ATPase8), and theKey words: Hydra attenuata— Cnidaria — Mito-

5’ 136 ntp of ATPase6. These genes are arranged in thehondrial genes — Nucleotide sequences — Genetic
order given and are transcribed from the same strand afode — Transfer RNA genes — Large ribosomal rRNA
the molecule. As in two other cnidarians, the hexacoral-gene

lian anthozoanMetridium senileand the octocorallian
anthozoarBarcophyton glaucunthe mt-genetic code of |nroduction

H. attenuatais near standard. The only modification ap-

pears to be that TGA specifies tryptophan rather thanl he mitochondrial (mt) genomes of most Metazoa (mul-

termination. Also as inVl. senileand S. g|aucum,the ticellular animals) Comprise a Single circular molecule of
encodedH. attenuatant-tRNAf'MEt has primary and sec- 14 to 20 kb. The more than 90 metazoan mtDNAs that

ondary structural features resembling thoseEsth- have been sequenced from both vertebrates and inverte-
erichia coli initiator tRNA™¢€t As the encoded mt- brates have been found to have a remarkably constant
tRNAT™ cannot be folded into a totally orthodox gene content. With only a small number of exceptions,

secondary structure, two alternative forms are suggeste@2ach contains the genes for 13 energy pathway proteins,

The encoded. attenuatamt-I-rRNA is 1738 nt, which  the 2 RNA components of mitochondrial ribosomes, and
is 451 nt shorter than thél. senile mt-I-rRNA. 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
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Southern California, Los Angeles, CA 90089, USA Zardoya and Meyer 1997; Boore 1999).
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to there being few or no nucleotides between most gené&d on freshly hatched brine shrimpitemia saling. MtDNA was
pairS' genetic codes that contain up to five changes jpbtained and purified as described previously (Warrior and Gall 1985)
codon specificity relative to the standard (universal)Tom &clone oH. attenuataderived from a single organism. Following
de: hod lati C d . incubation of purified mtDNA (two linear molecules, each of about 8

code, L_m(_)rt odox trans_ ation Imtlatlon co OI’IS_, pC_'St'kb) with T4 DNA polymerase and all four dNTPs to ensure flush ends,
transcriptional generation of translation terminationszp.eng-labeled (usingy[*??] ATP and T4 polynucleotide kinase)
codons; genes for tRNAs of diverse structural form; andecdrl linkers were added using T4 DNA ligase. Excess linkers were
replication by a unique asymmetrical mode (Wo|sten-removed by sepharose CL-4B column chromatography. The resulting
holme 1992a. 1992b: Clayton 1992 Wolstenholme and™PNA molecules were cleaved witBcoR| (using conditions sug-

. gested by the manufacturer) and the products were ligatedrdl-
Fa_Llj_rﬁen jc':(g)?nSF’)lz?:d:lljgr;%t%z;ytsgqtgegn?es of the digested plasmid pUC19 and amplified using as Hastoli IM101,

: X o mt'then recloned into bacteriophage M13mp19. Other details regarding
genomes of two cnidarians, the sea anemidegridium  glectrophoresis, cloning, and purification of single-stranded M13

senile(class Anthozoa, subclass Hexacorallia, order Ac-DNAs for sequencing are given or referred to in Pont-Kingdon et al.
tiniaria), and a soft coralSarcophyton glaucunfclass ~ (1994). _ ‘
Anthozoa, subclass Octocorallia, order Alcyonacea) "€ entire sequence of tiecoRl fragment in one M13 plasmid
have been reported (Pont-Kingdon et al. 1994, 1995(pRW—E3.2), determlneq by restriction analysis to comprlse the end
. . $egment of the 8.1-kb linear mtDNA molecule, was obtained by em-
1998; Beagley etal. 1998; Beaton .et al. 1998)' Also, theploying three different strategies. The extension di-deoxyri-
complete gene content and order in the mtDNA of an-ponucleotide termination procedure (Sanger et al. 1977) was used to
other octocorallian, the sea parRRgnilla kollikeri(order  determine the sequence of a segment of 3016 ntp that includes one end
Pennatulacea) has been determined (Beagley et al. 199%).the EccRI fragment from pRW-E3.2 (ntp 125-3240, Fig. 1A). This
Each of these three cnidarian mt-genomes comprise spguence was obtained from sets of deletion clones (Dale et al. 1985)
. . . containing overlapping sequences representing the entire sequence of
smglg circular molecule in the range 17'5 t? 19.0kb. Th oth complementary strands of the 3016-ntp segment. As the 3016-ntp
protein and rRNA genes encoded are similar to thOS? 0gequence lacked acaRl site at one end, an attempt was made to
other metazoan mtDNAs, except that both octocoralliaroptain an extension of this sequence as follows. A polymerase chain
mtDNAs include a gene for a homolog of MutS, an in- reaction (PCR) was carried out using natufialattenuatantDNA and
tegral protein in thé&scherichia colpostreplicative mis- @ single oligonucleotide [318-1;'SCATATTCAATCGCCTT-
match repair pathway (Pont—Kingdon et al. 1995, 1998;TACTTTC] which is complementary to nt 468—489 (within the I-rRNA
Beaglev et al 1995) Also. and in striking contrast to a”gene, Fig. 1A), and’ag DNA polymerase (Bethesda Research Labo-
gley ’ ’ ’ . 9 ratories), for 50 cycles of the following regiment: 1 min at 94°C, 1 min
other metazoan mtD'}}'@?ﬂ- senile rptDNA encodes at 60°C, 3 min at 72°C. The' &nds of the single-stranded product were
only two tRNAs (tRNA™*" and tRNA'™), andS. glau- either poly (A)-tailed, or poly (C)-tailed, using terminal deoxynucleo-
cumandR. kollikerimtDNAs encode only a single tRNA tidyl transferase, and complementary strands were synthesized using
(tRNAﬁMet)_ M. senilemtDNA has a further unique fea- either theBarnHI, Bglll, Pst restriction site (RS)—containing primer
ture relative to all other completely sequenced metazoaf® 171 (5 CCAGATCTGGATCCTGCAGTTTTTTTTTTTTTTTT,

