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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 (coxI and coxII) and seven Unassigned Reading Frames ("URFs").

The genes for coxI and coxII display considerable homology at the
aminoacid level (38 and 25X, 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 ¢ oxidase subunit II is discontinuous: the C-terminal
portion of about 40 aminoacids, 18 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 18 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 aminocacid 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 1is unique 1in nature (for reviews see refs 1-4). In T.
brucei it consists of a catenated network of two types of circles, IOA
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 1is unknown. We have undertaken

nucleotide sequence apalysis of the maxi-circle of Trypanosoma brucei

mtDNA, in an attempt to further identify the mitochondrial genes and to
study thelir 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 95 (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 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 1s only 25X homologous at the amincacid level to its mammalian counter-
part, whereas the yeast and mammalian apocytochrome b genes are about 452
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 1in 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, coxI and coxII) and a number of URFs are
localized. Some aspects of the trypanosomal mitochondrial genes and their
organization are discussed 1in more detail, now that about 70%Z 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 Epgland Biolabs or Bethesda Laboratories; low melting
agarose from Bethesda Research Laboratories; S1 nuclease from Sigma.

DNA and assays
The 1isolation 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 tranmslation 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 pg of
DNA. Incubations were stopped by the addition of phenol.
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Figure 1
Partial map of T. brucel 427

maxi-circle DNA. The position of
the 12S and 95 rRNA genes (6),
the apocytochrome b 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 = HindIII, M =
MboII) and the area of which the
sequence 18 reported 1in this
paper.

Cloning in M13 and sequence analysis

Four restriction fragments of bloodatream form T. brucei 427 maxi-
circle were cloned in MI3 mwp8 and mp9: , and M -M
Fig. 1 shows the position of these fragmenks relaéive to %he positi&n of
the genes for the rRNAs, the gene for apocytochrome b and the region
which varies in size 1in closely related T. brucei stocks (variable
region, 14). The M -M, fragment was cloned in the HindII site of mp9
after blunt-ending éheZHboII 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.,-D, segment (7).
The procedure yilelds a large series of npested fragments 1n two
orientations, with the part progessively shortened by Bal-31 oriented
towarde 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 MboIl, cloned in the BamHI
site of MI3 mp9 (Mbol fragments) or the HindII site of this vector (Alul
and blunted MboIl fragments). Phage DNA obtained from these banks was
also used to sequence across the D and D, sites. Whenever a certain
area could not be sequenced withoug 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 etc.). In areas of special interest (see figs. 4
and 5) ia approac was followed to thoroughly check the obtained
eequences 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 HindIIl 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 im 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 1s derived from at least two
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¥4 ends at -401
AAAAL

IU}TA'I'MT AA
AMMTAAATAT
ACATTGAAAT
ATATAAATAA
ATAGGCATAA
TAATAATATA
CTAMTATTT
TCCTATCGAA
TACCTTAATA
ATCTCTATGA
ACATAAGAAA
TAATATAMT
AMMAGGCCAC
CACTAACAMG
TAAAGACCA

ATTATATAAT
TTTATAMCTT
TATATTTITT
ATTATCTGAT
TTAGCTTTAT
ATTGATTATA
ATTTATTTIA

TACGATATAT
GTCAAAAAAA

AMTTTATAG
TATATATATA
TATCCGAATT

TACTA
TACGAATAAL
AATACAACTT
AMATAAANGAC
AATTCCAACT
AMTTTATTA
CAAAGAGGAT
TCATAGAAAG
ATTAATAATC
TATATAAAAA
ACTTTCGTTA
GTTTGTGLAG
CAAAACATAA
GUCAGCAMCA
ACTATAAACC
ALATCGAACA
AAATACATTA
AAAATACAAA
TAATAGGACT
GACAGATAAA
TGGATTCAAT
TATATATTCT
TICTTCTTCT
CEATATTTAC
TAMTTATCA
TTCCTACAAA
ATAATCTATA
ATCTAGATTT
TITTCTCTTT
TTTATATCTT
TTTCTAATTA
ATTTTCTTTT
ATAGTATATT
TATTTITTATT
TATGATATAT
ATTTTATTTA

