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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 £ oxidase subunits I and
II (coxl and coxll) and seven Unassigned Reading Frames ("URFs").

The genes for coxl and coxll display considerable homology at the
aminoacid level (38 and 25Z, respectively) to the corresponding genes in
fungal and mammalian mtDNA, the only striking point of divergence being
an unusually high cysteine content (about 4.5Z). The reading frame coding
for cytochrome c_ oxidase subunit II is discontinuous: the C-terminal
portion of about 40 amlnoacids, 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 20Z) to
mammalian mitochondrial URF-1, 4 and 5, respectively. In URF5, the first
AUG is found at codon 145, whereas extensive homology to mammal-inn 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.
4

brucei it consists of a catenated network of two types of circles, 10

mini-circles of 1 kb and 10 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
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and 9S (6), for apocytochrotoe 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 RNAB of E. coli or other mitochondria (6),

although certain aspects of a possible secondary structure are

reminiscent of the conserved secondary structural domains of F.. 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 25X homologous at the amlnoacid level to its mammalian counter-

part, whereas the yeast and mamnalian apocytochrome b_ genes are about 451

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 noiety (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 coxll) 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 70Z of the

maxi-circle has been sequenced.

MATERIALS AND HETHODS

Materials
Restriction endonucleases were from New England Blolabs or

Boehringer Mannheim; DNA polymerase (large fragment), calf intestine
phosphatase and TA 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 ug of
DNA. Incubations were stopped by the addition of phenol.
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Figure 1
Partial map of T. brucei 427
maxi-circle DNA. The position of
the 12S and 9S rRNA genes (6),
the apocytochrome b̂  gene (cyt.b)
(7) and the variable region
(var.region) is indicated
together with that of a few
relevant restriction sites (5),
(R - EcoRI, D - Hindlll, M -
MboII) and the area of which the
sequence is reported in this
paper.

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

circle were cloned in Ml 3 mp8 and mp9: Rj-D , D.-R2, R?-D? and M -M_.
Fig. 1 shows the position of these fragments relative 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,-M2 fragment was cloned in the Hindll site of mp9
after blunt-ending the nboll 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 Ri-D. 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 Mbol, Alul or MboII, cloned in the BamHI
site of M13 mp9 (Mbol fragments) or the Hindll site of this vector (Alul
and blunted MboII fragments). Phage DNA obtained from these banks was
also used to sequence across the D , R. and D. 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.-D , Di- R

2
 e t c - ) - 1° areas of special interest (see figs. 4

and 5) this approach 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 Hindlll digest in M13 mp8 and mp9. The colinearity of the
cloned M13 inserts with maxi-circle DNA was checked with S 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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101 AAATAAATAT TAGCAATAAA AACCAAAAAT TATTCACACT TAACACAAAT ACTAAACTAA CCATACCAAA CCTCTTTAAT CCAATTAAAA C C C A T C T A C A

201 ACATTGAAAT AATACAACTT TCATCAATAA AATATMAAA TAAATCAAOC TAATTACTAC AATTATTAAT ATAAAACAAA ACAAAATATA A A A A C T T A A C

301 ATATAAATAA AAATAAACAC ACCAACTCTA ATATAAACTT CCTCCATAAA CAAAATTAAA AACCCCATCT ATAATTTCAA TAAAATTAAT AATCTCTAAA

401 ATACCCATAA AATTCCAACT CATTCTTCAT CAAAAACTAA AAAACAAAAA TCACATACGA AAAAACACTA CTTTAATATC ATAAAATATA ATAATATAAA

501 TAATAATATA AAATTTATTA ACTTTAACAT CTACTAATAT CATACAACTA AAATTTTATA TCCAAATCTA CTCCACATTA ATAATAAAAA CACCAATAAC

M l CTAAATATTT CAAACACCAT TCATATAATA ATAATATGAT TAATAAATAT AAATAAGAAT ATAATAATCT ATTGAATAAT AATAATAATC AATAAAAATC

701 TCCTATCCAA TCATACAAAC CAAAAAAATA ATCTAAACCA AAATAACAAT AACACTATAA ACATGAAACA AATATAACAA TCTAATAATC TTATTCAAAA

•01 TACCTTAATA ATTAATAATC AGACTAAATC AAACCTTACT AATCTTACTC TACTATAATC ACATAACATA ATAAACCTCT ACATAATAAC AAATATAAAT
< — T S t a r t t t U *

W I ATCTCTATGA TATATAAAAA CAAOGATTTT l l U A U . l l ! ACCCACACAC CCTTTATTTT TCACCATTTT ACCACCACAA AACCCATGCC AAACACAACC
|< EJTtJR/5