. . Beagley et al. 1996) for poly (A)-tailed strands, or taeoRI, BarrHl|
mIDNAs in that two protein genes, COI and NDS, €ach . icion site (Rs)-containing primer TB17-4 (GTGCGAATTCG-

contain a group l'intron. The COl intron includes a genegaTccTGTGGGGGGGG) for poly (C)-tailed strands, for 5 cycles (1
for a homing endonuclease as has been found for som@in at 94°C, 1 min at 37°C, 3 min at 72°C). In each case the double-

other group | introns, but the ND5 intron is unusual in stranded product was PCR amplified for 30 cycles (1 min at 94°C, 1
that it contains the 0n|y copies of the ND1 and ND3 minat60°C, 3 min at 72°C) using oligonucleotide 318-1 and either the

- . RS-containing primer TB17-2 (5CCAGATCTGGATCCTGCAG;
n resentin . senilemt-genome (Beag| l.
genes present thd. senilemt genome ( eagley eta Beagley et al. 1996) or the RS-containing primer TB17-5¢3 GC-

1996, 1998). . ] ) GAATTCGGATCCTGT). The resulting products were sequenced in
The first exception to the circularity of metazoan separate reactions using two oligonucleotides that are complementary
mtDNAs was reported for the mtDNA of the cnidarian to nt 192-214 (Fig. 1A) (318-2: '5ATAATTACTAAGAT-

Hydra attenuatgclass Hydrozoa, order Anthomedusae), GTTTCAGTTC) and to nt 435-454 (Fig. 1A) (720-4; £AT-
which was found to occur as two linear molecules of CATACTTTTAATGAATTACC).

: : The sequence of the end 190 ntp of the linear molecule was deter-
approximately 8.1 and 8.2 kb (Warrior and Gall 1985)'mined using the chemical cleavage method of Maxam and Gilbert

Later it was ShOV}Iﬂ that mtDNAs of other_ species of (1980). TheH. attenuattamtDNA EcadRI fragment was purified from
Hydra also were in the form of two 8-kb linear mol- prw-E3.2, and 3end labeled by a fill-in reaction using the Klenow
ecules, and that mtDNAs of other Hydrozoa and Scyphosragment and ¢-*2P] dATP. The labeled fragment was cleaved at an
zoa were in the form of a sing|e 14-18-kb linar mo'ecu'ein-tel’nal Hindlll site (nt-939, Fig. 1A) and the resulting -IV\EC(R|—
(Bridge et al. 1992)_ Hindlll fragments were separated b_y gel electrophoresus. Thg _smaller
. . fragment (934 ntp), 3end labeled within th&cadRl site was purified
In this paper we report an analy_S|s of the 32‘?’]"mpfrom the gel, subjected to Maxam and Gilbert chemical cleavage, and
sequence at one end of the 8.1-kb linear moleculd.of  the products were fractionated on 8% and 15% denaturing acrylamide
attenuata. gels. Sequences were analyzed using Wisconsin GCG programs and
Lasergene software from DNASTAR. Secondary structure potentials of
. DNA sequences upstream from the tRN/' gene were analyzed by
Materials and Methods the methods of Zucker et al. (1999Ww.ibc.wustl.edizuker/dna/
forml.cgi[based on parameters in SantalLucia 1998]). The nucleotide
H. attenuatawas obtained from Hans Bode, University of California, sequence of the 3231-ntp. attenuatamtDNA has been submitted to
Irvine, maintained in the medium of Loomis and Lenhoff (1956) and Genbank under the accession number AF100773.
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A.

