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ABSTRACT
A 9.2 kb segment of the maxi-circle of Trypanosoma brucei mito-

chondrial DNA contains the genes for cytochrome c oxidase subunits I and
II (coxI and coxII) and seven Unassigned Reading Frames ("URFs").

The genes for coxI and coxII display considerable homology at the
aminoacid level (38 and 25%, respectively) to the corresponding genes in
fungal and mammalian mtDNA, the only striking point of divergence being
an unusually high cysteine content (about 4.5%). The reading frame coding
for cytochrome c oxidase subunit II is discontinuous: the C-terminal
portion of about 40 aminoacids, is present in the DNA-sequence in a -1
reading frame with respect to the N-terminal moiety.

URF5, 8 and 10, show a low but distinct homology (about 20%) to
mammalian mitochondrial URF-1, 4 and 5, respectively. In URF5, the first
AUG is found at codon 145, whereas extensive homology to mammalian URF-1
sequences occurs upstream of this position. The possibility exists that
UUG can serve as an initiator codon.

URF7 and URF9 have a highly unusual aminoacid composition and do
not possess AUG or UUG initiator codons. These URFs probably do not have
a protein-coding function.

The segment does not contain conventional tRNA genes.

INTRODUCTION

Mitochondrial DNA (mtDNA) in trypanosomes possesses a highly unusual

structure that is unique in nature (for reviews see refs 1-4). In T.

brucei it consists of a catenated network of two types of circles, 104
mini-circles of 1 kb and 102 maxi-circles of about 20 kb. The maxi-circle

contains a number of genes found in the mtDNA of other organisms (5-10)

and, therefore, can be regarded as the trypanosomal equivalent of these

DNAs. The role of the mini-circles is unknown. We have undertaken

nucleotide sequence analysis of the maxi-circle of Trypanosoma brucei

mtDNA, in an attempt to further identify the mitochondrial genes and to

study their organization and mode of expression.

To date, we have reported the sequence analysis of maxi-circle

segments containing the genes for the mitochondrial ribosomal RNAs of 12S

© I R L Press Limited, Oxford, England. 7327



Nucleic Acids Research

and 9S (6), for apocytochrome b and a number of unusual URFs (7,10). A

common feature of these genes is their low degree of conservation when

compared to other organisms. The ribosomal RNAs show hardly any direct

homology to the ribosomal RNAs of E. coli or other mitochondria (6),

although certain aspects of a possible secondary structure are

reminiscent of the conserved secondary structural domains of E. coli rRNA

as envisaged in refs. 11 and 12. The mitochondrial protein-coding genes

also appear to conform to this pattern (7,10). The gene for apocytochrome

b is only 25% homologous at the aminoacid level to its mammalian counter-

part, whereas the yeast and mammalian apocytochrome b genes are about 45%

homologous, indicating a larger evolutionary distance between mammalian

and trypanosome mitochondria than between mammalian and yeast

mitochondria.

The maxi-circle also contains long open reading frames without an

AUG codon in the N-terminal moiety (see ref. 7). These occur in areas

which are abundantly transcribed, but the aminoacid composition of the

proteins they encode is highly unusual. This makes assessment of their

role somewhat problematic. As yet, no conventional tRNA genes have been

found.

In this report we present the sequence of a 9.2 kb segment on which

two familiar mitochondrial protein genes (the genes for cytochrome c

oxidase subunit I and II, coxl and coxII) and a number of URFs are

localized. Some aspects of the trypanosomal mitochondrial genes and their

organization are discussed in more detail, now that about 70% of the

maxi-circle has been sequenced.

MATERIALS AND METHODS

Materials
Restriction endonucleases were from New England Biolabs or

Boehringer Mannheim; DNA polymerase (large fragment), calf intestine
phosphatase and T4 DNA ligase from Boehringer Mannheim; Exonuclease
Bal-31 from New England Biolabs or Bethesda Laboratories; low melting
agarose from Bethesda Research Laboratories; S1 nuclease from Sigma.

DNA and assays
The isolation of trypanosome mtDNA (T. brucei 427, culture and

bloodstream form) was performed as described in ref. 5. DNA was stored at
-20°C as an ethanol precipitate. Plasmid DNA and M13 RF DNA were isolated
according to Birnboim and Doly (13).

Restriction enzyme digestion, agarose gel electrophoresis, blot
analysis of DNA fragments, nick translation and hybridization was
performed as in refs 5-7. Bal-31 digestion was performed at 30°C for
varying periods of time; routinely 0.5 U of Bal-31 was used per ig of
DNA. Incubations were stopped by the addition of phenol.
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Partial map of T. brucei 427
maxi-circle DNA. The position of

><the 12S and 9S rRNA genes (6),
the apocytochrome b gene (cyt.b)

/o6> + (7) and the variable region
AR3 /22 \ \\ (var.region) is indicated

together with that of a few
relevant restriction sites (5),
(R = EcoRI, D = HindIII, M =20 MboII) and the area of which the

10lo R2J sequence is reported in this
paper.

isnlyi

\ 9 ~~~~ ~~~~~~~~~12/

Cloning in M13 and sequence analyi
Four restriction fragments of bloodstream form T. brucei 427 maxi-

circle were cloned in M113 mp8 and mp9: R -D, D -R R -D and -M .111 2s't 22 1 2Fig. 1 shows the position of these fragments rela ye to the position of
the genes for the rRNAs, the gene for apocytochrome b and the region
which varies in size in closely related T. brucei stocks (variable
region, 14). The M -M fragment was cloned in the HindII site of mp9
after blunt-ending ihe2i4boII sites with DNA polymerase I, large fragment.
The nucleotide sequence of the fragments was determined using non-random
cloning procedures with the use of exonuclease Bal-31 as described by
Poncz et al. (15).

In a previous report we have given a detailed description of the use
of this method in the sequence analysis of part of the R -D1 segment (7).
The procedure yields a large series of nested fragments in two
orientations, with the part progessively shortened by Bal-31 oriented
towards the vector's priming site. Some parts of the sequence were
verified with the use of M13 recombinant DNA from clonebanks derived from
maxi-circle DNA restricted with MboI, AluI or MboII, cloned in the BamHI
site of M13 mp9 (MboI fragments) or the HindII site of this vector (AluI
and blunted MboII fragments). Phage DNA obtained from these banks was
also used to sequence across the D , R2 and D2 sites. Whenever a certain
area could not be sequenced without ambiguity with clones from the Bal-31
and restriction enzyme banks, sequences were obtained with the use of
synthetic oligonucleotides (prepared as in ref.16). These were utilized
to prime complementary strand synthesis on M13 DNA with large maxi-circle
inserts (R -D1, D1-R etc.). In areas of special interest (see figs. 4
and 5) this approacA was followed to thoroughly check the obtained
sequences of bloodstream-form maxi-circle DNA and to compare them with
the nucleotide sequence of culture-form maxi-circle DNA, which was cloned
as a EcoRI x HindIII digest in M13 mp8 and mp9. The colinearity of the
cloned M13 inserts with maxi-circle DNA was checked with S1 nuclease
analysis, as described in ref. 15.