1001 ACATAACAAA A t l U U . U A TTACATTAAA AAACTATCCA AATAATTTTT CTAATACCAA TAAATGAAAA ATTAATGAAT CCCATTCTAA ATAAAAAAAC

1101 TAATATAAAT CTTTCTCCAC TTCTAATTTT TAATCTACAC CATATAACAC CTCCTATAAC AAAACCTACA ATTACTATAA CAATACATTT AAACCATATA

1201 AAAAGOCW CAAAACATAA CCACCTAAAT AATATACTAC TTACTAATAA ATGATTAATT TCAAOCACCC ACTATATCAC AAAAAAAATA CCACATAATT

1301 CACTAACAAC GCCACCAACA ACTTCACTTT CACATTCTAC ATAATCAAAC CCTAAACCTA ATCCATCAAC AACCACTCCA ATTCAAAATA CACAAATCAA

1401 TAAAAGACCA ACTATAAACC AATTTTCTAA ACAAACTTCA CTTATACAAA TATCTTTTAT CCCAAACAAA CAAAACTACT CTACTATCTA TATACAATAA

1501 ACTACAATTA AAATCGAACA TTCACATACA ATACTAAAAA ATAAACTTCT CATCCCACCT ACCTAAATAA ACCACCTTCA AAATAAAAAA CAACCAACCA

1601 AAAAAATCCA AAATACATTA CAAAATAAAT CAAATCCTAA TAAAAAAACA ACTCTAAAAC CTTTCTCAAA TATTATTATC AATCCAACTC CCAAAAACAA

1701 CCAACCAAAA AAAATACAAA AACCTCTAAT GAATAAACTA CATATAAATA ATATAGACTC AACACCAATC ACAAATAATC TAAATTTAAC AAATAATTTA

1001 ACTCCATCAC TAATACGACT AACAACACCA AATAAAAAAA CTCCACCTCC TATTCTCAAT TCCACAATAC CTAAAATTTT ACCTTCACAT AAACTAACAT
I c a r t C o x I I I > < IStart PU5

1»1 ACCCACATAA GACACATAAA ACCACTATAA ATATAACAAT AACTATCCAT ATATCTAAAT CTAATAATAA CAAATGACTT TTATATTAAC TTTTTGAATC

2001 ATATTTTTAA TGGATTCAAT AATTCTATTA ATATCTI1 1 I CAATATTTCT ATCTCTATCA ATATCTCCAT TCATTATACC AACACTATTA ACTCTAACAA

2101 AAATAAATAA TATATATTCT ACATGACATT TTATATCATC A A A A T T T A T A G A T A C A T A T T C C T T T C T A C T TCCAATCATC TTTATATTCT CTTTATTCTT

2201 AACCTTCTCT TTCTTCTTCT ATTTTACTTC TATAAATTTT CTCACTTTTC ATTTCTCTAA ACTAATACCT TTTCACTCAT ATTCOCTATA IIIITTATTT

2301 CCATJ>A*rTA CCATATTTAC TAATTTAATA TTACAAACTC ATTATTTAAT ACCACATTTA AGAATATTAC ACTCTAACCA TCTATTCACA TTCTTAACTT

2*01 TCCTTATTTA TAAATTATCA CTATCTCCAC TACATCTAAT ACACTCATTT ACAATATCAA CTTTACCTAT AAAACTACAC AACCTOCTAC CTCTAATCAA
Cad COIII >T

2501 AIAATTTTCT TTCCTACAAA TAACCCAACT CTTTACCCAC AATCTACTGA ATTCTCTCCT CTATTACACC CTTTTATCCC TATTCTAATA AATTTTATAT

?601 ACAAACCTAT ATAATCTATA ATCAAACCCC ATTTTAACAT TCCCTTTCAT TCACTCCTCT TTTTCATTTC TTATCTATTA CAACATATCA TTTTATATTC

2701 TGATCCTTTC ATCTACATTT TATATTATAT GATTTTCTAT TCCATTTTCT TCTATCTATT ACATTTATAT TTATATTTCT TTTACCTTTT TTTATTACAA

2101 TTTTTTTTAC I U 1 U 1 U 1 1 CTATTCTTAT TTATAACATT TTTTCCAATT TCTTCATTAA CAATCTTATT TACACCCTAT TATATATATT ATATATATAT

2*01 ATTATATAAT TTTATATCTT TTTTTTTTCC ATTTOCTATA AATTTTTTCA TATATTATAT CCACTTTTTC ATATTTATAA CATTCCATAT ATTTTTCGAT

3001 TTTATAACTT TTTCTAATTA TATATATAAT T A T T T T C C A A TATTCTATAT C T T T A A T C T A ATCTTTTCTC C A T A T T T A T T T T C T T T A T T T T A T T T T C T G A

3101 TATATTTTTT AT1TTCTTTT ATATTTTTTC TAATACCATC TTTATTTATA CTAATAATGC ATTTTTTATT TTTTAATTTT CATATATTTC TATCTATATT

3201 ATTATCTCAT ATACTATATT TACATTTTAT AACTTTATTA TTATT ATATT TTAATTTTAT ATTTAATTTT ATTTATCCAT rPTTTACTTT TCTCATAATT

3301 TTAGCTTTAT TATTTTTATT CTTAUIHA CTAATAAATT TATTTTTTCC ATTTACATTT TTACTATATC CTATACAAAT CATATTATTA TATTATCTAT

3*01 ATTCATTATA TATGATATAT ACTAGAACTT CTTATATATT GATCCCACCA ATATTAATAT TTTTTAACTT TATATATTTT CATCTATTCT TTCTCTTTCT

3501 ATTTATTTTA ATTTTATTTA TTATATCATT TTTTACI1I1 TTTTTAAAAC ATTTTTTATT TTTATCATTA TATTTTCATA TATTCCCATC ATTATATAAT
]< tmd COXI