Transcription
_ >

GAATTCCGGGGGATAGTGCGGCCGGGGCCCCCTGCGATAGCCGCAGCAGGGGGTGCACCAGTGCGGCGCCTGACTGGGGGGGGGGGGGGGEEEEGEEGGGGGGGGGATCGGGTGATCTTC 120
TTTTAGGAGAGAAGAAAACCGAAAAGTTTTTTTGATTCCCTTGTTTTTAATGGGTTGAATGGTTTATAAAAGGTAATTCATTAAAAGTATGATGACTAGGAARATTTTTAAGAATTTTAA 240
LtRNA f-Met < [ 1-rRNA S'end
TTATTTGATCTTCTAAAAGAAGAAGAGTAAACTAATGGAAAGTTATTTGGCTCATGACCAGAATATAAGGGTTCGATTCC TTTCTCTTTATTTTTGAATTAAATTTTTAAATTATAAAAA 360
TAGAATAATCAATAAGAGTAATATTAATTAATATTATTATAATCTTTTCATAAATGATTAAATTTAAAATGAACTGAAACATCTTAGTAATTATAAAATAATATTATGAAAGTARAGGCG 480
ATTGAAATCATAATTTTTTCTTTGGATTTACAAAATTAAATAATTGATTATATCTATAAAATTAGTACTGTGAAGGAAATTAATAAATAATTTATAATAAAAAATGAAAATCATTTACCT 600
TTTGTATAATGGGCTTATAAAATAATAATTAGCAAGCTATAAGGCTAAATAATTTATAAAGTTAATTATTCCCGAAACTTAACGATC TAATTGTGAATAATTTTCAGAATGAACCAATAA 720
ATGATAAAAATTTTTGGATAATTTGCAATTGGCAGTGAAAAACTAATCGAGTTAAGAGATAGCTGGTTTTTCATGAAATTTATATAAGTAATTTTTTTTAAAAAAAAGCAGTTATTTAAT 840
GCAAAGATTATTTAACGAGTAAAAAACAATTTATATCCAACATCAATGAACTCTATAAACATTTAGAAATAAGTTTATGATTTAAACAAAAAGTAAATAAGCTTAGAATCAGCTATATTT 960
TAAAAATTACGTAAAACTTTACTTTAAAAAAATTATAACTTTACAATATAGTTAATCATTATCATTTTTGTGGAAAATAGTAATGAAATTTCTTTTAATATATTATGAAAATTTTAAAAG 1080
AGTAATAATATAAGCATGAGTAAAATTAAATTTATCCTATTTTTTTCTTAATTTAATAAATTGATTAAGGTAATACAATTTCTCAATTTATAAGGAATATATTAAAAATCTTTTCAAGAA 1200
AATTTTAATTTATATTTTGTAAAAATCTAAATCAAGTTAGGATAAATAATAAATTAATTTTTTTTTAAGGAACTCGGCAAAATAAAATATCGACTGTTTACCAAAAACATAGCCCTCTAA 1320
AATATTGAAGGTGAAACCTGCCCAATGATATAAAAATAATTATAACCTAATTTAAATAATATTAAATGGATGCAGTAACTC TGACTGTAATAAAGTAGCATAATTAGTTGTCATTTAATT 1440
GATGGAGAGAATGAATGGTTACACGAATTTTTCACTGTCTTAAAAAAAATTTTTTAAAATTGAAATAATAGTTAAGATGC TATTTAAAATTGTAAGACGAAGAGACCCTATAGAGCTTTA 1560
CTATAAACTTTTTTCTTAAAAATAATATAAAATTATTAAAACTAGAAAGTTTGGTAGTTTAGTTGGGGCGACTGTTTTTTAAAAATAACAAAAATAAGCAATATAATAAATTTATTTATT 1680
GTATAATTAAACAATTTAACAATTACTATAGTAGGCTATAATGACCCGTTATTATAATAAATAATAAATAACGATTAATTGATAAAAGCTACCTTAGGGATAACAGGATAATTTTGTTTT 1800
AGAGTCCTTATCAAAAACAAAGTTTGTCACCTCTATGTTGAATTAAGATATCCTAATAATGCAGTAGTTATTGAGGGTAGGTCTGTTCGACCTTTAAAATC TTACATGATTTGAGTTCAT 1920
TCCGTCGCAAGACAGGAAGGTTTCTATCTACAATTATAAAATTACTTTAGACTTTTAGTACGAAAGGAATAAAGTTTCACTTAGTTAATTAAAAAAACTAATAAAAAAATTTTGAAAGAA 2040
1-rRNA 3'end .tRNATTP . <> . . . , - [ coIT - .
TCTAAAAATTTAAAGTAATTATTTAATAAAGAGGGTTGATTAAGTAGATCAAATAGTCTTCAAAATTATTAGTATTGGTTCGAATCCAATACCCTCTGTTTATGAAAAATTTAATATTTC 2160
M K N L I F L
TAATAAGTTTTTTCACTTGTTTATTATTTAATAATTTTATCTATAAAGATATTCCTGAAATAAATCAACTTTCTTTCCAAGAAAGTGCTTCATCTTGTAGTAATAATTTAATATTTTTTC 2280
I s F FTCULTJLTFNINTFTIJYZ XKDTIO®PETINT G OTZLTSTFU QETSA ASSTC CSNNTZLTITFFH
ATGATAATACAATGTTTTATATGATAATTATTCTTGTATTAGTAGGATGACTATTATTTTCAATAATTATTAATAAAAATTATAACAAATTTTTACTAGAAAACAATTTTATTGAAATTG 2400
D N TMFVYMTITITITLVILVYVGWZLTULTFSTITITINZIKTINTYNZE KTFTLTLENNTFTIETIV
TATGAACATTAATACCTGCTATTATATTAATAATTATAGCTATTCCTTCTCTATTTTTATTATATTCTATTGATGAAAATGTTGAACCTTCTTTAACTGTAAAAATAGTTGGTCATCAAT 2520
W T LI PAITITILTITITIATITPSTLTFTULTZLYSTIDENVTETPSTLTVZ KTIVGHZOQW
GATATTGATCTTATGAATATTCTAATTTTTCACCAAATATAGAATTTGATTCTTATATGATTCCTACTACAGATTTAAATCAAGGTGATTTTAGATTACTTGAAACTGATAATGATCTTG 2640
Y W S Y EY SNTF S PNTIETFTDSJYMTIZ®PTTDILNT QG GDTFT RTZLILETDNTUDTILV
TTTTACCAGTTAATACAAAAATTAAATTAATTGTTTCAAGTGCTGATGTTATTCATTGTTGAACAGTACCTTCTTTAGGCGTAAAAGTAGATGCTATTCCAGGTCGTTTAAATCAATTAA 2760
L PV NTZ XTIZ KTLTIV V:S SADVTIHTC CWTVZ®P?SULGVZ XV DA ATITPGT RTLTINOQTLN
ATTTTATTATTAATAGACCTGGTAAATTTTTTGGTCAATGTTCAGAATTATGTGGTCTTAATCATTCTTTTATGCCTATTTCAATTTATTCCGTTTCTCAAGAAAAATTTATAAACTGAT 2880
F I I N R PG KFTF GO QO CSETLTCGTLNEBHTSTFMZPTISTIZYS SV S QETZ KT FEFTINUWS
[ ATPase8
CTATTAATAAAACTTAAAATGTCTCAATTAGATTTATCTTTATATTTAAATCACTATTTTGTTTTACTATTATTATTTTTTTTATTAATAATTTTAATAAGTTTAAGATTTTATAATTTT 3000
I N K T terM S Q L DL S L Y L NH Y F V L L L L F F L L I I LI SLURTFTYNTF
ATPase6
TTCTTAGTTTTAAACATAAGAAATAATTTTATTTCAAATAGTTCAGAATCAATTAATAATGATTTTAAACAATTTTCTATATTATATAATATATTGAAATTATAATGTCTTCCTATTTCG 3120
F L VLNTIZ RNNINTEFTISNS ST SES STINNTDTFTZE KT QTFSTITLYNTITL K L ter
M S S Y F D
ATCATTTTTTAATTATTAAAATTTTTGGGTTCTTATTTGATTCTCATTTGATATTGATATTATCTATATTTATAATTTTTGTAGC TTTAAATTTTACTTTTATAATCCCTTCAAGAATTC 3240
HF LI I K IFGTFTULTFUDSUHTILTITZLTITZLSTITFTITITFJVALINTFTTFTITITZPSTR RTI

B.