DNA sequence analysis was carried out by the dideoxy nucleotide
chain-termination technique according to the method of Sanger et al.
(17). All DNA fragments were completely sequenced in both directions. The
nature of the procedures followed, provides an ample source of over-
lapping clones. Each part of the sequence is derived from at least two
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<-U111 ends at -401
1 TATATAATAA MAAATAGTA TATAATAATA AGTAATACTA AACTTATACT ATAAATTMG TGAMTTTA MTATAAATA AAAGATATAA TFTTTGTTG

101 AMATATAT TAGGAATAAA MACAAAMT TATTCACACT TAACACAAAT AGTMACTM CGATAGCAAA GCTGTTTMT CCAATTAAAA CGCATGTACA

201 AGATTGAMT AATAGAAGTT TGATGMATM AATATAAAAA TAAATGAAGC TMTTACTAG MTTATTAAT ATAAAACAAA ACAAAATATA AAAAGTTAAC

301 ATATAAATM AAATAAAGAC ACCAAGTCTA ATATAAAGTT GCTCCATAAA CAAAATTAAA AAGGCGATGT ATAATTTGAA TAAAATTAAT AATGTGTAA
401 ATACGCATM MTTCCAAGT CATTCTTCAT CAAAAACTAA AAMCAAAAA TCACATAGGA AAAAACAGTA GTTTAATATC ATAAAATATA ATAATATAAA

501 TAATAATATA AAATTTATTA AGTTTAACAT GTAGTMTAT CATAGAACTA MATTTTATA TCCAAATCTA CTGGACATTA ATAATAMAA GAGCMTAAG

601 CTAMTATTT CAAAGAGGAT TGATATMTA ATMTATGAT TMTAMTAT AAATMGAAT ATAATAATGT ATTGAATAAT MTAATAATG MTAAAAATC

701 TGGTATCGAA TGATAGAAAG CAAAAAAATA ATCTAAAGCA AAATMCAAT MGAGTATAA AGATGAACA AATATAAGAA TCTAATMTG TTATTCAAAA

801 TAGGTTMTA ATTMTAATC AGAGTAAATC MAOCTT4GT ATGrTAGTG TAGrATMTC ACATAAGATA ATAAAGCTGT AGATMTMG AMTATAMT
<- I Start 0314

901 ATGTGTATGA TATATAAAAA CGGATITTTGOTTT AGOGACAGAG GGTTrATTTT TGAGGATTTT AGGAGGAGAA AAGGGATGGG AAACAGAAGG
1<- End U315

1001 ACATMAAAA AGTTTCGTTA TTAGATTAAA AAACTATGCA AATAATTrTr GTMTAGCAA TMATGAAAA ATTMTGAAT CCCATTGTM ATAAAAAAG
1101 TMTATAMT GTTTGTGCAG TTGTAATTTT TMTCTACAG CATATMCAC GTGGTATMG AAMCCTAGA ATTAGTATM GAATAGATTT AAAGCATATA

1201 AAMGCCCAC CMMCATAA GCACCTAMT MTATAGTAG TTAGTMTM ATGATTAATT TCMGGACOG AGTATATGAC AAMAAATA CCAGATAATT

1301 CAGTAACMG OCCAGCMCA AGTTCACTTT CACATTCTAG ATAATCAAAG GGTAAACGTA ATCCATCAAG MGCAGTCCA ATTCAAMTA GACAAATGAA

1401 TAAAAGACCA ACTATAAAGC MTTTTGTAA AGAAAGTTGA CTTATACAM TATCTMTAT GCCAAAGAAA CAAAACTAGT CTAGTATGTA TATACAATAA

1501 ACTAGAATTA AAATGGAACA TTCAGATAGA ATACTAAAAA ATAAAGTTCT CATGGCAGCT AGGTAAATM ACCAGCTTGA MATAAAAAA CMCCMCGA

1601 AAAAATGCA AAATACATTA GAAAATMAT GAAATCCTM TAAAAAMGA AGTGTAAMC CTTTGTCAAA TATTATTATG MTCCAACTG GGAAAMGAA

1701 CCAAGAAA AAAATACAAA MGCTGTMT GAATAAACTA GATATAMTA ATATAGACTC MCACCMTC ACAAATAATG TAAATTTAAC AMTAATTTA

1801 ACTCCATCAG TMTAGGAGT MGAAGACCA AATAAAAAAA GTGCAGGTCC TATTCTGAAT TGCACAATAG CTAAAATTTT ACGTTCACAT AACTMCAT
Start CoslI I-> <- Start U135

1901 ACCCACATAA GACAGATAM ACGAGTATM ATATMCMT MGTATGCAT ATATCTAMT GTMTAATM CAAATGAGTT TTATATTAAC TTTTTGAATG

2001 ATATTTTAA TGGATTCMT MTTGTATTA ATATCTTTTT CMTATTTCT ATCTGTATGA ATATCTGCAT TGATTATAGC MCAGTATTA ACTGTAACAA

2101 AAATAMTM TATATATTGT ACATGAGATT TTATATCATC MAATTTATA GATACATATT GGTTTGTACT TGGAATGATG TTTATATTGT GTTTATTCTT

2201 AMGTTTGT TTGTTGTTGT ATTTTAGTTG TATAAATTTT GTGAGTTTTG ATTTGTGTAA AGTMTACGT TTTCAGTGAT ATTGGCTATA TTTTTATTT

2301 OGAGAACCA CGATATTTAG TAATTTMTA TTAGAAAGTG ATTATTTAAT AGGAGATTTA AGAATATTAC AGTGTAACCA TGTATTGACA TTGTTTMGTT

2401 TGGTTATTTA TAMTTATGA GTATCTGCAG TAGATGTMT ACACTCATTT ACAATATCAA GTTTAGGTAT MAAGTAGAG MCCTGGTAG GTGTAATGTAEnd COI! ->I
2501 ATMTTTTGT TTGCTACAM TAACGCMCT CTTTACGCAC AATCTAGTGA ATTGTGTGGT GTATTACACG GTTITATGCC TATTGTAATA MTTTTAT T

Start U11F6 1->
2601 AGAAAGGTAT ATMTCTATA ATGAAAGGGG ATTTTAAGAT TGGCT=TGAT TGAGTCGTGT TTGATTrG TTATCTATTA GAACATATGA TTTTATATTG

2701 TGATGTmG ATCTAGATTT TATATTATAT GATTTTGTAT TCGATTTTGT TGTATCTATT ACATTTATAT TTATATTTCT TTTAOITTrT TTTATTAGAA

2801 TmTTTTrAG TTTTGTGTTT GTATTCTTAT TTATMCATT TTTTGGAATT TGTTCATTAA CAATGTTATT TACAGGGTAT TATATATATT ATATATATAT

2901 ATTATATMT TTTATATGTT TTTTTTTTOC ATTTGCTATA AATTTTTGA TATATTATAT CGAGMTTITC ATATTTATAA CATTCCATAT ATTTTTCGAT

3001 TTTATAACTT TTTCTAATTA TATATATAAT TATTTTGGAA TATTGTATAT GTTTAATGTA ATGTTTTCTG CATATTTATT TTGTTTATT TATTTTOTGA

3101 TATATT1TTT ATTTTGTTmT ATATTTTTTG TAATACGATG TTTATTTATA GTAATMTGG ATTTTTTATT TTTTAATTTT GATATATTTG TATCTATATT

3201 ATTATGTGAT ATACTATATT TAGATTTTAT AACTTTATTA TTATTATATT TTAATTTTAT ATTTAATTTT ATTTATOGAT TTTTTAGTTT TGTGATMTT

3301 TTAGGTTTAT TATTOTTATT GTTATTTTTA GTMTAAATT TATTTrGG ATTTACA1TT TTAGTATATG GTATACAAAT CATATTATTA TATTATGTAT

3401 ATTGATTATA TATGATATAT AGTAGAAGTT GTTATATATT GATGCCAGCA ATATTAATAT TTTTAAGTT TATATATTTT GATGTATTCT TTGTGTTTGT

3501 ATTTATTTTA ATTTTATTTA TTATATCATT TTTTAGTTTT TTTAAAAG ATTTTTTATT TTTATCATTA TATTTTGATA TATTCGGATC ATTATATMT
<- End COXI

End 316 ->1
3601 TACGATATAT TATCATATAG TATATTTTAT TATCAAAATA ATCAGTTTTG rrrAACACAG TTATTATCM rATATATA AMCAATAAT AGGMGGCTT