End UW6 > |
3*01 TACCATATAT TATCATATAC TATATTTTAT TATCAAAATA ATCACTTTTC TTTAACACAC TTATTATCAA T T T A T A T A T A A A A C A A T A A T A C C A A C C C T T

3701 CTCAAAAAAA AATATAAAAT ACCAACCAAA ACCAAACTAT TATTAATAAA TACTCAACTA TTATATGCGC AAAATCAATA ACAACTAAAT AAATACCCAT

3*01 ACAAACTCCT ACTCATCTAT AAAAATACAA CAATATACAT AACCTATATC TAAACAAATT AATAAAAAAT AAACACTAAT CTCACAATAA TATAACATTA

3401 AACAAACAAC ACCAAAATAT AACTAAAAAA CTCAACAAAA CCATACCATA CAATCTAAAC CCACTTCAAA ATAAAAACCT GATACCATAA TCACAAATTC

4001 TTCTTCCAAA ACCAAACATT CCTAACCTAT CTAAACCAAA AAAAACCATA TTACAACCAA ATCATAATCT CCAAATCAAC AAAAATAATC AAAATCTCTC

4101 AACTTCAATA CCAATTCATT TCATGAGAAA ATCAAAAAAC CCACCAAAAA CCCCTACAAC ACCACCAACT CATAAAACAT ACTGCAAATC TCCAACAACA

4201 AAATAACTAT CATCCATCAA AATATCAATA CCAACATTTC A T A C A A A T A A C C C A C T T A A T C C A C C A C C A A CAAACATAAC TATAAACATA TATATAAAAT

4301 AAATTTCAAA ACAAATACAC ATATCTCTCA ATAACAAOCT A T A C A T T C A A T T A A A T A A T T T A A T C C A T C T A C C T A A C C C T A T T A C T A C A C T A A T A C T T C C

4*01 AAAATAACCT CTACAATCAA CATCCATACC AACAACAAAC ATCTGATCCC CTCAAACAAA CATACCTAAT ACACATATCA CTACCATACA ATAAATCATA

4501 OCCACCCAAC TAAAAACCCA TCTAAAACTT CTAACTTCAA TAATACTCCA AACTAATCCA AATACACCTA CAATTATCAT ATAAACCTCT GGATCTCCAA

**O1 ACAACCAAAA TAACTCTTCA AATAAAACTA GATCTCCACC TCCAACAACA TCATAAAATC ATCTCTTAAA ATTTCTATCC CATAATAATA ATCTAACTCC

4701 ACCACCCAAA ACOCCAACTC TAATAATCAA AACT1TCCAT CTCAACAACC CACCTCAAAT AAAAACTCTT CAAATAACAA ACCTAAAATA TTTTCCTCTA

4*01 CACTM**** TTCTACCTAC A A C A T T A A T C GAATTTAATA TACTACATAT ACCAACAAAA TCCACACACA AAATCATAAA C T C A C A T C C T A A C C T A C A A T

WO I CAAAATCAAT ACAAATCAAC CTACCATACA A C C T C C A A C C A A C C C C C A T A C C C T C T T C A C T C A A A A A C C C ACTTACTAAC C A A C C A A A T C C T C C A A T A A A

5001 CATTCAAAAC CTCATATTAT TTATACCACC AAATACCATA TCCCCAAACC CAACCATCAC GCCCCCAAAA TACTTTCTAA ACCCACCCAT ACTTATACCC

5101 ATAATAAAAC CAAAAACCAT AATCAACCCA TCTCAACTAA TCACTACCTT CTAAAACTGA TAATCACCAA ATAAAACTCC ACAACCAATT ACACAAACTT
S t a r t OTT7 I >

5201 CTAATCTAAT AAATAACCAC TAAATATAAC CCATAAATCC ACATAAAATA CCAACTAAAA CATAACAAAT TCCAATCATT TTATGAGAAA CACTTAACCA

5301 CACAACACAT ACAAAAAACA T T T T A T A A A A C C A A A A T A A A A A C A A A A C T A 1I1CUCCCA ATTATAAACC AAAATTCCAT CAACCCCCTC TCCCCCTCCT

5*01 CCCCACAAAA CCCCACACTT TCTCCCCAAC TAAAACCCCC r M * ™ * V T CCCCTTCAAT I I L U O I I C I TCTAAACCCA ACTTCCCCAA ATCCCCCTTC

5»l CTCTCCCCCA nthrrrrtv TTTCCTCATA CATCAATCCC AACCAAACTT AAACCCCCTT TTTAATAAAT ACACAAACAT A A C A A T A A A T T A T A A C A A C C

CTCATA CATCAATCCC A

lun cm 1—>
End OTJ-—>|

5401 AAATTTATAC AAACCACAAA A A T A A A A T T A AAn*CACTA ATTGAATCTT AAAATTAAAT TTAATATCTA TAAATTTTAT ATTCTTAATT CTTACAATAA

S701 TATATATATA TATAAACTAT ACTTTTTCTA TTCCAATACA AATCAATTAT CTATATCTAA ATATATATTT AAATTACATC ACTCTATGAT TTCTATTTTr

» 0 1 TATCCCAATT 4TTATCTACA TATTAATATT TTTATtATCA AACAAATCTC TATCATATAA TAAATATTTT TACATACTAA TCATATATAT CTATATATAT
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5901 ATTAATCTAC TCTTAATAAT AATATTACAT CATTTTATCT CTTTTATCAT ACCCTTCCAA ACTCTATTTT TCCCTATATC TCTACTAACT TTATTTTTTA