(RN Al-Met tRNAT TP ATPase8 ATPase6
l |
H.attenuata E I-rRNA N coIl
— 3 17 -1
f-Met
ATPIaseS tRNA\I
R.kollikeri (S.glaucum) Coll ATPase6 COIII
| |
—» 327 lao
@0 as 0 &
f-Met
tR|NA ATPIaseS
N
M.senile N I-rRNA ATPase6
0o —> 29

Fig. 1. A Nucleotide sequence of a segment of one of the 8-kb linearindicated by bracket8 Summary gene map of the 3240-ritp at-
mtDNA molecules oHydra attenuataThe first 9 ntp (underlined) of  tenuatamtDNA sequence shown iA, and conserved gene arrange-
the 3240-ntp sequence shown originate from an adgledR| site— ments relative tél. attenuatamtDNA, found in the mtDNAs oRenilla
containing linker. The remainder of the sequence contains complet&ollikeri and Sarcophyton glaucuntAnthozoa, Octocorallia), and
genes for COIl (cytochrome oxidase subunit 1), ATPase8 (ATPase Metridium senilg{/Anthozoa, Hexacorallia) (Beagley et al. 1995, 1998;
subunit 8), I-rRNA (large ribosomal subunit RNA), tRINM and Beaton et al. 1998). The number of apparently noncoding nucleotides
tRNAT™, and the 5terminal 136 ntp of the ATPase6 gene. Transcrip- between adjacent genes are shown (numbe®& glaucunmoncoding

tion of all genes is from left to right, as indicated. The predicted aminonucleotides are in parentheses). The single nucleotide pair overlap be-
acid sequence of each of the protein genes is shown below the sequentreeen theH. attenuataATPase8 and ATPase6 genes is indicated by -1.
and termination codons are indicated by ter. TGA codons are shown td@he precise 5and 3 termini of theH. attenuatamt-I-rRNA gene have
specify tryptophan. tRNA genes are overlined and the anticodons areot been determined.
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COII
. . . . v . i " T . P
H.a MKNLiFLiSFFTCLLFNNFIYKDIPEiNQLSFQESASSCSNNLIFFHDNTMFYMIIILVLVGWLLFSIIINKNYNKFLLENNFIEIVWTLIPAIILIIIA 100
M.s *T**-———--- LNNW*II*Q*G*-*L**PW**GL*DA*HPVMEEI*****QV**IL***ITT*L**IVKALSG*A*HRY*VDGTLL**I**IV***x**x*x[x* 94
M.m MAYPF**GL*DAT*PIMEE*MN** *H* LMIVFL*SS**LYIISLMLTT*LTHTSTMDAQEV*TI**IL**V***M** 77
D.y MSTWAN*GL*D***PLMEQ**** * *HALLILVM*T* ***Y*M*MLFF*NYV*R***HGQL**MI**IL*****x[F** 77
. A B N . A. . R .
H.a IPSLFLLYSIDENVEPSLTVKIVGHQWYWSYESNFS--PNIEFDSYMIPTTDLNQGDFRLLETDNDLVLPVNTKIKLIVSSADVIHCWTVPSLGVKVDAI 198
B B R e A IR EUMDAR AR LA AT 2% %% n %% YSDYQTETLA ** % % *Ux * SE**E** % x5+ *y**R* *V+I*+HVRVL*TG*** LY SFA* *A* A M55+ 194
M e AR MMr * LN % %DM % k% 5% %Y EDY o BDLC* # % % % % % N* *KP*EL* % *V* *RY* * *MELP*RML L * *E* * LA S*A*** % #L*T* %% 175
Dy L% *R**+LLe+IN***UAL*GTr*nnsxsssYSDF- N"~%wwrrressNEFATDG" ***DV* *RVI**M*SQ*RIL*TA*****§****A%++x**GT 175
N ) . . Ve
H.a PGRLNQLNFIINRPGKFFGQCSELCGLNHSFMPISIYSVSQEKFINW--SINKT 250
Mo AAnereTGAEAKAAIeYErrrAlArAttEktrAYLEA**LD*Y***VL*GSDE 248
Mtk knkn APYTG s k% %L A Yk kKt H [ FHGH kN k% ULEM* PLKY*E* * -~ *ASMI 227
D ok xx A PARE A ARk LAY RA R xR AR KRR Ay AE S DYNN® VK5 T-*S*NS 228
ATPaseS8
. . . . A . AL . .
H.a MSQLDLSLYL-NHYF---VLLLLFFL-LIILISLRFYNFFLVLN--IRNNFISNSSESINNDFKQFSILYNILKL 68
M.s M*P**ETAT**—TQ*RW——T**A**L*—FSF*VVSVLPAVKT——*FL**R——V*IGAGWTGAPKT——*D*NKGPASLWSWDKI 72
M.m *px*x*P* PWFITIISSMIT*FI**Q*KVSSQTFPLAPSPKSLTTMKVKTP-~--WELKWTK--------- IYLPHSLPQQ 67
D.y IP*MAPISW*LLFIVFSIT-FI**CSINYYSYMPT--SPKSNELKN*NL*SMNW--KW 53
ATPaseb
. . . . . . A
H.a MSSYFDHF-----~--~-- IIKIFGFLFDSHLILILSIFIIFVALNF---TFIIPSRI 44
M.s MGAA***Q* - - - — — — = =~ KVVDLIAITN*SMMMM*AVA---***TLLKGNRL**N*W 45
M.m MNENL*AS*ITPTMMGFP*VV---AIIMFPS-----------~ ILFPSSKRL*NN*L 42
D.y M*TNL*SV* - e - - = - - - -~ DPSAI*NLS*NW-**T*--LGL*MIPSIYWLM***Y 42