TATCATATAC
AATATAAAAT
ACTCATCTAT
ACCAAAATAT
ACCAAMCATT
GGAATTCATT
CATGCATCAA
ACAAATACAC
CTAGAATCAA
TAAAAACCCA
TAACTCTTGA
ACCOGAMTG
TTCTACCTAC
ACAAATCAAC
CTCATATTAT

CAAMAACCAT
AMTAMCGAC
M

CCCCACACTT
casaccceer

TATAATAATA ACTAATACTA AACTTATACT
AACCAAAAMAT TATTCACACT TAACACAAAT
TCATGAATAA AATATAAAAA TAAATGAAGC
ACCAAGTCTA ATATAMGTT GCTCCATAAA
CATTCTTCAT CAAAMCTAA AAMCAAAAA
AGTTTAACAT GTAGTAATAT CATAGAACTA
TCATATAATA ATAATATGAT TAATAAATAT
CAMAAMTA ATCTAMCCA AMTAAGAAT
ACAGTAAATC AAAGCTTAGT AATCTT.

CANCCA T = . tart URF

TTAGATTAAA ARACTATOCA® AATAATTTTT
TTCTAATTTT TAATCTACAG CATATAACAC
GCACCTAAAT AATATACTAG TTAGTAATAA
AGTTCACTTT CACATICTAG ATAATCAAAG
AATTTTCTAA AGAAKCTTGA CTTATACAAA
TTCAGATAGA ATACTAAMAA ATAAAGTTCT
CAAAATAAAT GAAATCCTAA TAAAAAAAGA
AMGCTCTAAT GAATAAACTA CATATAAATA
AMGAAGACCA AATALAAAAA GTGCAGGTCC
ACGACTATAA ATATAACAAT AAGTATGCAT
AATTCTATTA ATATCTTTIT CAATATTTCT
ACATGAGATT TTATATCATC AAMATTTATA
ATTTTAGTTG TATAMTTTT GTGAGTTTTC
TAATTTAATA TTAGAAAGTG ATTATTTAAT
GTATCTGCAG TAGATCTAAT ACACTCATTT
T CTTTACGGAC AATGTAGTGA
ATGAANGOSE ATTITAMAT TGECTTTGAT
TATATTATAT GATTTTCTAT TCGATTTTGT
GTATTGTTAT TTATAACATT TTTTGGAATT
TTTITITTCC ATTTGETATA AATTTTTTGA
TATATATAAT TATTTTCGAA TATTGTATAT
ATATTTTTTG TAATACCATG TTTATTTATA
TAGATTTTAT AACTTTATTA TTATTATATT
GTTATTTTTA GTAATAAATT TATTTTTTGE
ACTAGAAGTT GTTATATATT GATGCCAGCA
TTATATCATT TTTTACTTTT TTTTTAAMG

TATATTTTAT TATCAAAATA ATCACTTITTC
ACCAMCCAAA AGCAMACTAT TATTAATAAA
AAAMATAGAA GAATATAGAT AACCTATATG
AACTAAAAAA CTCAACAAAA GCATACCATA
CCTAAGCTAT GTAMGGAAA AAAAACCATA
TCATGAGAAA ATGAAAAAAC CCACCAAAAA
AATATCAATA CCAMCATTTC ATACAAATAA
ATATCTCTGA ATAMCAACCT ATACATTCAA
CATCCATACC AACAMCAAAC ATCTGATCGCC
TCTAAAACTT CTAACTTCAA TAATACTGGA
AATAAMACTA GATCTCCACC TCCAACAACA
TAATAATCAA AAMCTATGGAT CTCAACAACG
AACATTAATG GAATTTAATA TACTAGATAT
CTAGCATACA ACCTCCAACC AACCCCCATA
TTATACGAGG AAATACCATA TCOCGAAACC
AATCAACCCA TCTGAACTAA TGACT.

