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SUMMARY
A 3.2 kb segment of the maxicircle of Crithidia fasciculata

mitochondrial (mt) DNA contains the gene for cytochrome oxidase subunit III
(coxIII), the N-terminal portion of the gene for apocytochrome b (cytb) and
two partially overlapping Unassigned Reading Frames (C.URF2/1). Transcript
analysis of the segment reveals that both the coxIII gene and the C.URF2/1
area are transcribed into a pair of RNA products. With the C.fasciculata gene
version as a probe, a coxIII gene could not be detected in' nuclear and mtDNA
of Trypanosoma brucei, indicating that the cytochrome oxidases of these two
closely related trypanosome species may differ.

The nucleotide homology in the N-terminal region of the coxIII and cytb
genes in T.brucei, Leishmania tarentolae and C.fasciculata starts at a UUA
leucine codon, which adds further support to the hypothesis that apart from
AUG, other initiator triplets are used in trypanosomal mitochondria: UUG, CUG
and UUA, all triplets coding for leucine in the universal code.

Finally, the possibility is discussed that the two overlapping URFs
(C.URF2/1) in fact represent a single, frameshift containing, gene.

INTRODUCTION

Trypanosomal mtDNA consists of a compact network of thousands of

catenated circular DNA molecules, known as kinetoplast DNA (kDNA). In the

kDNA network two types of circular DNAs occur (reviewed in 1,2): minicircles

of 1-3 kilobasepairs (kb) in length depending on the species, which

constitute 90-95% of the network, and 20-40 kb maxicircles, of which 25-50

copies are present. Minicircles are not transcribed and their function is

unclear (3). In contrast, maxicircles are transcribed and nucleotide sequence

analysis has revealed typical mitochondrial genes in T.brucei and

L.tarentolae maxicircle DNA (reviewed in 4). So far, genes coding for the

mitochondrial ribosomal RNAs (rRNAs) apocytochrome b (cytb), cytochrome

oxidase (cox) subunits I, II and III, NADH dehydrogenase (ND) subunits I, IV

and V and a number of unassigned reading frames (URFs) have been identified.

Gene content and organization of the maxicircle proved to be largely

identical in the sequenced area of the two trypanosome species, except in
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the region flanked by the 9S mitochondrial rRNA gene and the cytb gene. In

T.brucei this segment measures 2,1 kb and contains two URFs which would

encode proteins rich in glycine and charged amino acids, generally highly

unusual characteristics for mitochondrial proteins (5,6). On the L.tarentolae

maxicircle this region is 1 kb larger and it contains the gene for subunit

III of cytochrome oxidase and a number of URFs which are not homologous to

the corresponding T.brucei URFs (7). The difference in gene content of this

segment of the two otherwise very similar mitochondrial genomes is

remarkable, particularly since the gene for an essential and evolutionarily

conserved subunit of cytochrome c oxidase (8) appears to be missing in

T.brucei. No difference in gene content and organization is found, for

example, in the mitochondrial genome of mammalian species (9,10), which are

further apart in evolution than the two trypanosomes, as judged by the degree

of nucleotide conservation of homologous mitochondrial genes (see ref.4).

This area of the trypanosome maxicircle is interesting for two other reasons:

i) in L.tarentolae only one of the (putative) protein genes (ORF4) has an

N-terminal AUG-codon. Comparison of other AUG-less mitochondrial genes from

trypanosomes has suggested the possible use of leucine codons as initiator

triplets (4,11). ii) Some of the ORFs are overlapping (e.g. LtORF1B/1A;

ORF3/4). The gene for coxII is composed of two overlapping reading frames in

L.tarentolae and T.brucei (7,12,13) and in the insect trypanosome

C.fasciculata (11). Recently, we have found that in T.brucei and

C.fasciculata this frameshift is restored at the RNA-level by the insertion

into the transcript of four, non-DNA encoded, nucleotides during or after

transcription ("RNA-editing", see refs.11,14). The possibility arises,

therefore, that overlapping URFs in fact represent other frameshift-genes

that are made continuous at the RNA-level.

In order to further assess the possible variability of the trypanosome

cytochrome oxidase subunit composition and to use comparative sequence

analysis as a tool for the identification of unusual initiation triplets and

putative frameshift genes, we have determined the nucleotide sequence of this

area in C.fasciculata.