6001 ATTTTAATAA TACATTTATT 1I1U.IATAT TCTATCTTAT AATATTTACT TCACTTACTT CACTGCTATC TAtAAITATA TCTATAATAC TAATATCTCA

6101 TTTCAACATT AIAAATTTAC ACCCTTTTAT TCATCTATCT TATTTTCATA CTTTCTAITC CCCAATTTTT ATATSAATAT IATTATTTAT AATCTTCOCT

6201 ATAAAATACC CAAICTCACC ATTCCATCTC TCACTACCAC AGATCCATCT ACACCTAAAT ACAGAAATGA MU11IATT ACCAACTATT CTGCTCAAAA

6»1 TAU.111111 TCCTCTAIAC AAATmTAT TTATCCCAn TAATACGATA TCAATATGAT TrTTACCTTT TATACATACT CTAATTCTCT TCCCTTTACT

6*01 ATTTATACCA ATCTCACTAA TATTTTTATC ACACTACAAC AAAATAATAC CGAATTCATC AATAATACAC ACGCCTATAG GATTAATATT ATTATCACAT

6501 AATCACATTT H-lllCTAO: TTTACTAATA TTATCTAATC TACCACATAT ACTAACTTCA TCCTTTATCT TTATICTAAI ACCATATATC TACCACAATT

6601 ATCCTCTAAC AAIUUIIA TTCTTAATTT CAII11I1CC TATTACTATA TCAACTTCAT ICTTTTTATC TTTATTTTTA TTTAATATAC AmCCCCTT

6701 TATCTTATTA TTTTATCTAC ATATATTTAI TTTCTATCCT TTCATATCTA TATCATTTAT ATATATAATA ACTTTTTAIA TAAIAACTTT AACCATATTT

6801 TTATCATCAA TATACATCTA TATCTCTTTA ACTTTTTATT CATTTCTATC CTTCCATAAA TATCTTACAC TTCATCTTAC TATAAATGAT ATAIATCTAT
l< End mr9

End M F 8 >

6901 TTATCTCAAT ATCAATATCA ACTATACTAT TTTATTATTT TATATATTTA TTAATATAAT ATCTATAATA CAACAAACAA ATCTCTTTAC CCCCTTCACT

7001 GATCCCTCCC CATCAAAACT TCTCCCCCCA AAACCCATCT CCCATTCACC CCAAACCTAT GCTTTCTCCA ACACTCCATT CCTCTTCACA CCCTGATTCT

7101 TCTCAACCCC CCCCCCCCCT CTGCTCTCTC CTTTTAAAAT CCCTAATACA CTTTTGATAA CAAACTAAAC TAAAAAOXC AOGAllllll CACTCCCACT

7201 CCAGACAAAC ACCCCTTCCA CCCCACCCCC AACCCACCCA CAU.I1LIII TCAATAAAAC CCACGCCCCC ACCACACTTT CAAAAACATT TCCCTCCCCC
Start UU10 f >

7301 CAACCCTTTC TTTTGCTTAA ACAAACATCC TTTACAACAC ATTTTACAAT AACATATCTT TTTAATATTT HlllATTTT TTATAATCTT TCCCTTTATA
7*01 TCACCTTCAT TTATCTTTCC TACCAATTTT CTAACTTTTT CATTATCTTT ACTAATCATA ATATTTATTC TATTCTCTAT GATATTTACT TTTTTAATCC

< — I Start D1F9
7501 TATCACTATC TTTATACCCT TATTATTATT ACCATTTTTC TTIAATACTA ATCTTAGATT TTTCTTTTAT ATCATTAACA TACCTATCTT CACCTTTTTA