Fig. 2. Comparisons of the predicted amino acid sequences of thdion of mtDNA nucleotide sequences are as follows. TGA specifies
two completely sequenced mt-protein genes, COIl and ATPase8, anttyptophan in all species; ATA specifies methionineDnyakubaand

the partially sequenced ATPase6 gene (see gene designations in theouse sequences, but isoleucene in ltheattenuataand M. senile
Fig. 1 legend) oH. attenuatamtDNA with the amino acid sequences sequences. AGA specifies serine in theyakubasequence (AGA and

of the corresponding proteins bfetridium senilgM.s.,Beagley etal.  AGG do not specify an amino acid in mouse mt-protein genes, and
1998), Drosophila yakubgD.y., Clary and Wolstenholme 1985), and AGG does not specify an amino acid il yakubamt-protein genes
mouse ¥.m.,Bibb et al. 1981). All amino acid sequences are inferred [Bibb et al. 1981; Clary and Wolstenholme 1985]), but arginine in the
from nucleotide sequences. The amino acids identical to thos¢ of H. atenuataand M. senile sequences. Above thi. attenuatase-
attenuataare indicated by aterisks. A dash indicates the absence in onguences # identifies tryptophans all specified by TGA codansien-
sequence of an amino acid that occurs in one or more of the othetjfies arginines specified by AGA codons, anddentifies isoleucines
corresponding sequences. Genetic code modifications used for translapecified by ATA codons.

Results and Discussion sequence obtained (195 ntp: ntp 1-195; Fig. 1A) in-
cluded a terminaEcaRl site and overlapped and added
The sequence shown in F|g 1A is a molecule end C0n104 ntp to the preViOUSIy determined sequence. Success-
taining 3240-ntpEcoRIfragment of the 8.1-kb mtDNA ful addition of anEcaRl linker to an end of a naturéd.
molecule ofH. attenuatta(including the added 9 ntp attenuatamtDNA molecule by the T4 DNA polymer-
EcoRI site—containing linker, ntp 1-9, underlined, Fig. @s€—T4 DNA ligase procedure employed, indicates that
1A). Nucleotides 225-3240 were obtained by Sanger sethe ends of the complementary strands of the molecule
quencing of deletion clones. As this 3016-ntp sequencé@re not linked to each other and is consistent with them
lacked arEccRl site at one end, an attempt was made toterminating with a 3 hydroxyl and a 5 phosphate.
determine additional sequence from PCR-generated seg- From nucleotide and predicted amino acid sequence
ments of the fragment end lacking &@coRI site. An  comparisons to mtDNAs oMetridium senile, Dro-
additional 100 ntp (105-224 ntp) were obtained. How-sophila yakubaand mouse (Fig. 2) (Bibb et al. 1981;
ever, Southern blotting of?P-end labeled oligonucleo- Clary and Wolstenholme 1985; Beagley et al. 1998),
tide 720-4 (complementary to ntp 192-214, Fig. 1A) toit was determined that thél. attenuatamtDNA se-
electrophoretically separated natundl attenuatta quence contains, in the order given, complete genes for
mtDNA digested withScd (which cleaves at nt 544 tRNA™¢ |-rRNA, tRNA™, and COIl. All of these
[AGTACT], Fig. 1A) revealed a band of about 525 ntp genes would be transcribed in the same direction, left to
(data not shown). This is about 100 ntp larger than thatight, as shown in Fig. 1A. The open reading frame fol-
expected from the sequences obtained by the Sangéswing the COIl gene is interpreted as the ATPase8 gene
method, suggesting that extension synthesis had bedrased on a minimal similarity of the predicted amino
blocked. Therefore, to determine the remaining end-acid sequence to that of tik senileATPase8 gene (Fig.
proximal region of the molecule we relied on Maxam 2) and on hydropathic profile similarities to those of
and Gilbert chemical sequencing reactions of the rel-other metazoan ATPase8 genes (data not shown). The
evant segment of the cloned pRW-E3.2 fragment. Thel36 ntp following theH. attenuataATPase8 gene are
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Table 1. Comparisons of predicted amino acid sequences of protein genes encoded in mtCHYAlsahttenuata, Metridium senilejouse, and
Drosophila yakuba

Number of amino acids Percentage amino acid sequence sinfifarity

H. attenuata M. senie.  mousé& D.yakubd@ H. attenuata/M. senile  H. attenudtaouse H. attenuata/D. yakuba

call 250 248 227 228 52.8 44.0 51.8
ATPase8 68 72 67 53 215 114 9.3

@ Data for M. senile,mouse, and. yakubaare from Pont-Kingdon et al. (1994) and Beagley et al. (1998); Bibb et al. (1981); and Clary and
Wolstenholme (1985), respectively
® These values are calculated from Fig. 2. the values are the minimum similarities that include all insertion/deletions