MATERIALS AND METHODS
Restriction endonucleases were from New England Biolabs or Boehringer

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

DNA and RNA. C.fasciculata cultivation and kDNA isolation are described
in ref.15 or refs therein. Total cellular RNA was isolated according to
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Fig.l: Sequenced area of C.fasciculata
maxicircle DNA. The restriction map of
C.fasciculata maxicircle DNA is taken from
ref.15. The S2D1 region, obtained from
the recombinant plasmid pD5D1 containing
the D5D1 HindIII fragment (see ref.18),
has been subjected to nucleotide sequence
determination. The nucleotide sequence of
the 12S and 9S mitochondrial rRNA genes,

DR 2 4 position 254-2110, has been reported
previously (shaded region; ref.18); the

D5 nucleotide sequence presented here
encompasses the area between positions 2111
and 5333 (black region). Relevant

R6 S2 restriction sites are indicated: P = PstI;
R = EcoRI; D = HindIII; S = SalI.

ref.16, and stored at -20°C as an ethanol precipitate. Plasmid and M13RF DNAs
were isolated according to ref.17.

Cloning in plasmid and bacteriophage M13 DNA. The construction of the
recombinant plasmid pD5Dl, containing the D5D1 HindIII fragment of
C.fasciculata maxicircle DNA has been described elsewhere (18). This plasmid
has been used as starting material for the sequence determination (see
Fig.l). From this plasmid fragments S2-P1, Pl-DI and R6-R1 were subcloned in
bacteriophage M13. M13 clones containing a varying part of either S2-P1,
R6-R1 or Pl-Dl in either orientation were generated using Bal-31 exonuclease
and non random cloning procedures according to ref.19, except that gel
isolation of Bal-31 treated fragments was omitted (see ref.12). Ligation
reactions were performed with vectors treated with calf-intestine phosphatase
according to ref.12. This approach yielded a series of nested inserts from
both strands. These clones were subjected to DNA sequence analysis.

From a clone bank of MboI restricted C.fasciculata kDNA in bacteriophage
M13, a clone was selected which extended the sequence 124 residues beyond the
Dl site. The start of this clone is at position 4948 (Fig.1).

DNA sequence analysis. DNA sequence determination was carried out by the
dideoxynucleotide chain-termination technique (20). A number of overlapping
sequences were obtained from both strands. In regions where the sequence was
ambiguous, reliable sequences were obtained by priming with synthetic
oligonucleotides (21).

Northern blotting and hybridization conditions. Northern blot analysis
of glyoxylated total cellular RNA was performed according to ref.22, except
that 80 lag RNA per lane was electrophoresed in 1.75% agarose gels in 10 mM
phosphate buffer, pH 7.0. M13 probes were prepared by synthesizing the DNA
strand complementary to M13 beyond the insert, using M13 hybridization probe
primer (New England Biolabs) and 32P-labeled dNTPs (Amersham, England).
Hybridization conditions were as described (22).

RESULTS
Sequence analysis

Figure 2 presents the nucleotide sequence of the C.fasciculata maxi-

circle region from nucleotide 1981 up to 5333. Begin and endpoints of reading
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1981

2071

2161

2251

2341

2431

2521

2611

2701

2791

2 881

End 9S rRNA c-
AAAAGTAGATTTAAAGGTATTGTTGCCCACCAATTTTTATAATAAAAATAACGTGCAA TAATTAATGAaTATATaTCATTAAAT
ACAAAACACCTCTCACATTACGTTCTCTCATATTAAACCCCTATTGTCCTTTTTGTTATTTAGAACATTTACACAAATTTTARCCCTTAT
TGTATTTTATAAAGCTGTATGTAATCAACAGATATAACTAARRTGTCAGGTATTAATAAAGAGGAGCTTTCCCGGATTTTATTTGGAGGG
ACAAACCAGGAAAACAGAGAGGCGTGGAGCCAACTTTTTGAGGTTTTGGGAGAACGGATTTTGCATGTCGAGGAAATTTTTTGTCCAkGT
ATTTTTGCCAGAGCGTTTTTTTTTTTTTGCTCGCAGAAGSTTTACGCTTCTCAGAAAACAAAGATTCGCTTTTTTTTTTTTGGAAGGGGA
GCTTTTTTAGGCCTACAGATTTCGCTARCTTTGCACAGAAGAGAGCCAGAAGGCACCTAAAGRSGS6ASGTTAGAAGGGAAASTTAT
AATTTGTTATCTTCTTTTAAATCAAGTTTAACCTAAAATTTATTTCTATTGTTGCACTAATTAAGAAAATATTTTTTAAATCTGTCAATT
TTGGTTTTTGAGGATTGTTTTCCATCTTCCCCTCTTTCCCCAATAAAACGGGTCTTTTCCCCTCAATCCTTCGATGCCTCTTCCCTCCCA
TCCCTTCCGTTCTCCCGCTTCTCTCTCCCCATTTTCTCCTCTCTCTTTCCACTTTTTCTCTCCGCAAATCTTCTTCCCTTTCCTTTAATC

