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ABSTRACT

The nucleotide sequence of a 2.5-kb segment of the maxi-circle of
Trypanosoma brucei mtDNA has been determined. The segment contains the gene
for apocytochrome b, which displays about 25% homology at the amino acid
level to the apocytochrome b gene from fungal and mammalian mtDNAs. Northern
blot and S1 nuclease analyses have yielded accurate map positions of an RNA
species in an area that coincides with the reading frame. The segment also
contains two pairs of overlapping unassigned reading frames, which lack
homology with any known mitochondrial gene or URF. The DNA sequence in these
areas is AG-rich (70%), resulting in URFs with an unusually high level of
glycine and charged amino acids (60%). They may not encode proteins, in spite
of their size and the fact that abundant transcripts are mapped in these
areas.

INTRODUCTION

Kinetoplast DNA (kDNA) is the unusual mitochondrial DNA of trypanosomes.
It is found in a specialized portion (the kinetoplast) of the single mitochon-
drion of these organisms. It consists of a complex network of catenated
circles, which can be divided into two size classes [1-3]. In T. brucei the
network consists of about 10“ mini-circles (0.3 um, 1 kb) and 102 maxi-
circles (6 um, 20 kb). In most trypanosome species the mini-circles are
heterogeneous in sequence [4-8], they evolve rapidly [9], they are not
transcribed [10-14] and play an as yet unresolved role in mitochondrial
housekeeping. The maxi-circles are probably the equivalent of mtDNA found in
other organisms, since they are homogeneous in sequence and are transcribed
[10-15]. As yet, however, few trypanosome mitochondrial genes have been
characterized. The tentative identification of two major poly(A)” RNAs as the
ribosomal RNAs (rRNAs) [2,10,12] has been subsequently substantiated by
sequence analysis of T. brucei maxi-circle segments [16]. Moreover, the
poly(A)+ transcripts are sufficient both in size and number to account for a
set of proteins normally encoded by the mitochondrial genome [14,15,17].

Cross-hybridization studies [18] between trypanosome mtDNA fragments and a
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probe for subunit II of cytochrome ¢ oxidase from Zea mais and yeast tenta-
tively localize the cox II gene on a large EcoRIxHindIII fragment of the
maxi-circle (R1-D1; see ref. 9). The use of heterologous probes at low
stringency of hybridization, however, does not appear to give conclusive
results in all cases, since e.g. yeast probes for ATPase subunit 6 and
cytochrome ¢ oxidase subunit III hybridize with 10 kb or more of maxi-circle

DNA from Leishmania tarentolae [19]. Furthermore, attempts to unambiguously

demonstrate the existence of a separate mitochondrial protein-synthesizing
system have been unsuccessful in trypanosomes [17,20]. Therefore, the most
rapid approach to unequivocally identify the mitochondrial protein genes in
trypanosomes seems to undertake nucleotide sequence analysis of the maxi-
circle.
In this report we present the sequence of 2520 nucleotides of the

above-mentioned R1-D1 fragment on which we identify the gene for apocyto-
chrome b and a number of URFs. The URFs are unusual and may not represent

protein-coding genes.

MATERIALS AND METHODS

Materials - Restriction endonucleases were from New England Biolabs or
Boehringer Mannheim; DNA polymerase (large fragment), calf intestine phospha-
tase and T4 DNA ligase from Boehringer; Avian Myeoblastosis virus reverse
transcriptase from Dr. J.Beard (Life Sciences Inc., St. Petersburg, Fa, USA);
exonuclease Bal-31 from New England Biolabs or Bethesda Research Laboratories;
low-melting agarose from Bethesda Research Laboratories.

DNA and RNA - Trypanosome RNA (T. brucei 427, culture form) was isolated with
the LiCl precipitation method [21]. Poly(A)+ RNA was isolated according to
ref. 22; RNA was stored at -20°C as an ethanol precipitate. Plasmid DNA and
M13 RF DNA were isolated according to ref. 23.

Assays - Restriction enzyme digestion, agarose gel electrophoresis and blot
analysis of RNA or DNA fragments, nick translation and hybridization were
performed as described [10]. S, nuclease protection experiments were performed
as described in ref. 24, outlined in detail in ref. 16. 0.5 ug of poly(A)

RNA was used. S, nuclease incubation was at 30°C for 30 min. Bal-31 digestion
was performed at 30°C for the periods of time indicated; routinely 0.5 U of
Bal-31 was used per pg of DNA. Incubations were stopped by the addition of
phenol.