3701 CCMMAAAAA AATATAAAAT ACGAAGCAM AGCMAGTAT TATTMTAM TAGTCMGTA TTATATGCGC AAAATCAATA ACAAGTAAAT AAATAGCCAT

3801 ACAAACTGOT ACTCATCTAT AAAMTAGAA GAATATAGAT MOCTATATG TMACAMTT AATAAAAM T AAACACTAAT CTCAGAATM TATAACATTA

3901 AACMAAC AGCAAAATAT AACTAAAAAA GTCMCAMA OCATACCATA CMTGTAMC GCACTTCAAA ATAAAAAGCT GATAGGATM TCAGAMTTC

4001 TTCTTCGCA AGCAAACATT CCTMGCTAT OTAAAGGAM AAAAACCATA TTAGAACCM ATCATAATCT GGAAATGMAG AAAAATAATC AAMTGTGTG

4101 AAGTTCAATA GGAATTCATT TCATGAGAAA ATGAAAAAAC CCACCAAAAA CCCCTACAAC AGCACCMCT GATAAAACAT AGTGGAAATG TGCMCMCA

4201 AAATAAGTAT CATGCATCM MTATCMTA CCAACAITTG ATAGAMTM GCCAGTTMT CCACCAGCAA GAAACATMG TATAAACATA TATATAAMT

4301 AAATTTCAA ACAMTACAC ATATCTGTGA ATMGcAAGCT ATAGATTCAA TTAAATMTT TMTGCATGT ACGTMGCCT ATTAGTACAG TMTACTTCC

401 AAAATAAGCT CTAGAATCAA CATCCATACC MCMCAAAC ATGTGATOCG CTCAMCAM CATACCTMT ACAGATATCA GTAGCATAGA ATMATCATA

4501 GCGACOGAAC TAAAAACGCA TCTAAAACTT GTMCTTCM TMTAGTGGA MCTMTCCA MTACAGGTA GAATTATGAT ATAMCCTCT GCATGTCCM

4601 AGAACCAAAA TAAGTTTG AATAAAACTA GATCTCCACC TCCAACAACA TCATAAAATG ATGTGTTAAA ATTTCTATCG CATAATMTA ATGTAACTCC

4701 ACCAMCCAAA ACGOGAAMG TAUTAATCM AAGTATGGAT GTCAACMGG CACCTCAMT MAMGTCTT CAAATMGAA AGCTMMTA TTTTCGTCTA

4801 CAGCAAAAAA TTGTACCTAC AACATTMTG GAATTTMTA TACTAGATAT ACCAAGAAAA TGCACAGAGA MATGATAM GTCACATGCT MGCTAGAAT

4901 GAAATCAAT ACAAATCAAC OTAGGATACA AGGTCCMCC MCCCCCATA CCCTCTTCAG TCAAAMCCC ACTTACTMG CMCCAMTC CTCCMTAM

5001 CATTCAAAAG CTCATATTAT TTATACGAGG AAATACCATA TCGGGAAACC CAACCATGAC GGGCGCMAA TAGTTTGTAA ACCCACCCAT AGTTATAGGC

5101 ATAATMAAG CAAAAACCAT MTCAACCCA TGTGAAGTM TGAGTACGTT GTAACTGA TMTCACCM ATAAACTCC ACAACCAATT AGAGAAAGTT
Start 11317 I±->

5201 CTMTCTMT AMTMGGAG T4 ATATMC CGATAMTCC ACATAAAATA GCMACTAAA GATMCAAAT TCCMTCATT TTATGAGAM CACTTMGCA
(IStart CODl

5301 CACAAGACAT AGAAAAAACA T'ATAM CCAAAATAAA AACAAAACTA TTTCTTCGCA ATTATAMCC MAATTCCAT CMCCCCCTC TCCCCCTCCT

5401 CCCCACAAAA CCCCACACTT TCTCCCCAAC TAAAACCCCC CAATCAAACT CCCCTTCAAT TTCGTCCTCT TCTMACCCA ACTTCCCCM ATCCCCCTTC

5501 CTCTCCCCCA CMACCCCCC TTTCCTCATA GATCMTCCC MCCAAACTT AMGCCCCTT TTTAATAAAT ACACAAAGAT MCMTAAAT TATMGAAGG
Start U111 1->

End 1217 ->I5601 AATTTATAG MAGCACAAA MTAAMTTA MTTAGAGTA ATTGAATGTT AAAATTAMT TTAATATGTA TMATTTTAT ATTGTTMTT GTTACAATM

5701 TATATATATA TATMACTAT AGTTTTTGTA TTGGMTAGA MTCAATTAT CTATATGTM ATATATATTT AAATTACATC AGTCTATGAT TTGTATTTTT

5801 TATGGGAATT ATTATGTACA TATTMTATT TTTATTATCA MGAMTGTG TATCATATM TAMTATTTT TACATAGTM TGATATATAT CTATATATAT
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5901 ATTAATGTAG TGTTMTAAT MTATTAGAT GATTTTATGT GTTTTATGAT AGCCTTCGAA AGTCTATTTT TCCCTATATG TCTAGTAAGT TTATTTTTTA

6001 ATTTTMTAA TAGATTTATT TTTGCTATAT TCTATCTTAT AATATAGT TCAGTTAGTT CAGTGGTATG TATAATTATA TGTATAATAG TMTATCTCA

6101 TETCMCATT ATAAATTTAC AGGCTTTTAT TGATGTATGT TATTTTGATA GTTTGTATTC GGCAATTTTT ATATGAATAT TATTATTTAT MTGTTCGCT

6201 ATAAMTACC CMTCTGACC ATTCCATGTG TGACTACCAG AGATGCATGT AGAGGTAAT ACAGAAATGA GTGTITIATT AGCMGTATT GTGCTGAAAA
6301 TAGGTTITrE TGGTGTATAC AAAITTTTAT TTATCGCATT TAATACGATA TCAATATGAT TTTTAGGTTT TATAGATACT GTMTTGTGT TGGGTTTAGT
6401 ATTTATAGCA ATGTCACTAA TATTTTTATC AGACTACAAC AAAATAATAG CGAATTGATC AATAATACAC ACGGCTATAG GATTAATATT ATTATGACAT
6501 MTGACATTT TOTTTGTAGG TTTACTAATA TTATGTAATC TAGCACATAT ACTAAGTTCA TCCTTTATGT TTATTGTAAT AGGATATATG TACGACAATT

6601 ATGGTGTAAG AATTTTTTTA TTGTTAATTT CATTTTTTGG TATTAGTATA TGAAGTTCAT TGTTTTTATG TTTATlTLA TTTAATATAG ATTTCCCGTT
6701 TATGTTATTA TTTTATGTAG ATATATTTAT TTTGTATGGT TTGATATCTA TATCATTTAT ATATATAATA AGTTTTTATA TAATAACTTT AACGATATTT
6801 TTATCATCAA TATACATCTA TATGTGTTTA AGTTTTTATT CATTTGTATG GTTGGATAAA TATCTTAGAC TTGATGTTAG TATAAATGAT ATATATGTAT

|<-- End URF9
End URF8 -->I

6901 TTATGTCAAT ATCAATATCA ACTATAGTAT TTTATTATTT TATATATTTA TTAATATAAT ATGTATAATA CAACAAACAA ATCTCTTTAC CCCCTTCAGT

7001 GATCCCTCCC CATCAAAACT TCTCCCCCCA AAACCCATCT CCCATTCACC CCAAACCTAT GCTTTCTCCA ACACTCCATT CCTGTTCACA CCGTGATTCT

7101 TCTCAACCCC GCCCCCCGCT CTGCTCTCTC CTTTTAAAAT CCCTAATACA CTTTTGATAA CAAACTAAAG TAAAAAGGCG AGGATTTTTT GAGTGGGACT

7201 GGAGAGAAAG AGCCGTTCGA GCCCAGCCGG AACCCACGGA GAGCTTCTTT TGAATAAAAG GGAGGCGGGG AGGAGAGTTT CAAAAAGATT TGGGTGCGGG
Start URFIO I--_>