T, TATAM CGATAAATCC A&\;’MM
s aexssacon
TCTCCCCAAC TAAAACCUCC CAATCAAACT
TTTCCTCATA GATCAA’ AACCAAACTT

Start

b

ATAAATTAMNG
ACTAAACTAA
TAATTAGTAG
CAAAATTAAA
TCACATAGCA
AMTTTTATA
AAATAACAAT
AAGAGTATAA
TAGTATAATC
COTTTATTTT
GTAATAGCAA
GTGCTATAAG
ATGATTAATT
GGTAAACGTA
TATCTTTTAT
CATGGCACCT
AGTGTAAAAC
ATATAGAGTC
TATTCTGAAT
ATATCTAAAT
ATCTCTATGA
GATACATATT
ATTTCTGTAA
AGCAGATTTA
ACAATATCAA
ATTCTGTIGCT
TCAGTCCTCT
TCTATGTATT
TCTTCATTAA
TATATTATAT
GTTTAATCTA
GTAATAATGG
TTAATTTTAT
ATTTACATTT
ATATTAATAT
ATTTTTTATT

TTTAACACAG
TAGTCAMGTA
TAAACAATT
CAATGTAAAC
TTACAACCAA
CCCCTACAAC
GCCACTTAAT
TTAAATAATT
CTCAAACAAA
AACTAATCCA
TCATAAAATG
CACCTCAAAT
ACCAAGAAAA
CCCTCTTCAG

CAACCATGAC

ACCTT AAAACTGA
N gl

TA "AAAA

TTTCTTCRCA
CCCCTTCAAT
AAACCCCCTT

End [RF] - !
AMCCACAAA AATAAMATTA AATT A ATTGAATCTT AAAATTAAAT
TATAAMCTAT ACTTTTTCTA TTCCAATAGA AATCAATYAT GCTATATGTAA
ATTATCTACA TATTAATATT TTTATTATCA AAGAAATCTC TATCATATAA

TCAAMATTTA
CGATACCAAA
AATTATTAAT
AACGCGATCT
AAAAACAGTA
TCCAMATCTA
ATAATAATCT
ACATGAAACA
ACATAAGATA
TCACGATTTT
TAAATGAAAA
AAAACCTAGA
‘TCAAGGACGG
ATCCATCAAC
GCCAAACAAA
ACCTAAATAA
CTTTCTICAAA
AACACCAATC

TCCACAATAC
grart CoxIl
TAA

GTAATAA

ATATCGTGCAT
GGTTIGTACT
ACTAATAGCT
AGAATATTAC
CTTTACGTAT
GTATTACACC
TITTGATTTC
ACATTTATAT
CAATCTTATT
CGAGTTTTTC
ATCTTTTCTC
ATTTTTTATT
ATTTAATTTT
TTACTATATG
TTITTTAACTT
TTTATCATTA

TTATATCCGC
AATAAAAAAT
GCACTTCAAA
ATCATAATCT
AGCACCAACT
CCACCAGCAA
TAATGCATCT
CATACCTAAT
AATACACCTA

TAATCACCAA
GATAACAAAT
ATTATAAACC
TTCETCCTCT
TTTAATAAAT

TTAATATCTA
ATATATATTT
TAAATATTTT

AATATAAATA
GCTGTTTAAT
ATAAAMCAAA
ATAATTTGAA
GTTTAATATC
CTGCACATTA
ATTCAATAAT
AATATAAGAA
ATAAACCTCT
ACCAGGACAL
ATTAATGAAT
ATTAGTATAA
AGTATATGAC
AAGCACTCCA
CAMAGTACT
ACCACCTTCGA
TATTATTATG
ACAAATAATC

e
TGACTT

TCATTATAGC
TCCAATGATG
TTTCACTCGAT
AGTGTAACCA
AMAGTAGAC
CTTTTATGCC
TTATCTATTA
TTATATTTCT
TACAGGCTAT
ATATTTATAA
CATATTTATT
TITTAATTTT
ATTTATGGAT
CTATACAAAT
TATATATTTY

AAAGATATAA
CCAATTAAAA
ACAAAATATA
TAAMATTAAT
ATAAAATATA
ATAATAAAAA
AATAATAATG
TCTAATAATC
AGATAATAAC
AAMGCCATCGG
CCCATTCTAA
CAATAGATTT
AAMAAAATA
ATTCAAAATA
CTAGTATGTA
AMATAAAAAA
AATCCAACTC
TAATTTAM
ey
TTATATTAAC
AACACTATTA
TTTATATTCT
ATTCGCTATA
TCTATTGACA

TTTTTIGITC
CGCATGTACA
AAAACTTAAC
AATGTGTAAA
ATAATATAAA
GAGCAATAAG
AATAAAAATC
TTATTCAAAA
AAATATAAAT
AAMCAGAAGG
ATAAMAAAAG
AAAGCATATA
CCAGATAATT
GACAAATGAA
TATACAATAA
CAACCAACGA
CCAAAAMGAA
AAATAATTTA