BlockA .A -----TTCTCCCTTTCTCTCCCTCTCTCTCCTCTCCTTCCCGRAACCCTCATATTTATTATTAGTTTATrTCAAGTTTAAnATATTAAAATTnrAA

Block A .
2971 GAGCAAAATAAATAATATTGTAATCATCAKTALTATTTACTATATCAASGCAGTAATAATATATTTTATTTATACAAAAGCAAGTGCGTA

C-Urf2: T Y V R I C Y A L I I F N F Y I T I S I F D C
3061 AATCCTTATTTTTATATATARACATACGTTCGTATATGTTASTGCATTAATTATTTTTARCTTTTACATTACA&TAAGTATATTCGACTGC

M T N V K R N L Y R F T F G P O H P A A H G V L C C L L Y L
3151 ATGACAAACGTAAAAAGGCACTTATATCGATTTACTTTTGGACCACAACATCCTGCAGCTCATGGTSTATTATGTTGTCTGCTATACTTG

C-Urfl : S S L D I XY I E V 0 X S Y A N I X Q L N N
S G E F I T Y I D V II G Y L H R S T E X L C E Y X T V E Q

3241 TCAGGCGAGTTTATAACTTATATAGSATGTCATCATTGGATATTTACATAGAGGTACAGAAAAGTTATGCGAATATAAAACAGTTGAACA
.---- Block B

V Y R W R L D Y V S V V C N E H L L S L C F E Y M L R C C L
C L P M K I R L C

3331 TGTCTACCGATGAAGATTAGATTATGTTAGTGTTGTTTGTAATGAACATTTGCTATCCTTATGTTTTGAATATATGCTAAGGTGTTGTCT
Block B C.

A I R C A F M R L L M C E F T R C F N G L L C C S C M V M D
3421 AGCAATAAGATGTGCATTTATGCGACTGCTTATGTGTGAATTCACTCGATGCTTTAATGGATTGCTTTGTTGCTCCTGTATGGTTATGGA

I G S L S P M L M S F E E R D R L N T F F D L C C G C R M H
3511 TATCGGGTCATTGTCACCAATGTTATSATCGTTTGAAGAACGTGATAAACTAATGACATTTTTTGATTTATGTTGTGGATSTCGAATGCA

L A F M C L L G L L D D F V F G F I D F L L N L C I S C L F
3601 TTTAGCTTTTATGTSCTTATTAGGATTACTAGATGATTTTGTATTTGGATTTATTGATTTTCTACTAATGCTTTGCATATCTTGTTTGTT

V L D L Y D L L F I G N R L L Y L R L A G L A F F D V Y D L
3691 TGTGCTTGATTTATATGATTTGCTTTTTATTSGGTAATCGTCTTTTATATCTGCGCTTGGCAGGTCTTSCATTTTTTGATGTATATGATCT

C F N S I S G C L S R S L G M V M D V R L Y N C Y E L Y F N
TTGCTTTAATAGCATAAGTGGTTGTCTTTCTCGSTCTCTTGGAATGGTGTGAGATGTTCGTTTATACAATTGSTTATSGAGTTATATTTTAT

L V F D Y C F C Y L G D A F D R L F L R L F D M R M S I L L
GCTGSTATTTGATTATTGTTTCTGTTATTTGGGTGATGCATTTGATCGTTTATTTTTAGACT=GTTTGACATSGCGTATGAGTATATTATT

C K Q C F F V G F F V F S F V C L F D Y N Y V D V T I E T I
ATGTARACAGTGTTTTTTTGTCG¢TTTTTTTGTATTTGGTTTTTTTGTTTATTTGATTATATGTATGTAGATGTTACTATTGAGRCAAT

I S L F Y S L W C C I L P G C S r A S V E H P R G E Y S I F
CATAAGTTTGTTTTATAGTTTATGRTGTTGTATATTACCAGGTTGCTCATTTGCATCAGTTGAACATCCCAAAGGGAATATAGCATATT

L C F L Y G F I S R L R P R C A D F I H I C L L D V N M R G
TTTATGTTTTCTATATGGCTTTATATCARGACTTCGACCTCGTTSTGCTGATTTTATTCATATATGTCTTTTAGATGTAATGRTGAGAGG