7301 GAACCCTTTG TTTTGGTTAA AGAAACATCG TTTAGAAGAG ATTTTAGAAT AAGATATGTT TTTAATATTT TTTTTATTTT TTATAATGTT TGGGTTTATA

7401 TCAGGTTCAT TTATGTTTGG TAGGAATTTT CTAAGTTTT CATTATCTTT AGTAATGATA ATATTTATTG TATTGTGTAT GATATTEAGT TTTTTAATGG

7501 TATCAGTATG TTTATACG1T TATTATTATT ACGATTTTTG TTTAATACTA ATGTTAGATT TTTGTTTTAT ATGATTAACA TACGTATGTT CAGGTTTTTA

7601 TATOTTTATA ATGTTATTGA TAAATATGGT ATT TTTT ATACTATTTT ACGCATTTTA TTATATGTAT TTTGATATGT TGTTAGGGCG TTTTTTGATT

7701 ATATTTTGAA TATTTGTTGT GTGCATGAAT TTATTCATCC TATCATATGA TTTTTTAACA GCTTACTGCG GATGAGAATT ATTAGGGTTA TTCTCATTTT

7801 T=TAATTTC ATATTTCTGA TACCGTTTTT TTGCATTAAA ATTTGGTTTT AAAGCTTTTT TTATAGGTAA AATAGGAGAT GTGTTATTAA TATTCGCTTT

7901 TTCTATAATA TTTTTATCM ATGGTTTTTG TATGACAACT TTTTTTTTT TAAATTTTTT TTGTATGGAT TATTATI ATA TAGAATTTTC TATATGTTTG

8001 TTAGTAGGAT GTGCGTTCAC AAAAAGTACA CAATTCGGCT TACATATATG ATTACCAGAT GCTATGGAAG GACCTATCCC AGTATCAGCA TTAATACACG

8101 CAGCTACATT AGTTGTTTGT GGAATAATAT TATTAAGTTT TGTTTATTGA TGTTTTGATT TTTGATTTAG TTATTTTTAT AATTTGATAG GATGGTCTAC

8201 ATTAATTTTA ATATTAATGA CATTGTGTGT GTTTTATAAT TTTGACGTAA AACGATACGT AGCGTTCAGT ACAATATGTC AAATTAGTTT TTCTATGTTT

8301 TGTTGTCTGT GTATAGATAT ATATATAGGT AGTTTATTTT TTTGTTACCA TATGTTCTAC AAAGCAACAT TATTTATAGT ATTAGGTATA TGAATACATA

8401 TATTTTTTGG GTTACAGGAT TTAAGATGTT ATTTrAT1-T GTATTTTTGT GGTTGTGTGT TAGCGCGTTT GTTATTAATA TTCGCAATAT TAACTCATG

8501 TTCAATTTGA TTTTTATGTG GTTTTTATTG TAAGGATATG TTATTAGCTT TATTGATGTT ATTATCATTT TATAATATAA TAGAATTTTT GTTTATAAGT

8601 ATAATTTTTA TATTTTTTAC AATGATTTAT AATTATTTTT TGTTATTTTT TTTGATGTTT GTGTTCAAAT GTTTTTGTTT GGTTGATTGT TTATTTTTAT

8701 TATTTGATTA TGAATGTTGT TTAGTATATT GTTTGATAAG TTTGTATATG TGTATTTTAA GTATATTTTT TATMTAGAT TTTGTATGTA TATTTGTATT

8801 TTCAAGTTAT TGTGTATTTT GATCATTTTT TTTAAATTTT TATAATTTTT TTGATATAGC AATTTTTGTG GTTTTTTTAA TATTATCAGT AGGATTTTTA

8901 TATTATGGTT GTTTATTTTT TTATTTTTTC MTATAGATT GCATAATGTT GTTTTGGAGA ATTTTTTTTG TAATAATAAT TTTAGTAGTA TTTATGATAT

9001 TrTGTTGTTG ATATTTTGTT TGTATGATCA TATTTATGTT ATTATTTGTA TGAAATTTTG TTATATATTT TAGATATAAT TTGAMTATT GTTTATTTTT
End URF10 -->T

9101 TrGTATrTTG TGAATATTGT ATGTATAAAT AGTATAATCA AGTAAMA MGArAMGAA ACCAGATTAG AmGTrA AAGTCAAMT ATmATAAT

Figure 2
Nucleotide sequence of a 9.2 kb maxi-circle segment of T. brucei. First
and last nucleotide of a number of protein genes and URFs has been
indicated (see also Table 1). The sequence strategy has been described
under methods. Nucleotide number 1 corresponds to nucleotide 2501 in ref.
7. Genes were identified by comparison with aminoacid sequences of human
(18) and yeast (19-26) mitochondrial proteins.

independent clones in each direction. In a previous paper the sequence of
the first 2520 nucleotides of the R -D fragment was reported (7). The
present paper provides the sequence of the remainder of the R -DI
fragment (nucleotide 2521-3332) together with that of the other fragments
to a total of 9200 nucleotides (see Fig. 1).

RESULTS AND DISCUSSION

Fig. 2 presents the complete nucleotide sequence of a 9200 bp

segment of the maxi-circle of Trypanosoma brucei (see also Fig. 1). Begin

and end-point of a number of genes and unassigned reading frames are

indicated. These were obtained by translating the nucleotide sequence

into aminoacids with a genetic code in which only the assignment for UGA

(encoding tryptophan in most mitochondrial genetic systems, including
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Table 1 Mitochondrial genes and URFs on a 9.2 kb maxi-circle segment

nucleotide coordinates 1st AUG at codon position

of reading frame

5'- 3'

URF-4* 938--401 121

coxII 1971-2599 2

URF-5 1985-1029 145

URF-6 2638-3678 142

coxI 5322-3675 36

URF-7 5252-5638 -

URF-8 5637-6956 4

URF-9 7519-6938 -

URF-10 7353-9125 2

* 401 nucleotides at the 3'-end of this URF have been published in ref. 7

trypanosomes; 7) differs from the universal code. The genes and URFs

found, together with their coordinates in the sequence of Fig. 2 and the

position of the first AUG-codon, are listed in Table 1. The gene for

cytochrome c oxidase subunit II (coxII) and the URFs 6, 7, 8 and 10 run

clockwise, the gene for cytochrome c oxidase subunit I (coxI) and the

other URFs, counterclockwise (see also Fig. 6). An extensive discussion

of some of the characteristics of the genes and URFs is given below.

The genes for cytochrome c oxidase subunits I and II

The aminoacid sequence of the T. brucei coxI and coxII genes is

given in Fig. 3 in a comparison to the analogous genes in yeast and human

mtDNA. The coxI gene shows an overall homology with the yeast and human

genes of 38%, the coxII gene of 25% assuming a limited number of

insertions/deletions. This is consistent with the pattern also observed

for the rRNA genes (6) and the apocytochrome b gene (7), which also show

a rather low degree of direct conservation. There can be no doubt,
however, that we are dealing with the coxI and coxII genes, since many of

the aminoacid substitutions are conservative, which results in very

similar hydrophobicity profiles for the T. brucei and yeast/human gene

versions (plots not shown). Furthermore, some of the putatively
functional aminoacids are conserved: e.g. in mammalian coxII, His109,
Cys208, His216 and Met219 (the coordinates used are those from Fig. 3)
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Cytochrome c oxidase subunit I

MFFLCLVCLS VSHKMIGICY L*VAILCGFI *GYIYSFIRL E*SLIGCGVL FGDYQF*NL IISHGLIMVF AFIMrPTMh
-MFADRWLFS TNHKDIGTLY LLFGAWAGVL GTALSLLIRA ELGQPG-NL LGNDHIYNVI VTAHAFVMIF FMVMPIMIGG

* * * * ** * * ** *** ** * * * * *** * * * ** **
--MVQRWLYS TNAKDIAVLY FMLAIFSGMA GTAMSLIIRL ELAAPGSQYL HGNSQLFNVL VVGHAVLMIF FLVMPALIGG