7601 TATCTTTATA ATCTTATTCA TAAATATCCT ATTTTCTTTT ATACTATTTT ACCCATTTTA TTATATCTAT TTTGATATCT TCTTACCOX TTTTTTGATT

7701 ATATTTTGAA TATTTCTTCT CTCCATCAAT TTATTCATCC TATCATATCA TTTTTTAACA CCTTACTCCC CATCACAATT ATTACCCTTA TTCTCATTTT

7801 TTTTAATTTC ATATTTCTGA TACCCTTTTT rTCCATTAAA ATTTCCTTTT AAAU.1IU1 TTATAGCTAA AATACCAGAT CTCTTATTAA TATTCCCTTT

7901 TTCTATAATA TTTTTATCAA ATCCTTTTTC TATCACAACT TTTTATTTTT TAAA1 lllll TTCTATCGAT TATTAT1 MA TACAA11UC TATATCTTTC

8001 TTACTACCAT CICCCTTCAC AAAAACTACA CAATOXCCT TACATATATC ATTACCACAT CCTATCCAAC CACCTATCCC ACTATCACCA TTAATACACC

8101 CACCTACATT ACTTCTTTCT GCAATAATAT TATTAACTTT TCTTTATTGA TCTTTTGATT TTTCATTTAC TTATTTTTAT AATTTGATAC CATCCTCTAC

8201 ATTAATTTTA ATATTAATCA CATTCTCTCT CTTTTATAAT nTGACCTAA AACGATACCT ACCCTTCACT ACAATATCTC AAATTACTTT TTCTATCTTT

8301 TCTTCTCTCT CTATACATAT ATATATACCT ACTTTATTTT TTTCTTACCA TATCTTCTAC AAACCAACAT TATTTATACT ATTACCTATA TCAATACATA

8*01 TATTTTTTCC CTTACACCAT rTAACATCTT All 111 HAT CTATTTTTCT CCTTCTCTCT TACCCCCTTT CTTATTAATA TTCCCAATAT TAAACTCATC

8501 TTCAATTTGA TTTTTATCTC CTTTTTATTC TAACCATATC TTATTACCTT TATTGATCTT ATTATCATTT TATAATATAA TACAATTTTT CTTTATAACT

8601 ATAATTTTTA TATTTTTTAC AATCATTTAT AATTATTTTT TCTTATTTTT TTTCATCTTT CTCTTCAAAT CmTTCTTT GCrTGATTCT TTATTTTTAT

8701 TATTTGATTA TGAATCTTCT TTACTATATT CTTTGATAAC TTTCTATATC TCTATTTTAA GTATA11111 TATAATAGAT TTTCTATCTA TATTTCTATT

8801 TTCAACTTAT TCTCTATTTT GATCATTTTT TTTAAATTTT TATAATTTTT TTGATATACC AATTTTTCTC CTTTTTTTAA TATTATCACT ACCATTTTTA

8901 TATTATGCTT CTTTATTTTT TTATTTTTTC AATATAGATT CCATAATCTT CTTTTCCAGA ATTTTTTTTC TAATAATAAT TTTACTACTA TTTATCATAT

9001 TTTCTTCTTC ATATTTTCTT TCTATCATCA TATTTATCTT ATTATTTCTA TGAAATTTTC TTATATATTT TAGATATAAT TTGAAATATT CTTTATTTTT
Ind Ul/10 >|

9101 TTCTATTTTC TGAATATTCT ATCTATAAAT ACTATAATCA AAACTAAAAA AACTAAAGAA ACCACATTAC ATTTCTAAAA AACTCAAAAT ATTTTATAAT

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) nitochondrial 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,-D,
fragment (nucleotide 2521-3332) together with that of the other fragments
to a total of 9200 nucleotides (see Fig. 1).

RESULTS AKD DISCUSSION

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

segment of the maxi-circle of TrypanoBoma 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 amlnoacids with a genetic code in which only the assignment for UGA

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

URF-4*

coxll

URF-5

URF-6

coxl

URF-7

URF-8

URF-9

URF-10

nucleotide coordinates

of reading frame

5> _ 31

938—A01

1971-2599

1985-1029

2638-3678

5322-3675

5252-5638

5637-6956

7519-6938

7353-9125

1st AUG at codon position

121

2

1A5

142

36

-

4

-

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 (coxll) and the URFs 6, 7,8 and 10 run

clockwise, the gene for cytochrome £ oxidase subunit I (coxl) and the

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

of sone 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 coxl and coxll genes is

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

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

genes of 38Z, the coxll gene of 251 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 coxl and coxll 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 coxll, His...,

Cys..., His,,,,, and Met.
zuo Zlo z

(the coordinates used are those from Fig. 3)
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Cytochrooe c oxldaaa aubunlt I

1 MFFLCLVCLJ VSHJHJJICJ LJjVAILCJFI CYIYJLFJ|L gLSLICCGVL^ FJDYQFJJJL IJSHGLIMVJ AFIMJJTMJJ

-MFADRWUS TNHKDIGTLY LLFCAWACVL CTALSU.IRA ELGQPC—NL USDfllYNVI VTAHAFVMIF FHVMPIMICC
* * * * * * * * * * *** ** * * * * *** * * * ** **

—MVp«ULYS TNAIDUVLY FHLAIFSCMA CTAMSLIIW. ELAAPCSQYL BCNSQLFNVL WCHAVLMIF FLVMPALIGG

81 FTNYFAPVMV GFTO1VTPSI NmSFVHFIC CFGCIVSGFL TEECHGVCVT LYPTLICIDF HSSLACDFII FSVHFLCISS
* * * * * *** *** ****** * * * * *** ** * * * * * * * * * *
FGNKLVPLMI GAPBtAFPiM NJWSFWLLPP SLLLLLASAM VZAGAGTGW VTPPLACNTS HPGASVDLTI FSLHLACVSS
F O m X P l M I CATBTAFPRI HNLAFWVLPM CLVCLVTSTL VESCACTOTr VTPPLSSiqA HSCPSVDLAI FALHLTSISS

161 ILNSIKWCT IFCCMUCY7S FLIWTUIWC ALLTSILLII TLPVLACCVT LLLCCBNFNT SFYDWGCCD LVLFCPLFWF
* * * * * * * * * * * * * ***** * * ** *** ** * * **** * ******
ILGAIKFITT II1»«PPA«T QYQTPLFVWS VLITAVLLLL SLPVLAACIT MliTDMLKT TFFDPACCCD PILYqHLFVT

* ** * * ** * * ** **** * * ** ****** ** * **** * *****
LLCAIKFIVT TUttRTNGMT MHXLPLFVWS IFITAFLLLL SLPVLSACIT HLLUENFVT SF7EVACCCD PILYIHLFWF