F M L H D L V A V I G N I D V V F G S V D R
COX-III: S S P

TTTCATGCTTCATGATTTAGTAGCGGTTATTGGTAACATASRTGTTGTGTTTGGRTCTGTGGATAGATAATATTGTTTAATCTTCACCAA
I Y O F N Y R R R G N G G Y S L P A I C I V Y L V F C L C G
TATATCAGTTTAATTATAGACGGAGGGGTTGAGGGGGTTATTCTTTACCTGCAATATGTATAGTATATTTAGTGTTTTGTTTGTGCGGTT
L F C I M F G S F V F I D Y C F V C F F A C L G F C I V C L
TATTTTGTATTATGTTTGGCAGTTTTGTATTTATAGRTTATTGTTTTSTTTGCTTTTTTGCGTGCCTAGGTTTTTGTATAGTTTGCCTTT
L C D L F V D S L R G L F D V C C F I R C I Q Y C F I n rF V
TATGCGATTTATTTGTAGQCTCTTTACGRGGTTTGTTTGATGTCTGTTGCTTTATACGCTGTATACAGTATTGTTTTATTTGATTTSTGA
I S E L V L F I S F P Y V V F S L V L F V C V E F A F V F V
TAASTGTGCTTGTGTTATTTATTTCATTTTTTTATGTTGTTTTCAGTCTTGTCTTATTTGTGTGCGTTGAATTTGCSTTTGTSTTTGTAA
I P V M F C C L I C D Y G F V F Y N Y F I D V F N L L I N T
TCCCGGTARTGTTTTSTTSCTTAATATGTGATTATSGTTTTGTATTTTACTGATATTTTATTGACGTATTTAATTTATTAATTAATACAT
F L L F V S G5 L F V N F V L F L F N F R F F L C V L F V L N
TTTTATTATTTGTGAGCGGATTATTCGTAAATTTTGTTTTATTTTTATTTTGATTTCGTTTTTTTATATGTATATTATTTGSTCTTTGAT
S A I L F S F L F L I N 0 V N E F A L L F V T C S C G V F G
CCSCTATATTATTTGGTTTTTTATTTTTATGAAATCAGSTATSAGAATTTGCATTATTGSTTTGTAACGTSCAGCTG;TSTGTGTTTSGAT
S I L F L I D L L H F S N V L L S I F L L F I C F S R C F N
CAATTTTATTTTTAATAGATTTACTACATTTTAGTCATSGTATTATTGGGTATATTTTTATTATTTATATGTTTTGGTAGATGCTTTAATT
F L S M D T R F V F L Y V V C L 'Y N H F V D C V " F Fr 'L L R
TTTTAAGTATGGACACACGTTTTGTTTTTTTATATGTTGTATGTTTATATTG&CATTTTGTTGATTGTSXTT GTTTTTTTTATTACGTT
F V Y F D V L C V V Y L C A
TCGTATATTTTGATRTGTTATGCGTAGTGTATTTATGTGCATAAATATTTAATCCACACAAATTCTATTTTTAATTTAAAGCTTARAGTT
* K R R K K K R L L T S G C L L R V Y G V G F S L G rF I C
AAAAGCGGAGAAAGAA-RARGGCTTTTAACGTCAGGATSTCTATTAAGSGTGTATGGTGTTGGATTTAGTTTAGGTfSTTTTTATATGTA

Q I I C G V N

5311 TACAAATTATATGTGSCGTTTGG

Fig.2: Nucleotide sequence of 3353 nucleotides of C.fasciculata maxicircle
DNA. First and last nucleotide of genes and URFs have been indicated.
Nucleotide number 1981 corresponds to nucleotide 1750 in ref.18. Genes were
identified by comparison with aminoacid sequences in L.tarentolae
mitochondrial genes (7). The ainoacid sequences in coxIll which are
conserved in AApergillus (27) Neurospora (8), Saccharom9ces (28), Drosophila
(29), Bovine and Human (30) are in icated a bar. The invariant
glutamic acid residue which reacts with DCCD in beef heart cytochrome c
oxidase (31) is indicated by a dot.
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A -SSPIYQFNYR RRGWGGYSLP AICIVYLVFC LCGLFCIMFG C. fasciculata

-KRRRGFD FCLFCWFVLP AICIVYLTFC LCGLFCIMFG L. tarentolae

B -KRRKKK RLLTSGCLLR VYGVGFSLGF FICIQIICGV C. fasciculata

-IIIKAERKE KALTSGCLLR VYGVGFSLGF FICMQIICGV L. tarentolae

-ILYKSGEKRK GLLMSGCLYR IYGVGFSLGF FIALQIICGV T. brucei

Fig.3: N-terminal amino acids of the C.fasciculata and L.tarentolae (7)
coxIII genes (A) and the C.fasciculata, L.tarentolae (7) and T.brucei (23)
cytochrome b genes (B). * indicates homology between compared sequences; -

indicates a stopcodon.

frames are indicated. These reading frames were obtained by translating the

nucleotide sequence into amino acids with a genetic code in which UGA encodes

tryptophan as in most mitochondrial genetic systems, including that from

trypanosomes (4). The region also contains two short segments, which are

strongly conserved in T.brucei, L.tarentolae and C.fasciculata. These are

indicated as blocks A and B in Fig.2. Several aspects of these reading frames

and sequence elements are discussed below. We have also mapped transcripts in

this maxicircle region by Northern blot analysis.