81 FTNYFAPVMV GFPDMVFPRI NNISFWMFIG GFGCLVSGFL TEEGMGVGWT LYPTLICIDF HSSIACDFII FSVHFLGISS
* * * * * *** *** ****** * * * **** ** * * * * ** * * **

FGNWLVPLMI GAPDMAFPRM NNMSFWLLPP SLLLLLASAM VEAGAGTGWT VYPPLAGNYS HPGASVDLTI FSLHLAGVSS
* ** * * * * **** ** ** * *** * * * **** ** * * ** * * * * ***

FGNYLLPLMI GATDTAFPRI NNIAFWVLPM GLVCLVTSTL VESGAGTGWT VYPPLSSIQA HSGPSVDLAI FALHLTSISS

161 ILNSINVVGT IFCCRRKYFS FLIWTLFIWG ALLTSILLII TLPVLAGGVT LLLCDRNFNT SFYDVVGGGD LVLF1HLFWF
** ** * * ** * * * ** ***** ** ** *** ** * * **** * ******
ILGAINFITT IINMKPPAMT QYQTPIFVWS VLITAVLLLL SLPVLAAGIT MLLTDRNLNT TFFDPAGGGD PILYQHLFWF
* ** * * ** * * ** **** * * ** ****** ** * **** * *****
LLGAINFIVT TLNMRTNGMT MHKLPLFVWS IFITAFLLLL SLPVLSAGIT MLLLDRNFNT SFFEVAGGGD PILYEHLFWF

241 FGHPEVYIII LPVFGLVSTI IEVTS-FRCV FSSVAMIYSM LLISVLGMFV WAHHMFVVGM DVDSRAYFGS ITVLIGLPTC
******** *** ** * * * * * * * ** * ****** *** *** **** * * * **
FGHPEVYILI LPGFGMISHI VTYYSGKKEP FGYMGMVWAM MSIGFLGFIV WAHHMFTVGM DVDTRAYFTS ATMIIAIPTG

FGHPEVYILI IPGFGIISHV VSTYS-KKPV FGEISMVYAM ASIGLLGFLV WSHHMYIVGL DADTRAYFTS ATMIIAIPTG

321 IKLFNWIYSF LFTDMCICFE IYFIYMFILM FIAGGLTGLF LSNVGIDILM HDTYFVVAHF HYVLSLGAVV GVFGGFFHFL
* * * * ** * ***** * * ** **** ***** ***** *** *** *
VKVFSWLATL HGSNMKWSAA VLWALGFIFL FTVGGLTGIV LANSSLDIVL HDTYYVVAHF HYVLSMGAVF AIMGGFIHWF
**** ~* * ***** * * * **** ** ** **** ** * *

IKIFSWLATI YGGSIRLATP MLYAIAFLFL FTMGGLTGVA LANASLDVAF HDTYYVVGHF YYVLSMGAIF SIUAGYYYWS

401 MKWIPIELHT FWLFFFISTL WFGSNMVFFP LHSLGMFAFP RRISDYPISF LFWSAFTLYG M-LLLTFL VIFCCCLFNV
* * * *** * ** * ** **** * * * * **

PLFSGYTLDQ TYAKIHFTIM FIGVNLTFFP QHFLGLSGMP RRYSDYPDAY TTWNILSSVG SFISLTAVML MIF -

PQILGLNYNE KLAQIQFWLI FIGANVIFFP MHFLGINGMP RRIPDYPDAF AGWNYVASIG SFIATLSLFL FIYILYDQLV

481 --- ILF WDYCLFFINL FT-YSLSIFF YFYTWVPVCM AIYLLVIDFA HIILDYLLII LCFCFVFYIF
* * *

----MIW EAFASKRKVL MVE--- -EPSMNLE WLYGCPPPYH TFEEPVYMKS
NLN&Na* b** * *** * *
NGLNNKVNNK SVIYAKAPDF -VESNTIFNL NTVKSSSIEF LL-TSPPAVH SFNTPAVQS-

561 FWQAFLLFFY I T.brucei

- human
- S.cerevisiae

Cytochrome c oxidase subunit II

1 MSFILTFWMI FLMDSIIVLI SFSIFLSVWI -CALIIAT VLTVTKINNI Y--CTWD FISSKFI-DT YWFVLGMMFI
* * * ** ** * ** * * *

-MAHAAQV GLQDATSPIM EELITFHDHA IMIIFLICFL VLYALFLTLT T-KLTNT NISDAQEMET VWTILPAIIL

MNDVPTPYAC YFQDSATPNQ EGILELHDNI MFYLLVILGL VSWMLYTIVM TYSKNPIAYK YIKHGQTIEV IWTIFPAVIL

81 LCLLLRLCLL LYFSCINFVS FDLCKVIGFQ WYWVYFLF- -GETTIF -SNLILESDY LIGDLRILQC NHVLTLLSLV
* ** * ** * **** ** *****w* *

VLIALPSLRI LYMTDEVNDP SLTIKSIGH2 WYWTYEYTDY -GGLIF NSYMLPPLFL EPGDLRLLDV DNRVVLPIEA
* * ** * ** **** * *** * * * **
LIIAFPSFIL LYLCDEVISP AMTIKAIGYQ WYWKYEYSDF INDSGETVEF ESYVIPDELL EEGQLRLLDT DTSMVVPVDT

161 IYKLWVSAVD VIHSFTISSL GIKVEN-GR CNEIILFATN NATLYGQCSE LCGVLHGFMP IVINFI-- ----- T.brucei
* *** * ** *** * ** ** **** ** * *** ** *

PIRMMITSQD VLHSWAVPTL GLKTDAIPGR LNQTTFTATR PGVYYGQCSE ICGANHSFMP IVLELIPLKI FEMGPVFTL human
* * **** * *** **** *** * ** *** *** * *** *

HIRFVVTMD VIHDFAIPSL GIKVDATPGR LNQVSALIQR EGVFYGACSE LCGTGHANMP IKIEAVSLPK FLEWLNEQ- S.cerevisiae

Figure 3
Sequence comparison between coxI and II genes. The cytochrome c oxidase I
and II genes were lined up with the analogous genes from human (18) and
S. cerevisiae (yeast) mtDNA (19,20). * indicates homology with the T.
brucei sequence, - indicates the position at which a deletion is assumed.
The gene sequence is presented starting with the first methionine (see
Table 1). a and b in the coxI sequence indicate proposed intronic
sequences in yeast coxI (19).
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may serve as ligands for Cu binding (27): only His109 is not conserved in
T. brucei. Also a stretch of aromatic aminoacids around position 112 with

a possible function as transmembrane electron channel (28) is present in

T. brucei. Moreover, the proposed sites for 02-binding (position 234-249)

and heme a3 attachment (371-382) of the coxI subunit (29) are almost

completely conserved in T. brucei. However, only 42 out of 94 invariant

residues in human and yeast coxIl and 159 out of 250 invariant residues

in coxI of 5 species (29) are present in T. brucei. We anticipate,

therefore, that it will be instructive to closely inspect the T. brucei

mitochondrial protein sequences in order to acquire more information on

the composition of the functional domains of the proteins of the

respiratory chain.

Two stretches of 21 and 45 nucleotides, respectively, at the 3'-end

of the yeast coxI gene were assumed to be introns to minimize the size

difference between the yeast and human version of the protein (19). We

find, however, 4 identical aminoacids in the T. brucei sequence and the

larger yeast "intron". We have, therefore, not omitted these residues

from the sequence alignment (see Fig. 3). In view of the low degree of

conservation in the aminoacid sequence at the C-terminus of coxI (29), it

cannot be excluded that rather large variations in size in this part of

the protein are allowed.