AAAI" TAMCAT
or

TTTTTGAATG
ACTGTAACAA
CTTTATTGTT

TITTTTATTT
TTCTTAAGTT

AMCCTOGTAG CTCTAA'
Ind COXII —=>
TATTGTAATA AATTTTATAT

GAACATATGA
TTTAGCTTTT
TATATATATT
CATTCCATAT
TICTYTATTT
GATATATTTC
TTTTTACTTT
CATATTATTA
GATCTATTCT

TAﬂTI’GATA TATTCOCATC
-re _f— I=d COXI
TI'ATI'}?%M I'HATA;LI‘A

AMATCAATA
AAACAGTAAT
ATAAAAAGCT
CRAAATGAAG
GATAAAACAT
GAAACATAAC
ACCTAMCCCT
ACAGATATCA
GAATTATGAT
ATTTCTATCC
CAAATAAGAL
AMTGATAAA
ACTTACTAAG
TACTTTCTAA
ATAAMALTCC
TCCAATCATT
AAMATTCCAT
TCTAAACCCA
ACACAMMCAT

TAAATTTTAT
AMTTACATC
TACATACTAA

AAMCAATAAT
ACAAGTAAAT
CTCAGAATAA
GATAGCATAA
AAAAATAATC
ACTGGAAATC
TATAAACATA
ATTACTACAC
CTAGCATAGA
ATAAACCTCT
CATAATAATA
AGCTAAAATA
CTCACATCCT

ACTTCCCCAA
AACAATAAAT

ATTCTTAATT
ACTCTATGAT
TCATATATAT

TTTTATATTC
TTTATTAGAA
ATATATATAT
ATTTTTCGAT
TATTTTCTGA
TATCTATATT
TCTGATAATT
TATTATCTAT
TTCTCTTTCT
ATTATATAAT

AGGAAGCCTT
AMTACCCAT
TATAACATTA
TCAGAAATTC
AMATCTCTC
TGCAACAACA
TATATAAAAT
TAATACTTCC
ATAAATCATA
GGATCTCCAA
ATCTAACTCC
TTTICCICTA
AAGCTACAAT
CTCCAATAAA
ACTTATACGC
AGAGAAACTT
CACTTAAGCA
TCLoCCTCCT
ATCCCLCTTC
TATAAGAACG

CTTACAATAA
TICTATTTIY
GTATATATAT
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901 ATTAATCTAG TGTTAATAAT AATATTAGAT GATTTTATCT CTTTTATGAT AGCCTTCGAA ACTCTATTTT TCCCTATATG TCTAGTAACT TTATTITITA
6001 ATTTTAATAA TAGATTTATT TTTGCTATAT TCTATCTTAT AATATITAGT TCACTTAGIT CACTGGTATG TATAATTATA TGTATAATAC TAATATCTCA
6101 TTTCAACATT ATAAATTTAC AGGCTTITAT TCATGTATCT TATTTTGATA GTTTGTATTC GGCAATTTTT ATATGAATAT TATTATTTAT AATGTICCCT
6201 ATAAAATACC CAATCTGACC ATTCCATGTG TCACTACCAG AGATGUATGT AGAGGTAAAT ACAGAAATCA GTCTTTTATT AGCAAGTATT GTGCTGAAAA
6301 TAGGTTTTTT TGGTGTATAC AAATTTTTAT TTATCCCATT TAATACGATA TCAATATGAT TTTTAGGTTT TATAGATACT GTAATTCTCT TGGUTTTACT
6401 ATTTATAGCA ATGTCACTAA TATTTTTATC AGACTACAAC AAAATAATAG CGAATTGATC AATAATACAC ACGGGTATAG GATTAATATT ATTATGACAT
6501 AATCACATTT TCTTTGTACC TTTACTAATA TTATGTAATC TACCACATAT ACTAACTTCA TCCTTTATCT TTATTCTAAT AGGATATATG TACGACAATT
6601 ATCCTCTAAG AATTTTTTTA TIGTTAATTT CATTTTTTCG TATTAGTATA TGAAGTTCAT TCTTTTTATC TTTATTTTTA TTTAATATAG ATTTCCCCTT
6701 TATGTTATTA TTTTATGTAG ATATATTTAT TTTGTATGGT TTGATATCTA TATCATTTAT ATATATAATA ACTTTTTATA TAATAACTTT AACGATATTT