The genes for cytochrome c oxidase subunit III and apocytochrome b; evidence

for unusual initiator triplets

A reading frame of 287 amino acids, in the C.fasciculata maxicircle

segment from which the nucleotide sequence is given in Fig.2, is highly

homologous to the coxIII gene in the corresponding area of the L.tarentolae

maxicircle. The homologous region encompasses 269 residues, extending from

a leucine at position 19 (see Fig.3A) to the stopcodon and showing an amino

acid conservation of 92% with the L. tarentolae coxIII reading frame (85% at

the nucleotide level).

The start of the amino acid homology at a leucine residue has also been

observed in the apocytochrome b gene, at positions 9, 12 and 13 of the

C.fasciculata, L.tarentolae and T.brucei reading frames respectively (see

Fig.3B). We have previously reported that two other maxicircle reading

frames, ND1 and URF5, lack methionine residues at their N-termini (12).
Analysis of the corresponding reading frames in other trypanosome species

shows that also in these cases the homology starts at leucine residues. Three

different leucine triplets are found: TTG, TTA and CTG. Table I lists the

"AUG-less" genes compared so far. The consistent occurrence of leucine-codons

at the beginning of the amino acid homology of genes that lack an N-terminal

AUG, suggests that they may serve as initiation codons (see also Discussion).
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TABLE I: Possible initiation codons of trypanosomal mitochondrial genes for
which the amino acid sequence homology starts at a leucine residue.

GENE SPECIES CODON REF
URF 5 C.fasc. CUG (11)

L.tar. CUG (7)
T.brucei UUG (12)

ND I C.fasc. UUA (11)
L.tar. UUA (7)
T.brucei UUA (12)

cyt.b C.fasc. UUA
L.tar. UUA (7)
T.brucei UUA (23)

coxIII C.fasc. UUA
L.tar. UUA (7)

A coxIII gene has not been found on the sequenced part of the maxicircle

from T.brucei. De la Cruz et al. report (7) that the coxIII gene is not

present on cloned T.brucei maxicircle fragments that cover the non-sequenced

region, as judged by hybridization experiments with the L.tarentolae gene as

probe. Before it can be decided that a coxIII gene homologous to the

L.tarentolae version, does not exist in T.brucei it should be ruled out that

it is present either in: (i) nuclear DNA, (ii) a class of maxicircles which

is different from the sequenced circle, or (iii) minicircle DNA. In order to
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Fig.4: Hybridization of C.fasciculata coxII and coxIII probes to T.brucei
DNA. 5.0 ig of total DNA from T.brucei has been restricted with HindIII (lane
1), TaqI (lane 2), AluI (lane 3) and Sau96 (lane 4), electrophoresed, blotted
to nitrocellulose and hybridized with a C.fasciculata coxII probe (Panel A),
C.fasciculata coxIII probe (Panel B) and a triosephosphate isomerase (T.I.M.)
probe from T.brucei (24) (Panel C). Panel D gives the hybridization of the
C.fasciculata coxIII probe to 50 ng of C.fasciculata kDNA, spotted on nitro-
cellulose. Hybridizations of panels A and B were performed in 6x SSC, 600C
and of panels C and D in 3x SSC, 65°C. (lx SSC: 0.15 M NaCl, 0.015 M
Na-citrate, pH 7.0).
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investigate this question, blots of restricted total DNA from T.brucei were

hybridized with a C.fasciculata coxIII probe. The results of this experiment

are given in Fig.4. No hybridization with the coxIII probe is observed, under

conditions (6x SSC, 60°C) that permit a strong signal with a probe containing

the C.fasciculata coxII gene which is 73% homologous to the T.brucei coxII

gene (compare panel B and A, respectively). Single copy nuclear T.brucei

genes like the one coding for the triosephosphate isomerase (TIM) (24) also

show strong signals (panel C). The lack of hybridization of the coxIII probe

suggests that the gene is highly diverged in T.brucei (in contrast to the

other cox genes) or, alternatively, that it may even be missing (see also

Discussion).

Overlapping reading frames C.URF1 and C.URF2

A set of two overlapping reading frames, C.URF1 and C.URF2, is located

upstream from the coxIII gene (see Fig.2), at a position which corresponds to

that of two overlapping reading frames in the L.tarentolae maxicircle, ORF3

and ORF4 (7). C.URF1 is 344 amino acids long and a stretch of the C-terminal

322 residues shows a 97% homology to the ORF4 reading frame of L.tarentolae.