tentatively identified as the’2nd proximal region of the corallian anthozoaM. senile(Beagley et al. 1995, 1998;
ATPase6 gene, based on the occurrence of three shdBeaton et al. 1998). IrR. kollikeri and S. glaucum
amino acid sequence motifs found in corresponding remtDNA the COIllI-ATPase8-ATPase6 gene order is con-
gions of theM. senile ATPase6 gene (Fig. 2). The servedin a segment of the molecule that also includes the
ATPase8 and ATPase6 genes would be transcribed in th@Olll gene followed by a tRNAVe! gene (Fig. 1B),
same direction as the other, upstream genes (Fig. 1A).which is transcribed in the opposite direction to all other
It remains unclear as to which portion of the 260-ntpgenes (Beagley et al. 1995; Beaton et al. 1998)MIn
sequence upstream from the tRN&' gene might be senilemtDNA the ATPase8-ATPase6 gene order is also
concerned with transcription initiation and as to whetherfound, a situation common to mtDNAs of vertebrates,
a region of the sequence contains a replication origin. Aechinoderms, arthropods, and the polyplacophoran mol-
notable feature in this region is the run of 31 Gs (ntplusc K. tunicata (Wolstenholme 1992a; Boore and
76-106, Fig. 1A), which may have blocked the extensionBrown 1994). However, although the overlap of the 3
synthesis sequencing reactions. Also, the DNA sequencend of the ATPase8 gene and thHeehd of the ATPase6
upstream from the run of Gs, the sequence between thgene seen id. attenuatamtDNA is also found in ver-
run of Gs and the tRNA®! gene, and the entire 260-ntp tebrates, echinoderms, and arthropods, the two genes are
sequence have considerable stable secondary structuseparated by 20, 18, and 29 ntpRn kollikeri, S. glau-
potential AG values are —13.3, —12.3, and —27.0 kcal/cum,andM. senilemtDNASs, respectively (Fig. 1B). The
mol, respectively). It is of interest to note that within an H. attenuatagene order tRNA®"|-rRNA is conserved
intergenic region of MtDNA of the sea urch8trongy- among cnidarians only iM. senilemtDNA (Fig. 1B).
locentrotus purpuratushere occurs a run of 20 Gs im- The H. attenuataCOIl gene is 23 and 22 codons
mediately upstream from the sequence that acts as tenarger than the COIl genes db. yakubaand mouse,
plate for synthesis of a displacement loop (D-loop)respectively, but only two codons larger than thie
(Jacobs et al. 1989). However, we could not detect fursenile COIl gene (Fig. 2, Table 1). The major size dif-
ther sequence similarities upstream or downstream fronfierence between these COIl genes occurs at theinds.
the runs of Gs in theH. attenuataand S. purpuratus TheH. attenuataATPase8 gene is of a size (68 codons)
mtDNA molecules. Batch sequence comparisons of theimilar to those oM. senile(72 codons) and mouse (67
260-ntpH. attenuatasequence revealed a high degree ofcodons), but considerably larger than thatDofyakuba
similarity between an A+T-rich 31-ntp sequence (ntp(54 codons) (Fig. 2, Table 1).
220-247; Fig. 1A) and sequences found in gene and
nongene regions of genomic DNAs of organism that in-
clude Saccharomyces cerevisiae, Caenorhabditis el-Codon Usage and the Genetic Code
egansandHomo sapiensHowever, none of these latter
sequences have been identified as, or are presumed to B®don usage among the complete COIll and ATPase8
transcription or replication initiation sequences. Furthergenes and partial ATPase6 gene is summarized in Table
short tandem repeated sequences that are characterisficAlthough all 20 amino acids are collectively encoded
of the telomeres of eukaryotic linear chromosomal DNA by the threeH. attenuatamt-protein genes, only 38 of the
molecules (Henderson 1995) and the linear mtDNAs ofexpected 62 amino acid—specifying codons (assuming
the protozoan ciliateSetrahymenaand Paramecium that TGA specifies tryptophan, see below) are used. The
(Morin and Cech 1988a, 1988b; Cummings 1992) are noR4 codons not used have a bias reflecting the low average
apparent in the end regions upstream fromkhattenu- G (9.2%) and C (10.4%) content of the sense strands of
ata mt-tRNA"™®t gene. the COIl, ATPase8, and ATPase6 protein genes and the
The relative arrangement of the genes in Hheat- low average frequencies with which codons of these
tenuata mtDNA molecule has some similarities to genes end in G (3.0%) or C (4.1%): of the 8 codons
mtDNA molecules of both the octocorallian anthozoanscomprising exclusively G and/or C, only 2 are used; of
Renilla kollikeriandSarcophyton glaucurand the hexa- the 24 codons in which 2 of the nucleotides are G and/or
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Table 2. Codon usage in the COIl and ATPase8 genes and partial ATPase6 gelydrafattenuata

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 GIn CAA 9 CGA 0
CTG 0 CCG 0 CAG 0 CGG 0
lle 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

C, only 8 are used. In the COII gene the only codonlA and 3) expected to recognizé BGA, and 8 UGG
ending in G is ATG, the single codon used to specifycodons, although TGG codons do not occur in Hhe
methionine (see below). The aveea@ + C content attenuatamt-protein genes so far sequenced (Fig. 1A). A
(19.6%) ofH. attenuatamt-protein genes is much less greater use of TGA than TGG codons to specify trypto-
than tle G + Ccontents of mt-protein genes of other phan has been noted for all non-cnidarian mt-protein
Cnidaria:M. senile,37.5%;S. glaucum35.5% (Beagley genes and correlates with a universal occurrence among
et al. 1998; Beaton et al. 1998). As is the case for alithese mtDNAs of more codons ending in A than in G.
other cnidarian protein genes so far reported, the tHree However, in contrast, in botM. senileand S. glaucum
attenuatamt-protein genes all begin with an ATG codon. mtDNAs although there is again a greater overall fre-
In the mt-genetic codes of the hexacorallian antho-quency of codons ending in A than in G (1.7:1 and 2.2:1,
zoanM. senileand the octocorallian anthozo& glau-  respectively) the frequency of TGG codons is in consid-
cumthe use of TGA to specify tryptophan is the only erable excess to TGA codons (1.6:1 M senileand
modification found, relative to the standard genetic code30.0:1 inS. glaucum (Pont-Kingdon et al. 1994, 1998;
(Pont-Kingdon et al. 1994, 1998; Beagley et al. 1998).Beagley et al. 1998; Beaton et al. 1998).
This contrasts with the mt-genetic codes of other Meta- A total of five AGA codons (but no AGG codons)
zoa in which four or five codon-specificity modifications occur in theH. attenuataCOll gene (2), ATPase8 gene
occur (Wolstenholme 1992a, 1992b; Wolstenholme and2), and partial ATPase6 gene (1). Three of these AGA
Fauron 1995). The most common of these involve thecodons (two in the COIl gene and one in the ATPase6
codons ATA, AGA, and AGG. In most invertebrate and gene) are similarly located to arginine-specifying codons
all vertebrate mtDNAs ATA specifies methionine rather in all of the correspondindV. senile, mouse, andD.
than isoleucine. In invertebrate mtDNAs (other thanyakubamt-protein gene sequences. Also, a fourth AGA
those of Cnidaria) AGA and AGG specify serine exceptcodon in theH. attenuataATPase8 gene is similarly
that in urochordates they specify glycine (Yokobori et al.located to an arginine-specifying codon in tkle senile
1993). However, in vertebrate mtDNAs these codons deATPase8 gene. These observations strongly support the
not specify an amino acid, although in rare cases eaciterpretation that at least AGA has the standard genetic
may act as a translation termination codon (see Wolsteneode specification of arginine in thid. attenuatamt-
holme 1992a). genetic code, as is the case in the other two cnidarians
Among the two complete and one partifilattenuata  examined to date.
mt-protein gene sequences obtained, six TGA codons From the following observations, ATA also appears
occur, all in the COIl gene. The interpretation that theseto have the standard genetic code specificity of isoleu-
TGA codons specify tryptophan is supported by the ob-cine inH. attenuatamtDNA. Of the 13 ATA codons that
servation that there is a five out of six correspondence iroccur in theH. attenuataCOIl gene, six, four, and five
position of theH. attenuataCOIl TGA codons to codons correspond in position to isoleucine-specifying codons in
specifying tryptophan in each of thd. senile,mouse, theM. senile,mouse, and. yakubaCOll genes, respec-
andD. yakubaCOll genes (Fig. 2). AlsoH. attenuata tively. Among theM. senile mouse, andD. yakubaCOll
mtDNA encodes a tRNA with a’3JCA anticodon (Figs. genes only two locations (both in the mouse COIll gene)
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A 5' T . B 5' G ) C
A A aminoacyl A—T aminoacy!
Ge.T @am G—Cc @am
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T G, T A-37 T A-37
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Fig. 3. Potential secondary structures of the genes for tRRFA(A)
and tRNA™ (B and C, alternative forms) encoded iH. attenuata