The genetic code; the coxI and coxII genes display a high cysteine content

A striking feature of the sequences as presented in Fig. 3 is the

relatively high content of cysteine residues in the T. brucei coxI and

coxII genes (e.g. 22 cysteine residues in T. brucei and only 1 in human

coxI). Moreover, the apocytochrome b gene and some of the URFs (see
below, Fig. 5) show the same phenomenon. Since cysteine is both

structurally and functionally an important aminoacid, it is somewhat

surprising to see such large differences in cysteine content between

analogous proteins in different organisms. The question arises, there-

fore, whether the UGU and/or UGC triplets, which specify cysteine in the

standard code, have a different assignment in the T. brucei mitochondrial
genetic system. We have checked for this reason whether the alignments as

shown in Fig. 3 and in ref. 7 allow an unusual assignment for UGU and

UGC. We have also included in this study some other codons of which the

assignment deviates in various mitochondrial genetic systems: UGA, AGA,

AGG, AUA, AUU and the CUN family (see refs. 7 and 30 for a more extensive

discussion).
On the basis of previous sequence analysis of trypanosomal mtDNA
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Table 2 The genetic code in T. brucei mitochondria

Codon Number Aligned with H Y
aminoacid A(%) B(%) A(%) B(%)

AUA 71 Ile 30 8.5 24 9.9
Leu + Val 30 18.7 25 19.6
Met 5.6 4.9 4.2 3.9

AUU 49 Ile 25 8.5 27 9.9
Leu + Val 29 18.7 33 19.6
Met 2.1 4.9 2.1 3.9

AGA 13 Arg 62 1.8 69 2.0
Lys 23 1.8 15.4 2.0
Ser 7.7 6.1 0 7.2

AGG 4 Arg 25 1.8 25 2.0

UGU 38 random with 17 different aminoacids

UGC 9 random with 9 different aminoacids

The data were compiled from the gene for apocytochrome b (7), coxI and
coxII. Comparison was made with human (H) and yeast (Y) mitochondrial
gene sequences (18-20,24). The frequency A at which T. brucei mito-
chondrial gene codons line up with a certain aminoacid in the human and
yeast mitochondrial protein sequences is given compared to the frequency
B at which that particular aminoacid occurs in those sequences.

(7), we were able to assign UGA and the CUN codon family to tryptophan

and leucine, respectively. This assignment is confirmed by data derived

from the coxI and II genes.

The data for the other codons are presented in Table 2: No

consistent pattern could be observed in the alignment of human and yeast

coxl, coxII and apocytochrome b aminoacids with T. brucei UGC and UGU

codons. The residues found more or less reflect the composition of the

proteins studied. Furthermore, two cysteine residues conserved in human

and yeast coxII are also encoded by UGU. The high cysteine content may

therefore be a real feature of trypanosomal mitochondrially encoded

proteins. This raises the intriguing question how oxidation of these

proteins is prevented, particularly in the case of coxI, which contains

the oxygen binding site of the cytochrome c oxidase complex (see ref.

29).
Also the assignment for the AUA/AUU and AGA/AGG codons does not

deviate from the universal code in trypanosome mitochondria. AUA/AUU
line up predominantly with isoleucine (and closely related aminoacids

such as leucine and valine), and not with methionine, which is specified
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by these codons in mammalian (18) and insect mitochondria (31), AGA

clearly codes for arginine and not for a stop (as in mammals) or for

serine (as in insects). The assignment for AGG is less firm, due to the

low number of AGG codons in the genes studied sofar, but also in this

case the universal code appears to be followed.

The gene for cytochrome c oxidase subunit II contains a -1 frameshift

The nucleotide sequence as presented in Fig. 2 indicates that the

reading frame for the coxII gene is not continuous: a -1 frameshift has

to be introduced to link the C-terminal 39 aminoacid residues to the

N-terminal moiety of the proteln. This shift should occur in a rather

small area (around residue 188, the arrow in Fig. 3) as judged from the

position of large homology blocks that flank this residue on either side

in the two different frames. Repeated sequence analysis in two

directions, also including the use of ITP to reduce compression of bands,

with clones from different banks prepared with different batches of

maxi-circle DNA confirms the sequence, which virtually rules out possible

chance of sequence errors and trivial cloning artifacts (results not

shown).
The DNA used in this study, however, is mtDNA from the bloodstream

form of T. brucei 427, a strain that has been cultivated with the use of

laboratory animals ever since its isolation from sheep, approximately 10

years ago. A functional respiratory chain and Krebs cycle are absent from

bloodstream T. brucei (32) and it is conceivable that a silencing

mutation in the coxII gene could have occurred. We have performed,

therefore, sequence analysis of the coxII region of the maxi-circle

of cultured T. brucei 427, in which the respiratory chain is fully

operative (32). The result of such an analysis is shown in Fig. 4, which

gives the sequence of the relevant area flanked by a stop codon in either

frame. Both the sequences shown (A, standard procedure, B, procedure with

ITP) perfectly match that of Fig. 2. Moreover, a similar analysis of the

sequence of the opposite DNA strand and of other areas from the D -R2
fragment (to a total of about 1650 nucleotides) did not reveal any

difference with the sequence as given in Fig. 2. The gene for cytochrome

c oxidase subunit II, therefore, is also discontinuous in respiring

trypanosomes. In order to explain this phenomenon, a number of

possibilities might be considered:

1) The coxII gene is a pseudo gene, whose function has been taken

over by a copy residing in the nucleus. We consider this unlikely since
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Figure 4
Nucleotide sequence of part of the cytochrome c oxidase subunit II gene
from cultured T. brucei 427. M13 mp9 DNA containing the D -R2 insert was
submitted to sequence analysis utilizing a synthetic oligonucleotide
primer. The figure shows relevant parts of an autoradiogram of a 2 hr
(II) and a 3½ hr (I) run of a sequence reaction mixture obtained from
D -R2 in mp9 primed with 5'-CCA.CAC.AAT.TCA.CTA.CAT.TG-3'. This oligo-
nucleotide is complementary to nucleotides 2540-2559 of the sequence of
Fig. 2 (which correspond to residues 197-202 of the aminoacid sequence
of Fig. 3). The reactions were performed under standard conditions (A) or
with replacement of GTP by ITP (B). The obtained nucleotide sequence is
outlined underneath the autoradiogram together with the aminoacid
sequence in two different reading frames. Amino acids which occur at the
analogous position of both yeast and human coxII are underlined, whereas
conservative aminoacid substitutions are dotted.

no cross-hybridizing bands appear on blots of restriction digests of

nuclear DNA from dyskinetoplastic trypanosomes which do not have maxi-

circles (such as T. evansi, see ref. 33). Similar experiments with T.

brucei nuclear DNA reveal no bands other than those attributable to

contaminating maxi-circle DNA (results not shown).

2) Cytochrome c oxidase is dispensable also in cultured T. brucei. A

branched electron transport system with cytochromes a3 and o as

independent alternative oxidases has been proposed for kinetoplastida

such as T. mega (34) and C. fasciculata (35). Evidence of cyanide in-

sensitive terminal oxidases has also been obtained in cultured T. brucei

(36). The possibility exists, therefore, that in cultured trypanosomes

electron transfer to oxygen can proceed, at least to some extent, without

the involvement of cytochrome c oxidase. The inactivation of this oxidase

in the T. brucei strain studied, however, must have been a very recent

event, as judged from the fact that the mitochondrial encoded cox genes

are still highly conserved and only one apparent gene silencing mutation

has occurred. Most likely, such a cox strain would no longer be viable
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A T.brucei W3t5
1 -YKTl.JL LDICILIVIF ILVLSVLCGT VSLCKIIA IV2F!IGPAL -FMGLLTPI TDGVKLFVK TLFVIGVDSI