The C.URF2 reading frame is 92 amino acids long and contains a continuous

region of 63 residues with 100% homology to ORF3 of L.tarentolae. Apart from

the high degree of conservation at the amino acid level between C.URFI/ORF4

and C.URF2/ORF3 also the distribution of nucleotide substitutions over the

three codons positions indicates that these genes code for protein. The

second codon position appears to be the most constant whereas the third codon

position is the most variable (see Table 2), a distribution which is

characteristic for protein coding genes. Both sets of genes code for highly

hydrophobic proteins (see Fig.2). Neither C.URF1/ORF4 nor C.URF2/ORF3 are

homologous to the T.brucei URFs 1 and 2. The question how these overlapping

reading frames are expressed is addressed below (see Discussion).

Homology in the remainder of the sequenced fragment

From the results described so far we conclude that the gene content and

organization in the maxicircle region between the genes for the 9S mitochon-

TABLE II: Distribution of base substitutions over codon positions
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Pairs of homologous genes
COX 3

CODON POS. C.URF2/L.ORF3 C.URFl/L.ORF4 C.FASC./L.TAR.
1 24% 24% 24%
2 5% 7% 8%
3 71% 69% 68%



Nucleic Acids Research

drial rRNA and apocytochrome b is well conserved between C.fasciculata and

L.tarentolae but not in T.brucei. However, two short nucleotide sequences

have been identified which are highly conserved between all three trypanosome

species. They are indicated in Fig.2 as blocks A and B.

Block A is 130 bp long and its sequence is for 72% conserved between the

three trypanosome species; block B is 80 bp in length and exhibits a similar

level of nucleotide sequence conservation. The function of these sequence

elements is unclear. Block B is a part of the sequence coding for C.URF2 in

C.fasciculata and ORF3 in L.tarentolae, but no long URF is found in the

corresponding T.brucei maxi-circle area. Analysis of the distribution of base

substitutions between the T.brucei sequence on the one hand and C.fasciculata

and/or L.tarentolae on the other hand argues against a possible protein

coding function in T.brucei, since no bias in substitution for any of the

three possible codon positions is found. Nucleotide substitution patterns of

block A in the three different trypanosome species also fail to provide

evidence for a protein coding function.

We have also considered the possibility that these highly conserved

nucleotide blocks code for tRNAs by investigating their potential to form

tRNA-like structures. However, a consistent set of tRNA structures from these

regions in the three trypanosome species was not found. It is not clear

therefore, what the function of these conserved elements could be. The degree

of homology between the remainder of the fragment in C.fasciculata (the area

flanked by A and the 9S gene) and the corresponding area in L.tarentolae is

low and hardly exceeds background level. No long open reading frames occur in

this region.

Transcription of the maxicircle region between the genes for the 9S rRNA and

apocytochrome b

In order to investigate whether the identified reading frames are

transcribed, we have probed total RNA from C.fasciculata on northern blots

with single stranded M13 clones, containing different parts of the maxicircle

region between the 9S mitochondrial rRNA and apocytochrome b genes in either

orientation. The probes and their orientation are depicted in Fig.5A. With

probe 1, which spans the SalI-PstI area (see Fig.1), the 12S and 9S rRNAs of

1141 and 612 nucleotides in length respectively, are detected (Fig.5B lane

a). In a longer exposure (lane b) an additional transcript of about 430

nucleotides is seen which is also detected with probe 3 (lane d). Using probe

2, transcripts from the other strand in this region can be detected. Only an

RNA of about 380 nucleotides in length is transcribed from this strand (lane
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Fig.5: Transcript analysis. Total RNA from C.fasciculata was glyoxylated,
electrophoresed and blotted onto nitrocellulose as described in Methods. The
blots were hybridized with ss M13 clones depicted in panel A. Arrows indicate
the orientation of the insert within the clone. Autoradiograms of the
different hybridizations are shown in panel B. The scale of molecular weight
markers has been derived from the 9S and 12S mitochondrial rRNAs (lanes a,b)
and the cytoplasmic rRNAs (26, lane 1). The localization of the RNA species
detected is given in panel A. Numbers refer to the number of nucleotides,
using the molecular weight scale depicted in B. Autoradiograms shown in lanes
b, h, j are long exposures of autoradiograms in lanes a, g and i
respectively. The following probes are used: probe 1, lanes a,b; probe 2,
lane c; probe 3, lane d; probe 4, lane e; probe 5, lane f; probe 6, lanes
g,h; probe 7, lanes i,j; probe 8, lane k; ethidium bromide stained gel of
total RNA shows the cytoplasmic rRNAs, lane 1.