cannot be completely folded into the usual secondary structure, two
alternative, nonorthodox secondary structural forms are shown for this

mtDNA. The nucleotide numbers follow the numbering system usedtRNA gene. InC, dashed lines indicate possible base pairing between

for yeast tRNAM® (Sprinzl et al. 1989). As thél. attenuatatRNAT™P

that correspond to ATA codons in thé attenuataCOll

complementary sequences of five nucleotides.

Cse PUs7, Asg, Nsg, Py TUC loop. Further, almost all of

gene are occupied by methionine-specifying codons (Figthe other nucleotides that are highly conserveg P,

2). Further, of the five ATG codons in the. attenuata

Ais Py, Pyso, Tas Plss, Pyug Gss Cgp) OF semi-

COll gene, four, three, and three correspond to methioeonserved (P, Pu s, Pus, PYss, Py, and Pyg) among

nine-specifying codons in thkl. senile,mouse, and.
yakubaCOll genes, respectively. None of the attenu-

standard tRNAs (Rich and RajBhandary 1976; Dirhei-
mer et al. 1979; Singhal and Fallis 1979; Sprinzl et al.

ata ATG codons correspond to isoleucine-specifying1989) are found in thél. attenuatamt-tRNA™M®! gene

codons in theM. senile,mouse, andD. yakubaCOll
genes.

(Fig. 3A). Also as in the other cnidarian mt-tRIGXe!
genes, theH. attenuatamt-tRNA™®' gene has an A-

The above findings add further strength to the con-T,, pair (rather than a By-Pu,, pair found in almost all

clusion drawn from ouM. senileandS. glaucunstudies

standard tRNA genes) in the DHU stem, and a mis-

(Pont-Kingdon et al. 1994, 1998; Beagley et al. 1998)matched pair (AA) at the top of the aminoacyl stem (C A
that the tryptophan specificity of TGA predates the emer-and T C in theM. senileand S. glaucumtRNAMMet
gence of Metazoa, but that the switch in specificities ofgenes, respectively), two features found in tecoli
AGR codons from arginine to serine and ATA codonsinitiator tRNA™®!, The three cnidarian mt-tRNA
from isoleucine to methionine postdated divergence ofgenes so far described lack onH.(attenuataand
the cnidarian line from the ancestral lines of all otherS. glaucu or two (M. senil§ of the three G-C pairs

extant Metazoa.

TheH. attenuatant-tRNAM® and mt-tRNA™ Genes

TheH. attenuatamt-tRNA™¢! gene (Fig. 3A) predicts a

found at the base of the anticodon stem of prokaryotic
initiator tRNA™®'s and eukaryotic nuclear DNA-
encoded initator tRNX®'s, that inE. coli have been
shown to be important for targeting tRNX&® to the
ribosome P site (RajBhandari and Chow 1995). All three
of these G-C pairs are present in mt-tRN&! genes of

tRNA that is identical in size (71 nt) and secondary struc-vertebrates, insects, most echinoderms, an annelid, a bi-

ture potential to the mt-tRNA"! of both M. senileand
S. glaucum(Pont-Kingdon et al. 1994, 1998). Overall
sequence similarities of the mt-tRNIX®' gene of H.
attenuatato those oM. senileandS. glaucunmare 66.2%

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 GT, and in bothK. tunicata (polyplacophoran

and 63.4%, respectively. Also as reported for the twomollusc) andCepaea normaliggastropod mollusc) the

previously described cnidarian mt-tRII¥ genes, the
H. attenuatamt-tRNA™¢' gene contains two major fea-
tures of standard tRNAs (prokaryotic tRNAs and tRNAs

anticodon-distal pairsia G Amismatch (Sprinzl et al.
1998).
In the H. attenuatamtDNA sequence (Fig. 1A), a

encoded in eukaryotic nuclear and chloroplast DNAs)69-ntp segment located between theBd of the I-rRNA

that are absent in most metazoan mt-tRNAs: both G
and G4 in the DHU loop, and the completé %5, Tss,

gene and the COIl gene has most of the primary and
potential secondary structural characteristics expected
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Fig. 4. Secondary structure model of thé attenuatamt-I-rRNA. 80%; * 46—63%. Roman numerals identify six major domains corre-