6801 TTATCATCAA TATACATCTA TATGTGTTTA u:rrrn'l'«rr CATLECI'ATC CTTCGATAAA TATCTTAGAC TTGATGTTAG TATAAATGAT ATATATCTAT

6901 TTATGTCAAT ATCAATATCA ACTATAGTAT TTTATTATTT TAT%“TA‘I‘%PJA;LTMT ATGTATAATA CAACAAACAA ATCTCTTTAC CCCCTTCACT
7001 GATCCCTCCC CATCAAAACT TCTCCCCCCA AAACCCATCT CCCATTCACC CCAAACCTAT GGTTTCTCCA ACACTCCATT CCTGTTCACA COGTGATTCT
7101 TCTCAACCCC GCCCCCCGCT CTGCTCTCTC CTTTTAAAAT CCCTAATACA CTTTTGATAA CAAACTAAAG TAAAAAGGCG AGGATTTTIT GAGTGLGACT
7201 GGAGACAAAL ACCCCTTCGA GCCCAGCCUG AACCGACGGA GAGCTICTIT TAAAAG CCAGGCGGGG ACGAGACTTT CAAMMAGATT TCGETCGGCC
7301 GAACCCTTTG TTTTGCTTAA AGAAACATCG TTTACAACAC A'?'"n'?mﬂ;lm_a;m TTTAATATTT TTTTTATTTT TTATAATCTT TGCGTTTATA
7401 TCACGTTCAT TTA' TAGGAATTTT CTAAGTTTTT GATTATCTTT AGTAATGATA ATATTTATTG TATTCTGTAT GATATITACT TTTTTAATCC
7501 TATCAGTATG n-r:gn_;.ﬁsﬂﬁ:tg?n ACGATTTTTG TTTAATACTA ATGTTAGATT TTTGTTTTAT ATGATTAACA TACGTATCTT CAGGTTTITA
7601 TATGTTTATA ATGTTATTGA TAAATATGGT ATTTTGTTTT ATAGTATTTT ACGCATTTTA TTATATGTAT TTTGATATCT TGTTAGGCCG TTTTTTGATT
7701 ATATTTTGAA TATTIGTTCT GTGCATGAAT TTATTCATCC TATCATATGA TTTTTTAACA GCTTACTGCG GATGAGAATT ATTAGGGTTA TTCTCATTTT
7801 TTTTAATTTC ATATTTCTGA TACCCTTTTT TTGCATTAAA ATTTGGTTTT AAAGCTTTTT TTATAGCTAA AATAGGAGAT GTGTTATTAA TATTCGCTIT
7901 TTCTATAATA TTTTTATCAA ATGGTTTITG TATGACAACT TTTTATTTTT TAAATTTTTT TTGTATGGAT TATTATIATA TAGAATTTIC TATATGTTTG
8001 TTACTAGGAT GTGCCTTCAC AAAAAGCTACA CAATTCGGCT TACATATATG ATTACCAGAT GCTATGGAAG GACCTATCCC AGTATCAGCA TTAATACACC
8101 CAGCTACATT AGTTCTTTGT GGAATAATAT TATTAAGTTT TGTTTATTGA TGTTTTGATT TTTGATTTAC TTATTTTTAT AATTTGATAC GATCGTCTAC
8201 ATTAATTTTA ATATTAATGA CATTCTGTCT GTTTTATAAT TTTGACGTAA AACGATACGT AGCGTTCAGT ACAATATGTC AAATTAGTTT TTCTATGTIT
8301 TGITCTCTGT GTATAGATAT ATATATAGCT AGTTTATTIT TTTGTTACCA TATGTTCTAC AAAGCAACAT TATTTATAGT ATTAGGTATA TGAATACATA
8401 TATTTTTIGG GTTACAGGAT TTAAGATGIT ATTTTTTITAT GTATTTTTCT GGTTCTGTCT TAGCGCGTTT GTTATTAATA TTCGCAATAT TAAACTCATG
8301 TTCAATTTGA TTTTTATGTG GTTTTTATTG TAAGGATATC TTATTACCTT TATTGATGTT ATTATCATTT TATAATATAA TAGAATTTTT GTTTATAACT
8601 ATAATTTITA TATTTTTTAC AATGATTTAT AATTATTTTT TGITATTTTT TTTGATCTTT GTGTTCAAAT GTTTTTGTIT GCTTGATTGT TTATTTTTAT
8701 TATTTGATTA TGAATGTTGT TTAGTATATT CTTTGATAAGC TTTGTATATG TGTATTTTAA GTATATTTTT TATAATAGAT TTTGTATCTA TATTTGTATT
8801 TTCAAGTTAT TCTGTATTTT GATCATTTIT TTTAAATTTT TATAATTTTT TTGATATAGC AATTTTTCTC GTTTTTTTAA TATTATCACT AGGATTTTTA
8901 TATTATGGTT GTTTATTTTT TTATTTTTTC AATATAGATT GCATAATGTT GTTTTGGAGA ATTTTTTTTC TAATAATAAT TTTAGTAGTA TTTATGATAT
900! TTTGTTICTIC ATATTTTCTT TCI‘AIG\TC.A TATTTATCTT ATTATTTGTA TGAAATTTTG TTATATATTT TAGATATAAT TTGAAATATT CTTTATTTTT