c), its exact location within the SalI-PstI region has not been further

determined. With probes 4 and 5 (lanes e and f) two RNAs are detected, of

1300 and 1150 nucleotides in length respectively. These RNAs are also found

with probe 6, which spans the entire PstI-HindIII area (Fig.l), in addition

to two smaller RNA species of 1050 and 950 nucleotides (lane g). In a longer
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exposure of this autoradiogram (lane h) an RNA species of about 2200

nucleotides is found. The 2200, 1050 and 950 nucleotide transcripts are also

found with probe 7 (lanes i and j). Since the 1300 and 1150 nucleotide

transcripts are not detected with probe 7, we infer that they are transcribed

from a maxicircle region covering the reading frames C.URF2 and C.URF1 (see

Discussion). The 1050 and 950 nucleotide RNAs can be allocated to the

maxicircle area covering the coxIII reading frame (807 bp). The 2200

nucleotide transcript is probably a precursor mRNA from which the 1300, 1150,

1050 and 950 nucleotide transcripts are produced by processing. The

occurrence of paired transcripts has also been observed for some T.brucei

genes (6). The possibility of a precursor-product relationship has been

suggested, but experimental evidence is not available. Transcripts from the

strand complementary to the C.URF2/C.URFI/coxIII and cytb coding strand, are

not detected (probe 8, lane k). Lane 1 shows the cytoplasmic rRNAs after

staining the gel with ethidium bromide. The transcription map presented here

correlates well with that from the corresponding area in L.tarentolae (25).

DISCUSSION

Conservation of the maxicircle region between the genes for 9S mitochondrial

rRNA and apocytochrome b

Sequence analysis of the region between the genes for 9S mitochondrial

rRNA and apocytochrome b of maxicircle DNA from C.fasciculata, revealed three

reading frames. One of these is 92% homologous to the coxIII gene,

identified in the nucleotide sequence of the L.tarentolae maxicircle at a

corresponding position. The remaining two reading frames are partially

overlapping: the C-terminal 31 amino acids of C.URF2 overlap with the

N-terminal region of C.URF1. Reading frames C.URF1 and C.URF2 are highly

homologous to ORFs 4 and 3 of the L.tarentolae maxicircle (7), which overlap
in a similar way. The three identified reading frames in this area of the

C.fasciculata maxicircle are different from URFs 1 and 2, located in the

corresponding area of the T.brucei maxicircle. With respect to gene-content,

-organization and -homology most of this area of the maxicircle is highly
conserved between L.fasciculata and L.tarentolae but not in T.brucei.

The only portion of this maxicircle segment that is conserved in all

three trypanosome species is limited to two small regions: block A of 130 bp
and block B of 80 bp. These elements are not likely to code for a protein or

tRNA and their function is unknown (see Results).
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coxIII

The coxIII amino acid sequences from C.fasciculata and L.tarentolae show

a high level of conservation, but homology to the coxIII amino acid sequences

from Aspergillus (27), Neurospora (8), Saccharomyces (28), Drosophila (29),

Bovine (10) and Human (30) mitochondria, which show a mutual conservation

varying from 60-90%, is rather low (20%). The conserved residues in the

C.fasciculata and L.tarentolae coxIII sequences are limited to three

hydrophobic regions: residues 94-104; 251-262 and 263-275 (indicated in

Fig.2). The glutamic acid residue from beef heart coxII (31) which reacts

with DCCD (dicyclohexylcarbodiimide; an inhibitor of proton-pumping

activity), is invariant in the coxIII sequences of all species investigated

so far (8), and is also present in C.fasciculata and L.tarentolae (E97,

indicated by a dot in Fig.2). Knowledge about the function and functional

domains of subunit III of the cytochrome oxidase complex is rather limited.

However, it is likely that the three regions that are conserved in the two

trypanosome species represent important structural and functional domains.

The coxI and coxII genes in the three trypanosome species are strongly

conserved (73-79% at the nucleotide level, see ref.4). Since the coxIII genes

in C.fasciculata and L.tarentolae are also highly homologous (85% at the

nucleotide level), it is remarkable that no homologous coxIII gene could be

detected in T.brucei, neither in kDNA, using a L.tarentolae coxIII

gene-containing probe (7,32), nor in total DNA, using a C.fasciculata coxIII

probe (Fig.4). This would imply that in cytochrome oxidase of T.brucei either

a drastically divergent version of subunit III is present or that this

subunit is lacking altogether. Characterization of trypanosomal cytochrome

oxidase which will eventually solve this problem, is underway.