**** *** * * ***** f* ** *** * * *** * * *
MPMH LLI -VPILIAMA FL- -tlLTItEELG YMQKGV VGIYGLLQ? ADAMKLFT PL-XPATST

81 LFISSLFITA FCIFFPWI" PLGIIIIMDK -GITLLLC IULISNTFCI FIVCCFLISS CFIYLAANRT LFFSILSECS
* ** *** * * * * * * _

ITLYITApTL ALTIALLLMT pLpUFLVIN UNLLLFILA -TSSLAVTSI IUISIASSI YALICALAV AQTISTEVTL

161 ILILLYCITI LDYFCIIGIK DICISQLSLQ CIILLLTICLVILLLD GLELFYDYLE CKSILVAGLV TEL-SGC** * * * * * * *** * ***** * *
AIILLSTLI SGSFNLSTLI -TTQF8UI LLLISSVUM WFI-STLABI TEIlUEAE GZSELVSGFl IZYMAFAAL

241 IyTSVLlI UhLLLTTILF SCLCFGGLFI CPUI- -LILILGLI PIVICCRII T-TAQT FILLLthG
** * *** * * * * ** * * * * *
F1MAKYINII IILTTTIF LGTT LSP ELYTTYFVTI TLLLTSLWI IRTAYP&FY DQLMHLLW FLPLTLALLM

321 FINFSFIAIT KIICILF T.brucei 1RW-5
* * *

WYVSITIS SIIIQT- humn 1"-1

T.brucei U3F8

1 -S llp--L --LI CINFILLIVT IIYIYI-TS FCIGIEINYV TIYTYLNYIS LVFVF1KGII
w*** * ** ** * * *

PEPTUILKLI VPTINLLPLT WLSMEEKrWI NTITTSLIIS IIPLL1NQI NLFSCSPT FSSDPLTTPL LMLTTILPL

81 NYILI1LLSK KCVSTNKYYT IVKIYTYI NVLIIILDO IMCFNIAFLS LF1PICLVSL FnFNURIF AIFYLIIFSS

TDIIASQES SEPLSnLY LSKLISLQIS LDffFTATEL II-FYM1ET TLIPTIAIIT WQFERL AGTYFLUfTL

161 VSSVVCIIIC IIVISIFNII NLQAFIDVCT FDSLYSAIFI WILLFUl-PA MYPIWPV YrEIVll TDtSVLLASI
VGSLPLLIAL IITrMNLGSL IILLLTLTAQ ELSSIWANL MlTKIAK VMPLYGLL WLPKARVWAI IAGSHVLAAV

241 VLKIGFFGVY IFWIAPIATI SIrWLGIDS VIVLGLVFIA MSLIFL-SD YIIAWS! Il*-TKIGLIL ULUIDILPVG
LLKLGGYMI RLTLILIPLT -HKAYPL- VLSLI-Q(DI TSSICLRQ!D LKSLIATSSI SUIALVVTAI LIQTPWSPTG

321 LLILCNLABI LSSSFPFIVI G7TDSEGVR ILLLISP1- GISIWSSLPL CLFLPIDIFP PlLLTFVDIF ILYGLISISF
** ** * ** * * * * * * * * * * * *

AVIL-NIABG LTSSLLFCLA ISNYKRTHSR DIILSQGLQT LPUIAIWL LABLAULALP INILL(LS VLVTTPWSN

401 ITIISFYIIT LTIFLSSITI YMCLSFYSPV WLDKYLELDV SIMDIYVS ISISTIVPYY FIn I- T.brucel UtF8

ITLLLTGLI LVTALYSLTM PTTTQWGSLT IIIIIIKPSI TNBUPH LSPILLLSLN PDIITGFSSC uman 31F4

T.brucel U1tF10

I - nLIF FLPLFWIGFI SPFWP-INLSPFWLSLV MIIFIVLCII FSPLMVSVCL YGYYTYDPCL ILNLDFCFIW
MHmHTTITTL TLTSLIPPIL TTLVPINm SYIPTVKSIV ASTFIIS-L FrIWtMCLD IEVIISW ATTQrTQLSL

81 LTYVCSGFPN FIMLLIDIV CFIVFYAPYY MTFDHLLIt1 LIIPWIVVC NNLPILSyDP LTAYCQIELL GLPSFsLIST
* ** * * * * * * ** * *** * ** ***

SFKLDYFSM FIPVAL-VT WSDCIISLWY MISDPNINQF YLLIPLIT tLILVTAUIL F(UIIG GIDIS1LLISW

161 FPW"PALKI GPKAPIGKI GDVLLIFIAS IIFL-SINGC TTIFYLNPF OADM IEFS ICLLVCCAFT T*QFGlHIW
WTAUADAITA AIQILYNKI GDIGFILA:U WFILRSNSWD PQ(ALLN- -AUPSLTP LILJLAMG KSAQLGLHPW

241 LP*MN*GPIP VSALIHMTL VVCCIILLSF VYWCPDFWS YFTNLI1WST LILILMT- -LCVPTNPD VKRYVAFSTI
LPSAMEGPTP VSALLHSSSM VVACIFLLIR FMPlUPL SP- - LIQTLT LCLGITILAMVCALTQND IKKIVAFSTS

321 CQISFSIFCC LCIDIYIGSL PPCYHIPYA TLFIVLGIWI HIFFPGLQDL CYFPtPCGC VLARLLLIFA ILNSCSIWFL
SQLUIKvTI GINQPHIAIL HICTHAFFPA MLlHCSGSII HNLNNIQDIR D4G0LLKTMP LTSTSLTI-G SLALAQGPPL

401 CGFYCKDLL ALLNLLsPyw IIPFLFISII FIPFPNIyNT yLLFyPLMVF KCFCLVDCLp LLFDYECCLV YCLIS-L
*** * * ** * * * * *

TGTSIKDHII E-TAIISYTIN ANAL-SIT LIATSLTSAY STRNILLTLT GQPRFPTLTN INENNPTLLN PIKGLAAGSL

481 YMCILSIFFI IDFVCIFVFS SYCVFVSFPL NFYNPFDIAI FVVFLILSVG FLnGCLFFY FFNIDCIMLP WRIFFVIIIL
* * * * * *** *

FAGFLITNNI SPASPFQTTI PLYLnLTAL VTFLGLLTAL DLNYLTNKLK MlSPLC-TFY FSNDLGFYPS ITHRTIPYLG

561 WFMIFCCWY FVCtIIFPLL FVWNFVIYR YNLKCLFFC ILWILYV-- - T.brucei URFI0
* **

LLTSQNLWLL LLDLTWLE[L LFKTIS(WQI STSIITSTQK QIIKLYPLSP FFPLILTLLL IT Human UltF5
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B
T.brucei URF4

1 TPKKSLFLYI IHIFIFLIIY SFIILCDYTT LTLLSFDLLW LLIINLFWIT LLDSYICFIF ILLFLFCFTL FFCFLSFDTt
81 FLFIIIIIQY IIIFLFIFIN HIIIISILFE IFSULFLLLL SSRFGYKIL VIWYYYhLNL INFILLFILL YFHILNICFF
161 LCDFCFLVFD E1WLGILCLF YTLLILFIKLY IAFLILFMEQ LYIRLGVFIF IYMLTFYILF CFILIILLIS FITFYILFIK
241 LLLFQSCTCV LIGLNSFAIV SLLFVLSVNN FCFLFLIFIS TINYIFYLYL NFHLIYSISL VLLIIIYYFF IIYNUIFDKY
321 NENYFLINFI FFSFFNNFLI SLLLACLFLC IGAIPIVFGF FIKVFCLLLQ LSYLCICIGF FFIIWLIIIY IFYFRLIVNI
401 FIFSYQFLGF WVVKLSFINI KNULLFFICSS VYILFFDIIN LFDLIL

T.brucei 13F6

1 DWLWLSRVFD LLCIRTYDFI LWWFDLDFIL YDFVFDFWC ITFIFIFVLG FFIRIFFSFV FVLLFITFFG ICSLVFTG
81 YYIYYIYILY NFICFFFAFC INFLIYYIEF FIFITFHIFF DFISFSNYIY NYFGILYMFN VMFCAYLFCL FYFIYFLFC