Ind URF10 TTTT
9101 TTCTATTTTG TGAATATTGT ATGTATAAAT AGTATAATCA AAACTAAAAA AAGTAAAGAA ACCAGATTAG ATTTGTAAAA AAGTCAAAAT A ATAAT

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 clomes in each direction. In a previous paper the sequence of
the first 2520 nucleotides of the R —D1 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 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 pumber of genes and unassigned reading frames are
indicated. These were obtained by translating the nucleotide sequence
into amincacids 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 lst 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 ¢ 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 1s
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 coxI1 gene of 25X assuming a 1limited number of
ingertions/deletions. This 1s 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 1in very
similar hydrophobicity profiles for the T. bruceil and yeast/human gene
versions (plots not shown). Furthermore, some of the putatively
functional aminoacids are conserved: e.g. 1n mammalian coxII, Hislog,

Cy3208' H15216 and Met (the coordinates used are those from Fig. 3)
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Cytochrooe ¢ oxidase subunit I

WFELCLVCL VSIENIIC] LLVATLEGFY QYTYLFIRL BSLIGCOVL FEDYGFYIYL IJSHCLINVE AFIMITHG
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ok A E A RkA kAK kkkkkd * * h hAk
FG}H‘LVPLHI GAPI}!.AFPI}( NNMSFWLLPP SLLLLLASAM VLAGAGT(HT VYPPLAGNYS HPGASVDLTI FSLHLAGVSS
LY T U ® kkk kA ok ok Ak Ak k ok kA A Rk Rk kR

FGNYLLPLHI GATDTAFPRI NNIAFWVLPM CLVCLVTSTL VESGAGTGWT VYPPLSSIQA HSGPSVDLAI FALHLTSISS

161 LLNSLHWG{ }FCCRRKYPS FLIWTLFIWG ALLTSILLII TLPVLAGGVT LLLCIRNFNT SFYDVVGGGD LVLFQHLFWF

TR A T khhdh ok dk Akk kA ok & RRAE & AhRAAS
ILGAINFITT IINMKPPAMT QYQTPLFVWS VLITAVLLLL SLPVLAAGIT MLLTDRNLNT TFFDPAGCGD PILYQHLFWF
Rk & * FT ] T WAk ke ok dk hkkddd AR b AAAR & AEkEd

LLGAINFIVT TLNMRTNGMT MHKLPLFVWS IFITAFLLLL SLPVLSAGIT MLLLDRNFNT SFFEVAGGGD PILYEHLFWF
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ek kk Ak * - &k ok Ak ok hhkRh AR Adh kAdk A
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R TIE) » ok IR T EE I R T
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ok * Wk R AkRAE ok ok Ak kkkh kkkkk ARRAE dad ok *

VEKVFSWLATL HGSMMEKWSAA VLWALGFIFL FTVGGLTGIV LANSSLDIVL HDTYYVVAHF HYVLSMGAVF AIMGGF IHWF
LR - & hAkAk ok ok W Abhd dd ek kddnk Wk L3t