2 i l FGHPEVYIII LPVFCLVSII IEVTS-FRCV FS3VAMITSM LLISVLQIFV UAHHMFWO DVDSKATFGS ITVLIGLPTC
******** * * * * * * * * * * * * * * * ****** *** *** **** * * * * *
FGHPEVYILI LPCFQUSHI VTTTSCDIP FCTMCOTWAM MSICFLCFIV WAHHMTTVCM DVDTSAYTTS ATMIUIPTC
******** * * * * * * * * * * * * * * * * *** ** * * **** * * * * *
FGHPEVTILI IPGFCIISHV VSTYS-KKPV F(2ISMVTAM ASICLLOT.V WSHBNYIVCL nADTRATTTS ATOIIAIPTC

321 IIXFNWIYSF LFTDMCICFE IYTIYMFILM FLACGLTGU LSKVCIDILM HDTYFWAHF HYVLSLCAW CVTGCFTHTX

VXVFSWLATL BCSNMrwSAA VLWALCTIFL FTVGCLTGIV LAMSSLDIVL HDTYYWAHF HTVLSMGAVF AWGCTIHWF
** * * * * ***** * * * **** ** ** **** ** * *
ICIFSWLATI YCGSIRLATP MLYAIAFUL nUGGLTGVA LARASLDVAT HDTTYWO1F TTVLSMCAIF SUACYTTWS

401 MWIPIELHT FWLFFFISTl WFGSIUVFFP LHSLCMFAFP RHISDYPISF UUSAFTLYC M LLLTTL VIFCCCLFKV
*** * ** * ** ****

PUSCYTLDQ TYAJCIHrrm riJVllLTJJJ QHFL^LSCMJ RRpjYPOAY TTWKILSSVJ SriSL|AVtJjj « p

PQILCLNYNE KLAQIQFVLI FICANVIFFP MHFLGIRCMP RSIPOTPOAT ACWNYVASIG SFIATLSLTL FIYILYDQLV

- I U irDYCLFFINL FT-TSLSITF YTnvVPVOI AITLLVIDFA HIILDTLLII LCFCTVFYIF

IW EAFASDirVL MVE EPSMNLE WLYCCPPPYH TFEEPVTMI3
I k* b ***&*** * *
NX SV1YAKAPDF -VESNTffKL HTVtSSSIEF LL-TSPPAVH SFNTPAVQS-

561 FVQA7LUFY I T . b r u c e i

- S.eerevlilaa

Cytochroee c oxidaae lubunlt II

1 MSFILTFWMI FLMDSIIVLI SFSIFLSTOI CALIIAT VITVTKINNI T CTWD FISSITI-DT YUTVLGMMFI
* * * ** ** * * * * * *

MAHAAQV CLQOATSPIM EELITFHDHA LHIIFLICF1. VLYALFLTLT T KLTHT NISI1AQD1ET VWTILPAIIL
* * * * * * * * * *
MHDVPTPYAC YFQDSATPNQ EGILELHDNI MTYLLVILCL VSWMLTTIVM TTSdPIAIX YI«HGQTIEV ItfTIFPAVIL

81 LCLLUILCLL LYFSCICTV3 FDLCKVICFQ VTWVYTU—
* ** * ** * *** *

LIIAFPSFIL LYLCDEVISP AMTIKAICYQ WYWKYETSIff INDSCETVEF ESYVIPDELL EXOfLlUjrT DTSMWPVDT

161 IYKLWVSAVD VIUSFTISSL CIKVEN^K CNEIIUATN NATLTCQCSE LCCVLHCFMP IVTNFI T . b r u c t l
* * ** * * * *** * ** **2**« ** * *** ** *

huaan

HIKFWTAAD VIHDFAIPSL CUV DAT PCS LNQVSALIQK ECV7YCACSB LCCTCHANMP IIIEAVSLPK FLEWLKEQ- S . c c r r v l a l a e

Figure 3
Sequence comparison between coxl 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 T̂ _
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 coxl sequence indicate proposed intronic
sequences in yeast coxl (19).
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may serve as Uganda for Cu binding (27): only His 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. bmcel. Moreover, the proposed sites for Oj-binding (position 234-249)

and heme a. attachment (371-382) of the coxl subunit (29) are almost

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

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

in coxl 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 coxl 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 coxl (29), it

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

the protein are allowed.

The genetic code; the coxl and coxll genes display a high cystelne content

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

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

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

coxl). 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 trypanosotnal mtDNA
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Table 2 The genetic code in T. brucei mitochondria

Codon

AOA

AUU

AGA

AGG

UGU

UGC

Number

71

49

13

4

38

9

Aligned with
aminoacid

lie
Leu + Val
Met

lie
Leu + Val
Met

Arg
Lys
Ser

Arg

random with 17

random with 9

H
A(Z)

30
30
5.6

25
29
2.1

62
23
7.7

25

different

different

B(I)

8.5
18.7
4.9

8.5
18.7
4.9

1.8
1.8
6.1

1.8

aminoacids

aminoaclds

Y
A(2)

24
25
4.2

27
33
2.1

69
15.4
0

25

B(Z)

9.9
19.6
3.9

9.9
19.6
3.9

2.0
2.0
7.2

2.0

The data were compiled from the gene for apocytochrome b_ (7) , coxl and
coxll. 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 coxl 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, coxll and apocytochrome b_ aminoacids with T. brucei UGC and UGU