Cloning in bacteriophage M13 and sequence analysis - 1. Cloning of the
EcoRIXHindIII fragment: Recombinant plasmids or recombinant bacteriophage M13
RF DNA containing the R1 R2 maxi-circle DNA fragment [10,25] were used as
starting material for kDNA sequence determination. M13 clones containing a
varying part of the EcoRI-HindIII fragment (R1-D1) in two orientations were
generated with Bal-31 using non-random cloning procedures [26], except that
the gel isolation step of Bal-31-treated fragments was omitted. Plasmid (or
M13 RF) DNA was cut either with SstI (procedure A) or with HindIII (procedure
B) (see Fig. 1) and treated with Bal-31 for different time periods with the
aim of successive removal of 3 kb from all ends in steps of about 250 nucleo-
tides. The DNA from a number of different Bal-31 digestions was pooled, cut
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with HindIII (procedure A) or EcoRI (procedure B) and ligated into M13 mp9
cut with HindIII and HindII (procedure A) or into M13 mp8 cut with EcoRI and
HindII (procedure B) [27].

The ligation mixtures were used to transform Escherichia coli strain
JM101 and recombinant plaques containing parts of the R1-D1 fragment were
picked following plaque lifting [28] and hybridization of the filter with a
Q1-Q2 probe (see ref. 10). The approach resulted in a large number of recom-
binant DNA clones, which are listed in Fig. 1: the clones obtained with
procedure A (MCB clones) all have the part adjacent to the HindIII site in
common, whereas the part progressively shortened with Bal-31 is oriented to
the vector's priming site. The sequence reads away from the EcoRI site; the
starting positions are given. The BCM clones contain inserts of progressively
smaller sizes of opposite polarity, their sequence reads towards the EcoRI
site . All cloning reactions were performed with calf-intestine phosphatase-
treated vector with 0.5 ug of M13 DNA, a vector/insert ratio varying from 3:1
to 1:3 at a total DNA concentration of 30 ug/ml.

2. DNA sequence analysis: DNA sequence analysis was carried out by the
dideoxynucleotide chain-termination technique [29]. The nature of the proce-
dure followed provided an ample source of overlapping clones of both orienta-
tions. All clones mentioned in Fig. 1 have been submitted to sequence analysis.

RESULTS

Sequence analysis

A detailed restriction map of the maxi-circle of T. brucei has been
published by Hoeijmakers et al. [10]. The nucleotide sequence of a 3-kb
EcoRIxHindIII fragment (R1-D1 [10]) was determined using a non-random M13
sequencing method [26]. The sequence strategy followed is shown in Fig. 1 as
discussed extensively above.

Fig. 2 shows the sequence of 2520 nucleotides starting with the EcoRI
site. Open reading frames longer than 75 amino acid residues are also indi-
cated. These were obtained by translating the nucleotide sequence into amino
acids with a genetic code in which UGA specifies tryptophan, a modification
of the universal code found in mitochondria from all species studied so far
[30-37]. The longest reading frame (nucleotide 626-1714) has been identified
as the T. brucei gene for apocytochrome b, the others have remained un-
assigned (see below). They vary in size from 85 (URF 3a) to 363 amino acid
residues (the gene for apocytochrome b). The sequence of URF 2a is completely
contained within URF 2, whereas 90% of URF 3a overlaps with URF 3.

The identification of the apocytochrome b gene

The nucleotide and amino acid sequences of the reading frames were
compared to sequences of previously identified mitochondrial genes from

Saccharomyces cerevisiae [39-U46], Aspergillus nidulans [34,35] and beef [32].

The longest frame (see Fig. 2) displays significant homology with the gene
for apocytochrome b from these organisms: about 45% at the nucleotide and 25%

at the amino acid level. The highest degree of homology at the amino acid
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Fig. 1. Sequence strategy. The map is derived from ref. 10 and represents
the R1-D1 area. Phage M13 clones containing R1-D1-derived inserts in two
orientations were constructed and submitted to sequence analysis as des-
cribed. A: Clones obtained with procedure A are called MCB. B: Clones of the
opposite orientation, obtained following procedure B, are called BCM. The
arrow indicates the region of each clone used in the sequence determination.
The number at the right hand side indicates the position in nucleotides from
the EcoRI site at which the insert sequence starts. Abbreviations: R, EcoRI;
M, MboI; D, HindIII; S, SstI; Q, Taql.

level occurs in an alignment assuming only a few internal insertions/deletions,
as shown in Fig. 3. The T. brucei gene is shorter both at the N- and the C-
-termini (22 and 18 amino acid residues, respectively) and the protein most

probably starts at the methionine at position 14. The alignment of Fig. 3
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Fig. 2. The nucleotide sequence of the R1-D1 fragment. The sequence of the
coding strand (see Figs 5 and 6) is shown for nucleotide 1-2520. Map coordi-
nates of the reading frames are: URF 2, 1-633; 2a, 174-542; 3, 606=1714; 4,
1754-2056; Y4a, 1728-1982. URF 1 has been discussed elsewhere [17]. The
sequence was assembled using the computer programmes of Staden [38].
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also shows that a high percentage (about 50%) of the amino acid substitutions
between the T. brucei sequence and the other genes is conservative (e.g.
arginine for lysine at positions 100, 179, 221 and 331; glutamate for aspar-
tate at positions 220 and 258; numerous substitutions involving leucine,
isoleucine, alanine, valine).