IKIFSWLATI YGGSIRLATP MLYAIAFLFL FTMGGLTGYA LAMASLDVAF HDTYYVVGHF YYVLSHGAIF SLFAGYYYWS

401 MKWIPIELHT FWLFFFISTL WFGSHMVFFP LHSLGMFAFP RRISDYPISF LFWSAFTLYG M—LLLTFL VIFCCCLFRV
* & ok kkEk & Wk * hh ARk * * * *
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K ; * b *% » LI * &
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561 FWQAFLLFFY I T.brucel
e husan

- S.cerevisiae

Cytochrome c oxidase subunit II
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'—HA}.{MQV GLQHTSPI.H L!'.LIT!HDH.Q LHIIFLICF’L !’L!ALFLTLT T-——KLTNT N}sma:-(n V\.ﬂ'ILPAIIL

MNDVPTPYAC YFQDSATPNQ EGILELHDNI MFYLLVILGL VSWMLYTIVM TYSKNPIAYK YIKHGQTIEV IWTIFPAVIL

81 LCLLI:RI.ELL &IPSCIN'FVS FOLCXVIGFQ WYWVYFLF-— -——GETTIF -SNLILESDY LIGDLRILQC N}{VLTELSLV

* Rk A Ak & o * whkd &
VLIALPSLRI LYMTDEVNDP SLTIBIGFI? WYWTYEYTDY ——GGLIF NSYMLPPLFL EPGDLRLLDV DNRVVLPIEA
* - ok IR EINE ke & & L

LIIAFPSFIL LYLCDEVISP AMTIKAICYQ WYWKYEYSDF INDSCETVEF ESYVIPDELL EEGQLRLLDT DTSMVVPVDT

161 IYKLH‘VSAVD VIHSF‘TISSL GIKVER-] CNEIILFATN NATLYGQCSE LCGVLHGFMP IVINF]-—— ——————- T.brucel
h R kA " AARRRR ARk kAR AR *
PII.H'HITSQ VLHSUAV'?'I'L GLXTDAIPGR LNQTTFTATR PGVYYGQCSE ICGANHSFMP IVLELIPLKI FEMGPVFTL human
*h AN kN Ak AREd 2 kil hAR RAR ok Ak k&

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

Figure 3

Sequence comparison between coxI and II genes. The cytochrome ¢ oxidase I
and II genes were lined up with the analogous genes from human (18) and

S. cerevisiase (yeast) mtDNA (19,20). * indicates homology with the T.
brucei sequence, - indicates the position at which a deletion is assumed.
The gene sequence 18 presented starting with the first methionine (see
Table 1). a and b 1n the coxI sequence 1indicate proposed intronic
sequences in yeast coxI (19).
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may serve as ligands for Cu binding (27): only H13109 18 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 Oz—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 coxII and 159 out of 250 invariant residues
in coxI of 5 species (29) are present in T. brucel. 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 aminocacids 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 ipn 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 1is 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 1s both
structurally and functionally an important aminoacid, it 1is 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 assigonment 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

7334

¥20¢ Mdy 2 uo ysenb Aq /#20¥01/22€2/61/2Z | /2101HE/Jeu/wod dno-ojwapede//:sdpy wolj papeojumoq



Nucleic Acids Research

Table 2 The genetic code in T. bruceil mitochondria

Codon Number Aligned with H Y
aminoacid A(Z) B(X) A(Z) B(Z)
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 E.(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 aligmnment of human and yeast
coxT, coxII and apocytochrome b aminocacids 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 ¢ oxidase complex (see ref.
29).

Also the assignment for the AUA/AUU and AGA/AGG codons does not
deviate from the universal code 1in 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 imsect 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 1is not continuous: a -1 frameshift has
to be introduced to 1link 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 1in 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 8sequence errors and trivial cloning artifacts (results not
shown).