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

proteins studied. Furthermore, two cysteine residues conserved in human

and yeast coxll 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 coxl, which contains

the oxygen binding site of the cytochrome J: 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 oxldase subunit II contains a -1 frameshift

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

reading frame for the coxll 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 protein. 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,

vith 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 coxll gene could have occurred. We have performed,

therefore, sequence analysis of the coxll 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 Di~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

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

trypanoBome8. In order to explain this phenomenon, a number of

possibilities might be considered:

1) The coxll 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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M ' M l

li.'
TAAATTA ' rAATACACTLAifTACAATATCAAGTTTAGGTATAAAAGTAGAGAACCTGCTACGTCTAATGAAATAA

2440 2450 2460 2470 2480 2490 2500

Figure 4
Nucleotide sequence of part of the cytochrome c_ oxidase subunit II gene
from cultured T. brucei 427. Ml3 mp9 DNA containing the D,-R? 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 3*5 hr (I) run of a sequence reaction mixture obtained from
DL-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 coxll 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 £ oxidase is dispensable also in cultured T. brucei. A

branched electron transport system with cytochromes a, and o as

independent alternative oxidases has been proposed for kinetoplaatida

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

sensitive terninal 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 £ 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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. T.bnjctl OUi

A
1 - r m n I I . I B LDICILIVU ILVUVLCCT V I i m i l L * ITOniCPAL -fUCLLTPI TDCVXLTTI7 TLPT1CVMI

**** *** * * ***** * • ** *** * * *** * * *
HPKAMLLU.I —VPILIAH* FX -MLTOULC YHQLHCPVT fCPTCLLQTT ADAKKLTTKE PL—CTATST

81 LFISSLPITA TCZTTTVTTT WOUUM. -CrTLLJLLC FHUtHTFCI FTVCCTLFJS CFITIAAmT LFTSILKC8

ITLTITAPTL *ITTIIIIUT nmnnv L»LCU/ILA -TJ»L*VT«I Lwaanoi YALICAUU* iQrisnm.

161 1LIU.TCITT LDTTCTTCI« DICISOJU) KCTILaLJl CLJWICLUJ) OJLFTPILt OSILTACLT ITL tCl

AIILLSTLLH (GSmLSTLI TUJHLU LLLfWTLtM IWTI-STLU I U 1 N I I U I CNILTSCn HTAACWAL

2*1 FFVITSVLEI M n i i T T i u SCLCTCO/I CTBI L U I L C n l nVICOUja T TAQT riLLHTIWe
** * *** * * * * * * * * * * *
FTMAEmni HMm-TTTH LCTTTDUJP FJ.II1IIV11 IULTSLHU HTATI«J1T KJUdUJia fLPLTlAUJI

321 FMTMIAn UICILF T.bruc. l mi-i
* * *

T- b n » o imi-i

—siwajx n.i COTILLIVT irnrt-»n Fciciinmr iwrrunis
¥*** * * * * * * *

PIPT1KLI1I VFTDfLLfLT VLSUHXIVI I111IULII8 I i n i » D H ) I m L F K f P T FUBTLTTfL LKLTTWLLH.

n mamTm IWLIIILDO n c n u n i L»mcLvn. mrwarir unLitru
* * * * i** • * *

TDUSqtHLS SDUUO.T UKLISLQIS LDnTTMIL Dt-TnUTT TT.IPTL4IIT tHOmfOlM
161 VSJWCIJIC jirisamii juiinDvci n^Lnjm WIJUDJ-JA IITJIW?TJT

irraracsL nuXTi.Tiq cLsmuoa. w u n u n VDITITCLHL vuuitur UCSCVUAT

2*1 nncrrcrt auumi twnava VIVLO-TFIA HJLITL—«D TDUJAIKII m-TciouL LTODILJW
* * * * * * * * * * * * * * * * * * * * **

LLXLCCTOU ILTLIUrPLT (BHATrTL— VLSUI-QIDI TtSICUDTD UBLUTSSI WUI.VTTAI LIQTTVJTTC
321 LLILCHAII ussreriTi cTHTEncn ITLLLISFT- cumsxrx cLnmorp nairmu UTCLIIIST

* * * * * *AV1L-MUEC LTJSLLfCU B a m T H U IHIUqOLqT LLPUUJWI. U t n i l l J I . T FTHLUELS VLVTmUSH

*oi i t i i in in LTITLJJITI WCU»T|FT VUXTULDV inDirvrji IJIITITFTT nru-i T.bn>c«i mit
ITUXTOJB LVTALT8LTM rmqWCBU HHMtfflfSF TinrrUCTMI LSTILLLSUI FOlITCrSSC feats DM*

I.breed UU10

w u r F^rrixnri scsrwa— RTUFVUL* MIIT|VLQ(I JJPIJJVBKX H.IIITL»O. iuacrcrtv

TLTSUFTIL TTLVOTMn S l n H F J I T ARTIIS—L FrTlHFWQJ ( ^ V l i m i a i ATT(JTT<)L8L

81 LTTveserm r a m a n r cnTFTAnr KrroaLa/ LIUWUTTC moJiunir LIAICWIU. a n r n m* * * * * * * « * * * * ^** * *« ***
pipvAL-rvT WSDIZFSUIT nacnrugr nnru.in.rr HLiLVTAJDn. rqLricwiev cmnxi tv