161 FIFFVIRCLF IVIMDFLFFN FDIFVSILLC DIVYLDFISL LLLYFNFIFN FIYGFFSFVI ILGLLFLILF LVINLFFGFT
241 FLVYGIQIIL LYYVYWLYMI YSRSCYILMP AILIFFEFIY FDVFFVFVFI LILFIISFFS FFLKDFLFLS LYFDIFGSLY
321 NYDILSYSIF YYQNNQFCLT QLLSIYI

T.brucel URF7

1 QLKDNKFQSF YEKHLSTQDI KTFYKTKIK TKLFLRNYKP KFHQPPLPLL FrPETFSPT KTPQSNSPSI SSSSKPNFK
81 SPFLSP1NPP FLIDQSQPNL KPLFNKYTUI TINYKEEIYR KHNIIKELE

T.brucei URF9

1 PYKHYTDTIK LNIIHNTINI IITKDNQKLR MLPNINEPD INPNIIEMl NIINISYSKI SSKKCFFNCQN KGFPPPKSFW
81 NSPPRLPFIQ KLSVGSGA RTALSLQSHS NPRILFYLVC YQKCIRDFU REQSGGRGWE1 ESRCEQNWSV GETIGLG(MG
161 DGFWNGZW GGITEGGEI CLLYYMIN KYIK

Figure 5
A) Sequence comparison between T. brucei URF5 and human URF1, T. brucei
URF8 and human URF4 and T. brucei URF10 and human URF5. The human
sequences are from ref 18. The first methionine is underlined in the T.
brucei sequences. For further details, see legend to Fig. 3.
B) Amino acid sequence of T. bruceiTURF4, 6, 7 and 9. The first
methionine is underlined.

outside the laboratory and only capable of growing in rich culture media.

Sequence analysis of maxi-circles from recently isolated T. brucei

stocks should shed further light on this possibility.

3) The mitochondrial translational machinery is capable of a -1

frame-shift with a frequency high enough for the production of sufficient

cytochrome c oxidase subunit II. Such frame-shifts have been postulated

to occur as an essential step in the synthesis of proteins produced in

low amounts, such as the lysis-protein in the coli-phage MS2 (37) or to

explain the leaky phenotype of a yeast mutant (38). In the latter case

the frameshift was tentatively attributed to the unique structure of the

yeast mitochondrial tRNAphe. As yet, we have not identified any mito-

chondrial tRNA genes and we do not know how such a mechanism could

operate in T. brucei mitochondria without severely affecting the trans-

lation of continuous genes.

4) The mRNA for coxII contains a continuous reading frame as a

result of a small splice in the appropriate area of precursor RNA. This
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may be a real possibility, in spite of the lack of splices in other T.

brucei mitochondrial genes and the lack of precedence for such small

splices in (mt)mRNA. Two major RNA-species map in the coxII area (10).

Efforts to directly obtain the RNA sequence with the aid of synthetic

primers have been hampered so far by the low concentration of these mRNAs

in total RNA preparations from T. brucei and attempts to enrich these

RNAs by isolation of mitochondria have resulted in extensive degradation.
We are currently screening a cDNA clone bank in order to obtain and

sequence a coxII-derived cDNA.

The unassigned reading frames

The aminoacid sequence of the unassigned reading frames is given in

Fig. 5. Three of them show a low, but distinct homology (20% at the

aminoacid level) with mammalian mitochondrial URFs: T. brucei URF5, 8 and

10, and mammalian URF1, 4 and 5 respectively (Fig. SA). This again

follows the pattern that trypanosomal mitochondrial genes are less well

conserved, than what is usually encountered (compare e.g. the homology

between human and insect URF5: 32%; 31). However, the trypanosomal and

corresponding mammalian URFs are of virtually identical size and the

hydrophobicity profiles are strikingly similar (not shown), albeit that

the T. brucei URFs are slightly more hydrophobic. It is very likely,

therefore, that we are dealing with analogous URFs. The first AUG-codon

in trypanosomal URFs 4, 5 and 6 occurs rather late in the sequence

(around codon 120-140, see Fig. 5 A,B and Table 1). Although this could

simply indicate that the proteins start at these positions, sequence

alignment of trypanosomal URF5 and human URF1 reveals that the major part

of the homologous aminoacids is found upstream of position 148, at which

the first AUG codon occurs (Fig. 5A). We have checked the sequence of the

5' half of this gene in a fashion similar to that described for the coxII

gene: the same sequence was found in a large number of M13 clones derived

both from bloodstream form and cultured T. brucei 427. Therefore,

explanations such as sequencing errors, cloning artifacts and/or this

gene being a pseudo-gene are unlikely. Although AUA and AUU apparently do

not code for methionine (see Table 2), some other unusual codon usage can

be envisaged. Close inspection of the 5' sequences of URF4, 5 and 6

reveals the presence of an UUG codon at position 6, 5 and 5,

respectively. In URF5 this is, in fact, the only UUG codon of the gene.

The possible use of UUG as initiator triplet has been reported for

prokaryotes (39). A similar phenomenon may occur in trypanosome mito-

chondria.
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Figure 6
Partial gene map of T. brucei maxi-circle DNA. The arrangement of genes
is derived from various studies (6,7,10 and the present data). Arrows
indicate direction of transcription of each gene. The black bar indicates
the sequenced area (B = BamHI). * indicates the position of the first AUG
triplet in each gene.

The URFs discussed sofar display the classical aminoacid composition

of mitochondrial membrane proteins, containing a high percentage of

hydrophobic residues (70-80%). URF7 and URF9, however, are rich in polar

and basic residues (around 55%). These URFs do not contain AUG codons and

UUG triplets are found only towards the 3' end of the sequence of URF9.

In 2 previous papers (7,10) other examples of such URFs have been

discussed (URF1, 2 and 3). At present, we cannot rule out a protein

encoding function for those URFs, since abundant transcripts are mapped

in some of the URF areas. However, if the unusual properties of the

putative URF-proteins are taken into consideration, it seems more likely

that these RNAs have some other, as yet unknown function. In this view,

the occurrence of reading frames of this length (e.g. URF9 = 194

aminoacids) would be the consequence of constraints imposed on the DNA

sequence by the unknown role of the RNA and not by the protein-encoding

function.
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Gene organization

Figure 6 gives the current state of affairs in the analysis of the

gene organization of the T. brucei maxi-circle, based on sequence

determination of 15.5 kb (6,7,10, this paper). Comparison with mammalian

(18) and insect (31) mitochondrial genomes, which are of similar size and

display, between them, a few conserved features (e.g. the order of the

rRNA genes and that of the protein genes), reveals a rather unique gene

organization in trypanosomes. The order of transcription of the two rRNA

genes is reversed: 5'-large rRNA-small rRNA-3', the order of the protein

genes is different, coxI being transcribed in a direction opposite to

that of the coxII and apocytochrome b genes and tRNA genes are

conspicuously absent. In fact, the only point of similarity is the

relative position of URF8 and 10: URF4 and 5 in mammalian and insect DNA,

which are homologous to these trypanosomal URFs, also occur in tandem in

their respective DNAs.

tRNA genes are used as processing points in the expression of

mammalian and (possibly) insect mitochondrial genes. Their absence in the

sequences obtained sofar may be explained in a few alternative ways:

a) tRNAs in trypanosome mitochondria have a highly unusual

structure, which allows them to go undetected in a computer analysis

looking for classical or semi-classical tRNAs.

b) The genes are clustered in the still unsequenced part of the

maxi-circle, or

c) tRNAs are imported, as has been postulated for some of the

Tetrahymena mitochondrial tRNAs (40) or are encoded on mini-circles.

We are currently completing the maxi-circle sequence of T. brucei

and comparing relevant areas to maxi-circle sequences of the insect

trypanosome, Crithidia fasciculata, in order to gain more insight in this

intriguing problem. This approach will also be followed to localize the

remaining protein genes and URFs and to find out whether some of the

unusual features discussed above (the high cysteine content of proteins,
the discontinuous coxII gene, the possible use of UUG as initiator codon)
are shared by other trypanosomatidae.
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