Translation initiation codons

Many of the genes in animal mtDNA do not appear to posses a conventional

AUG-initiation codon, by virtue of the fact that interspecies homology

between corresponding N-terminal gene sequences starts at AUA, AUU and AUC

triplets (30). This observation prompted the suggestion that these triplets
could serve as translational start codons in the animal mitochondrial genetic

system, although direct experimental evidence is lacking. Following the same

approach (comparison of N-terminal gene sequences) we provide evidence for

the usage of still other initiation triplets in trypanosome mitochondrial

genes: homology between corresponding T.brucei, C.fasciculata and

L.tarentolae genes starts at leucine codons (UUA, CUG and UUG). The
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suggestion that AUA may serve as an initiation codon in L.tarentolae (7) is,

therefore, not supported by this analysis.

A possible frameshift gene

Two transcripts of 1150 and 1300 nucleotides respectively, are found in

the region of the overlapping reading frames C.URF2/1. Both URFs map within

the area covered by these transcripts, no other transcripts are found here.

In trypanosome mitochondria the maxicircle appears to be transcribed into

long multigene precursor RNAs, which are subsequently split into smaller RNA

species (this paper; 6,25,33). In general, the length of these transcripts

does not exceed the size of the corresponding reading frame by more than

200-300 nucleotides. No separate (small) transcript for C.URF2 was found,

implicating one (or both) of the long RNAs mapped in this area as mRNA. In

this case, however, exceptionally long C-terminal untranslated segments would

occur (900 or 1050 nucleotides, respectively). Although a smaller URF2

covering transcript could have been missed in the analysis, we favour an

alternative possibility, as outlined below. Other examples are found in

trypanosome mitochondria in which a major transcript covers two overlapping

reading frames: the coxIl gene in T.brucei (11,14) C.fasciculata (11) and

L.tarentolae (25), ORF5/ORF6 in L.tarentolae (25) and also ORF3/ORF4 in

L.tarentolae (25) (corresponding to C.URF2/1) appears to be transcribed into

an RNA of 1200 nucleotides covering both the ORFs. In an attempt to establish

the mode of expression of the frameshifted coxII gene we have determined the

sequence of T.brucei and C.fasciculata coxII-mRNA at the frameshift position.
We found that the reading frame is restored at the RNA level by the presence

of four extra nucleotides that are not encoded in the DNA ("RNA-editing",
9,14). Although the way in which this is achieved is unclear at the present

time, the possibility arises that the other overlapping URFs mentioned, in

fact, represent other examples of frameshift genes that are somehow "edited"

during or after transcription. A further indication that C.URF2/1 could be

such a frameshift gene comes from a close comparison between the nucleotide

sequence of the area of reading frame overlap in L.tarentolae and that in
C.fasciculata (see Fig.6). In the C.URF2/Lt.ORF3 area the amino acid homology
is 1OOZ, 10 silent third codon position substitutions occur. 4 amino acids
before the end of C.URF2 this bias in nucleotide conservation changes frames,

giving rise to a 100I amino acid conservation in the C.URFl/Lt.0RF4 reading
frame. The remainder of the C.URF2 amino acid sequence is no longer

homologous to the L.tarentolae ORF3 sequence and is 4 residues shorter. No

other examples are known in which corresponding maxicircle genes in different
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C.URF2 K T V E Q C L P M K I R L C -
taaaacagttgaacaatgtctaccgatgaag ttagattatgttag-3'

C.URF1 I K Q L N N V Y R W R L D Y V S
5 5 0 5 S 5 S S

frame shift area

Fig.6: Aminoacid homology between C.fasciculata C.URF2/URF1 and L.tarentolae
ORF3/ORF4. The C-terminal aminoacid sequence of C.URF2 is depicted at the top
(stopcodon is represented by *) and a part of the aminoacid sequence from the
N-terminal region of C.URF1 at the bottom (residues 1 to 31 are overlapping
with C.URF2; the sequence of residues 17-32 is shown). Marked residues (m)
indicate conserved aminoacids in either Lt.ORF3 and Lt.ORF4, the reading
frames in L.tarentolae that correspond to C.URF2 and C.URF1, respectively.
The region in which the bias in nucleotide conservation between C.fasciculata
and L.tarentolae switches frames encompasses 14 nucleotides. It is indicated
in the figure as "frameshift area".

trypanosomes differ in length at the C-terminus, making it further unlikely

that the C.URF2/Lt.ORF3 reading frame represents a separate gene. We are

currently investigating whether the sequence in the region where C.URF2/1

overlap, is altered at the RNA level. Preliminary experiments, indeed, show

that the RNA contains extra nucleotides in the expected position (frameshift

area Fig.6) that restore the reading frame. These studies and a demonstration
that this RNA is not transcribed from a second version of the C.URF2/1 gene,

will be presented elsewhere.
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