161 FvnrrALir aumai amxTtat im-twac Hnrmitn otunuui IOLTGCIR
* * * * * * * * *** *« * *

UUUDAUTA AIQAILTnl C D I O I U U WmfiUOT) TQCfilLLM UBSVIT IXCIXLAAAC IXA4LCLH7W
2*1 LnuECPIP VIALIBAATL TVCCIIUJF TTWC7WVF8 TTTO.ICVST U L I U T LCWT»FD VKITVAfSn

** ***** * *i*« * * * * * * * * * * * * * * * * * *****
LrSAHECFTP VSALUUrDI rVACirU.II FHTLAEnr LIQTLT LCLCAITTU AAVCALTDD) IHIVATSTS

321 CgtSraXKC LCIDITIIZL FFCtUMFlU TLTIVUIVI HUTCLODLI CTTTKITCCC VLAILU.IFA IUDC3IVFL
* * * * * * * * * * * * * * * * * * • **

sqiajomi cimjinLin. BICTHATTU HLTKCSCSII HiLmoou tHCcuxmr LTTTJLTI-C iLAuatm

• 01 CCrTCDKLL ALLHLLim I l trLTIlH riT7TMII»T FlLTPlHfVF ICfCLVBCU LLPDTECCLV TCU1 L

ICTBDWII E-TA«STni AWAL SIT LIAT1LTSAT SIINIU.TLT CqHrPILTK IICKlinUJi PIBUAGSL

FACTLITm «PA8TF<jm PITUO.TAU VTTLCLLTAL DUTTLTUXLI KDP1C-TTT FMMLC7TM rTHHTIPTU;

S6i wfHircort rvaninai. mntnm Tnunrcure lunitv i.brec«i tmrio
LLTHJIOPU, LLM-TWUm. LUTIKPI)! STIIITSTfll CKHLTTUF fTPLILTUJ. IT l a i n DFS
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B
T . b n i c e l HSU*

1 TH33LTLTI IHIFIFLIIT SFIILCOTTT ITLLSFDLLM U.IIKUWIT LLDSTICFIF ILLFLFCFTL FFCFLJFBTI

ai r u i i m c n iiirLFiFin HIIIISILFE IFSLLLTLLL jpstrerra viwnrnajn. IKFILLFILL TFJIIUTTCFF
161 LCDTCFIVFD EHLC1LCLT TTLLILFILT UFLIL7ME} LT11LCVTIF rtM-TFTILf CFILIILLIS FITTTCLFIi:
241 LLLTqSCTCV LICLHSFilV SLLFVLSVM FCFUUFIS TraTIfTLIL HTHLITSISL VLLIIITTTT IITlUfDrn
321 KDnmiKri rrsmmrLi SUXACUTX ICAIFIVTCT FIIVFCLLLQ LETLCICICT FTIIWUIIY mntiivm
*oi FUSTQFLCT WWTLSFIIII OLLTTICSS m u r o m

T.bnictl WIl

1 DVLWLSIVTD LLCIXTTOfl LWUFTttDflL TDFVTDFWC ITFirlFVLC TTZilTTSTI TVLLirTTTC ICSLTMLTTC
81 TTITTITILT ttlCTTTAIC IOTLITTItT FUITTHirT DriSrSKYIT HTFCILTMTI tJjrCATLFCI. F l fVlIFUC

i n r n m i c i f iraanm FDIPVSILLC DIVTLDTISL LLLTTWim FITCFTSFTI ILO-Lruxr LvmuFcrr
2*1 FLVTCIQIIL LTTVTWITm TSRSCTILHP AILIFFXFIT FBVTTVFVFI LILFIISFF3 FTLIDFULB LIFDUCSIT
321 KTDILSTSIF YTQIOIQFCLT QLLSITI

T . b r u c t l l»F7

l QLnmxTqer iE«HLSTqDi m r i u i u Tunjjmcp mxtrTLTiL rmtrmrr npqsiispsi SSSSIPXTPI
SI smsmcpp FiiDqsqpHL QLF»rrru TIHTOIITI OHIKIKLE

T.bncil UW)

uiiujrnNi irmnqcji tnninm vmumt. ma i snc i ssncmxji
81 KSPFtLmq nasvcscwA ETILELOSUS Dcnun.TC iqic iura aqscaan Esiczqnnv crricLcmc

161 DCTVCCIFUV CCITCCCXEI CIXTTTTTIK n i l

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 ID the T.
brucei sequences. For further details, see legend to Fig. 3.
B) Amino acid sequence of T. brucei URF4, 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 mltochondrial 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 mltochondrial tRNA" . 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 coxll 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.

brucel mitochondrial genes and the lack of precedence for such small

splices in (mt)mRNA. Two major RNA-species map in the coxll 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 coxll-derived cDNA.

The unasaigned reading frames

The aminoacid sequence of the unassigned reading frames is given in

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

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

10, and mammalian URF1, 4 and 5 respectively (Fig. 5A). 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: 321; 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 coxll

gene: the same sequence was found in a large number of Ml3 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 methionlne (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 (70-80Z). URF7 and URF9, however, are rich in polar

and basic residues (around 55Z). 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 trypanoeomes. 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, coxl being transcribed in a direction opposite to

that of the coxll 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 coxll gene, the possible use of UUG as initiator codon)

are shared by other trypanosomatidae.
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