The B and 3 regions are contained iA and B, respectively. The 5 sponding to the six domains of tHe. coli 23S secondary structure
and 3 ends are defined as corresponding to the nucleotides that follonmodel (Gutell et al. 1993). Bold numbers identify helices that appear to
the 3 terminal nucleotide of the tRNA®t gene and preceed thé 5 have been conserved relative to faecolimodel (1-101, as defined by
terminal nucleotide of the tRNAP gene (Fig. 1A). The sequence is Brimacombe et al. 1990). Bold numbers in parentheses indicate the
numbered every 25 nt from thé Bnd. Watson-Crick base pairings are equivalent locations dE. coli 23S rRNA helices that clearly cannot be
indicated by a dash between nucleotides. Pairing of G and U is indiformed from theH. attenuatasequence. Those numbers in parenthesis
cated by GU and presumed pairing of G and A is indicated by/AG that are underlined indicate helices that are abseht iattenuatabut

The solid outlines indicate sequences that, in khetridium senile present inM. senile.The large bold negative numbers shown indicate
mt-I-rRNA andEscherichia col23S rRNA secondary structure models differences of more than 10 nucleotides in either one or more helical
are at identical locations and are 100% conserved (Gutell et al. 1993glements in thél. attenuatamt-I-rRNA model relative to thé. senile
Beagley et al. 1998). The similarities of these latter sequencés to  mt-I-rRNA model.

attenuatamt-I-rRNA are indicated: **** 100%; *** 86—91%; ** 70—

for a tRNA™P gene (anticodon’5TCA). This sequence is mt-tRNA™ gene includes a completeyT loop se-
one nucleotide shorter than and has 57.8% similarity taquence (T, Tss, Csg Pz Asg Nsg, PYgso) and other
the M. senilemt-tRNA™ gene (Beagley et al. 1998). As nucleotides that are highly conserved in standard tRNAs
is the case in théd. attenuatamt-tRNA™¢! gene, the  (Tg, PYas Tas Pl Pyig Gss Csp). However, in the
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Fig. 4. Continued.

predictedH. attenuatamt-tRNA™™ gene sequence only pairing between two complementary sets of five nucleo-
one G is found in the location expected for the highly tides with elimination of both nucleotides usually found
conserved GG, and the sequence cannot be foldedbetween the aminoacyl and DHU stems. Interestingly,
into a totally orthodox mt-tRNA secondary structure. the mt-tRNA™® gene of five speciespfriformis, ther-
There are, in fact, two ways in which this sequence carmophila, pigmentosa, hyperangulariand hegewischi

be folded, as diagrammed in Figs. 3B and 3C. In theof the ciliated protozoarTetrahymenaalso contain a
secondary structure shown in Fig. 3B, in contrast to whaDHU arm sequence in which three consecutive nucleo-
is usually found in mt-tRNAs, there is one nt (a T) rathertide pairs could form with elimination of nucleotides
than 2 nt (TA) between the amino-acyl stem and thebetween the aminoacyl and DHU stems (Suyama et al.
DHU stem, 6 ntp rather than 5 ntp in the anticodon stem;1987; Morin and Cech 1988a).

and 3 nt rather than 4 nt or 5 nt in the variable loop. This DHU arm sequence modifications have been de-
is similar to the secondary structure proposed for mt-scribed previously for metazoan mt-tRNAs that recog-
tRNAS®" (UCN) genes of mammals (Yokogawa et al. nize serine-specifying codons. All known mtDNA-
1991; Watanabe et al. 1994). In the alternative secondargncoded tRNA®"(AGN) genes of invertebrates, tRNA
structure shown in Fig. 3C, a DHU stem is formed by (AGR) genes of vertebrates, and tRRFA(UCN) genes
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of nematodes, some molluscs, and the annelid worngained at specific locations is 423 which accounts for

Lumbricus terrestrishave a DHU arm replacement loop 91.6% of the difference in size of 451 nt between lthe

of between 6 and 13 nt that either lacks or has unusuattenuataand M. senilemt-I-rRNAs.

internal base pairing potential (Wolstenholme 1992a; As is the case for the secondary structure models pro-

Boore and Brown 1994, 1995; Terrett et al. 1996;posed for other metazoan mt-I-rRNAs (Gutell et al. 1993;

Yamazaki et al. 1997; Beagley et al. 1999). A similar Okimoto et al. 1994), including that dfl. senile(Bea-

secondary structure has been proposed for other mgley et al. 1998), the secondary structure modelHor

tRNAs of the gastropodlbinaria coerulea(Hatzoglou attenuatashown in Fig. 4 includes all of the core nucleo-

et al. 1995). Genes for other tRNAs with different modi- tide elements given for thE. coli 23S rRNA by Ceder-

fications of their secondary structural form have beengren et al. (1988). This observation, together with con-

found among metazoan mtDNAs, including genes for 20servation of the overall secondary structure of the

of the 22 mt-tRNAs of nematodes in which thé@ arm  attenuatamt-I-rRNA relative to the ml-I-rRNA ofM.

is replaced with a single loop of between 6 and 12 nt thasenileand the 23S rRNA oE. colimt-I-rRNAs, argue in

lacks intra-strand pairing potential (Wolstenholme et al.favor of theH. attenuatamt-I-rRNA being functional in

1987; Okimoto et al. 1992). From computer modelingregard to mitochondrial protein synthesis.

studies further unusual secondary structural features

have been suggested for a variety of metazoan mt-tRNAs&cknowledgments. We are grateful to Dr. Hans Bode for providing

(Steinberg et al. 1997). us with H):jdr_a ?:_enuati.The H. ;atter:juata:jnitoc?olr:drial DNA frdag- "
H ent used Iin IS WOrk was cionea an artal sequenced In e

As. s the C.ase for all other metazoan mt-tRNA g(:me#zboratory of Dr. J.G. Gall. RW would like tg grate);ullyqacknowledge

the trinucleotide CCA, that occurs at the énd of pro- Dr. Gall's support. The remainder of the work reported was supported

karyotic tRNA genes is absent from this position in eachpy National Institutes of Health grant number GM18375.

of the twoH. attenuatamt-tRNA genes.
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