The DNA used in this study, however, i1s 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 1t 18 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 Dl_RZ
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, 18 also discontinuous 1in respiring
trypanosomes. In order to explain this phenomenon, a number of
possibillities might be considered:

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

over by a copy residing in the pucleus, 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. bruceil 427, M13 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
(I1) and a 3% hr (I) run of a sequence reaction mixture obtained from
D -R, in mp9 primed with 5'-CCA.CAC.AAT.TCA.CTA.CAT.TG-3'. This oligo-
nucleotide 18 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 1is
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 ¢ 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 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 ¢ 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.brucei URFé

1 TPEXSLFLYI IRIFIFLIIY SFIILCDYTT LTLLSFDLLW LLIINLFWIT LLOSYICFIF ILLFLFCFTL FFCFLSFUTR
81 FLFIIIIIQY IIIFLFIFIN BITIISILFE IFSLLLFLLL NSSRFGYKIL VLWYYYMLNL IMFILLFILL YPMILNYCTF
161 LCDFCFLVFD EEWLGILCLF YTLLILFELY IAFLILFMEQ LYIRLGVFIF IYMLTFYILF CFILIILLIS FIYFYILFIK
241 LLLFQSCTCV LIGLHSFAIV SLLFVLSVNE FCFLFLIFIS TENYIFYLYL NFHLITSISL VLLIIIYYFF IIYNIFDFXY
32] MENYFLINFI FFSFFMNFLI SLLLACLFLC IGAIPIVFGF FIKVFCLLLQ LSYLCICIGF FFLIWLIIIY IFYFRLIVNI
401 FIFSYQFLGF WYVKLSFINI KNLLFFICSS VYILFFDIIN LFDLIL

T.brucel URF6

| DWLWLSRVFD LLCIRTYDFI LWWFDLDFIL YOFVFDFVVC ITFIFIFVLG FFIRIFFSFV FVLLFITFFG ICSLTMLITG
81 YYITYIYILY WFICFFFAFC INFLITYIEF FIFITFHIFF DF ISFSNYIY NYFGILYMFN VMFCAYLFCL FYFVIYFLFC
161 FIFFVIRCLF IVIMDFLFFN FDIFVSILLC DIVYLOFISL LLLYFNFIFN FIYGFFSFVI ILGLLFLLLF LVINLFFGFT
241 FLVYGIQIIL LYYVYWLYMI YSRSCYILMP AILIFFKFIY FDVFFVFVFI LILFIISFFS FFLXDFLFLS LYFDIFGELY
321 NYDILSYSIF YYQMNQFCLT QLLSIYI

T.brucei URF7

—

QLXDNXFQSF YEKHLSTQDI EXTFYKTKIK TKLFLRNYXKP KFHQPPLPLL PTXPHTFSPT KTPQSNSPS51 SSSSKPNFPK
81 SPFLSPFINPP FLIDQSQPNL XPLFMKYTX] TINYKKEIYR KHINKIKLE

T.brucei URF9
1 PYSHTDTIKK LMIIHWTIRI IITKDNQEKLR KFLPWINEPD INPNITENKK NIKNISYSKI SSERCTFW(M KCFPPPESFW

81 MSPPRLPFIQ KXLSVGSGWA RTALSLQSHS ENPRLFTLVC YQRCIRDFKR REQSGCRGWE ESRCEQEWSV CETIGLGWMG
161 DGFWGEXFWW GCITEGGXKEI CLLYTTYYIN KYIK

Figure 5
A) Sequence comparison between T. brucei URF5 and human URFl, 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.
bruceil sequences. For further details, see legend to Fig. 3.

B) Amino acid sequence of T. brucei URF4, 6, 7 and 9. The first
methionine 18 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 ¢ 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 coxlI-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%Z at the
aminoacid level) with mammalian mitochondrial URFs: T. brucei URF5, 8 and
10, and mammalian URFl, 4 and 5 respectively (Fig. 5A). This again
follows the pattern that trypanosomal mitochondrial genes are less well
conserved, than what 1is usually encountered (compare e.g. the homology
between human and insect URFS: 32X%; 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 URFl reveals that the major part
of the homologous aminoacids 1s 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 (URFl, 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, 1if 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. brucel 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 18 reversed: 5'-large rRNA-small rRNA-3', the order of the protein
genes is different, coxl being transcribed in a directionm opposite to
that of the coxII and apocytochrome b genes and tRNA genes are
conspicuously absent. In fact, the only point of similarity 1s 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 gemes. Their absence in the
sequences obtained sofar may be explained in a few alternative ways:

a) tRNAs 1n 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.

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

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

trypanosome, Crithidia fascjiculata, 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 coxIl gene, the possible use of UUG as initiator codon)

are shared by other trypanosomatidae.
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