Invariant histidines in the N-terminal moiety of apocytochrome b are
thought to play a role in the attachment of heme groups [47]. In this light
it is striking that of the seven invariant histidines in beef, yeast and
Aspergillus, five are also conserved in trypanosomes. This would be suffi-
cient for the binding of the two heme groups. Moreover, a very high percent-
age of a-helix breaking residues has been conserved: 6 out of 6 proline and 9
out of 13 glycine residues of the T. brucei sequence are invariant in all
four species. We have calculated the segmental membrane solubility of apocyto-
chrome b proteins according to Von Heijne [48]. As shown in Fig. 4, the
distribution of membrane (in)soluble residues of the T. brucei sequence is
very similar to that of yeast and beef apocytochrome b.

All these observations identify a protein of this sequence as a func-
tional homologue of apocytochrome b. Direct verification at the protein level
has not been possible due to the lack of cross-reactivity between the T.
brucei protein and antibodies directed against yeast apocytochrome b and the
practical difficulties of purification of sufficient amounts of mitochondrial

proteins from T. brucei.

The genetic code

The alignment shown in Fig. 3 also permits a number of codon assignments
to be made as shown in Table I. Apart from the UGA-tryptophan assignment, no
other deviations from the standard code occur in trypanosome mitochondria:

1. AGA (and AGG; not shown) specifies arginine and not serine (as in
Drosophila [36,37]) or a stop (as in mammals [49]), since this codon occurs
in positions corresponding to conserved arginine or lysine residues in three

out of five cases.

2. AUA codes for isoleucine and not for methionine as in Drosophila
[36,37], mammals [49] and yeast [50]. In about 70% of the cases an AUA codon
lines up with isoleucine or with residues which result from conservative
substitutions such as leucine, valine and alanine, whereas the average
content of these amino acids in an apocytochrome b gene is only about 40%.

Moreover, 34 out of the 43 possible isoleucine-specifying codons are
AUA in the T. brucei sequence. Translation of AUA by methionine would result

in a rather unusual amino acid composition for T. brucei apocytochrome b:
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Fig. 3. Sequence comparison between apocytochrome b genes. The nucleotide
sequence from position 626-1714 (see Fig. 2) was translated into amino acids
and lined up with the apocytochrome b genes from beef, S. cerevisiae and A.
nidulans. (-) indicates the position at which a deletion is assumed. (*)
indicates homology with one of the apocytochrome b genes.
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gained upon the transfer of these blocks from a random coil in H,0 to an
a~helical structure in the membrane. A: T. brucei; B: beef; C: S. cerevisiae
strain D273-10B.

13.1% methionine and 2.6% isoleucine. The values obtained assuming that AUA
specifies isoleucine in T. brucei mitochondria (3.4% methionine and 12.3%
isoleucine) are in much better agreement with the average methionine and
isoleucine content of the apocytochrome b genes from beef, yeast and Asper-
gillus (4.2 and 9.7%, respectively).

3. Similar arguments apply to AUU and the CUN family. AUU codes for
isoleucine and not for methionine (as in mammals [49]), whereas the CUN
codons line up mostly with leucine and not with threonine for which they code

in yeast [51].

The URFs

The nucleotide composition of the URFs of the R1-D1 fragment is com-
pared to that of the previously described URF 1 [17] and to that of the
apocytochrome b gene. Table II shows a marked difference in the content of G

and T residues between the apocytochrome b gene and the URFs: 16% G, 47% T
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TABLE I
AMINO ACID ASSIGMENTS FOR UGA, AGA, AUA, AUU AND CUN
The frequency is given with which the codons in the T. brucei apocytochrome
b gene align with a given amino acid in the sequences from beef (B), S.
cerevisiae (S), A. nidulans (A) or in all three (B/S/A). The alignment of
Fig. 3 was used.

Codon Number Amino acid B

2]
kg

B/S/A

UGA 14 Tryp
Tyr
Others

AGA 5 Arg
Lys
Ser
Others

AUA 34 Ile
Leu
Val
Ala
Met
Others

AUU T Ile
Leu
Val
Ala
Met
Others

CUN 5 Leu
Thr
Others
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and 40% G, 22% T, respectively, whereas the A and C content is the same.
Moreover, comparison of the DNA sequences of the URFs reveals the presence of
small imperfectly repeated elements of relatively simple sequence, resulting
in a low but significant homology (about 40%) between the DNA of different
(non-overlapping) URFs. The statistical value calculated for DNAs of this
nucleotide composition lies around 30% [52]. These properties of the DNA
sequence result in URFs with very similar amino acid compositions, even
though the reading frames overlap. Table II and Fig. 2 show that they all
contain an extremely high content of glycine (about 18%) and of charged amino
acids (about 40%, predominantly arginine and glutamate), whereas long stretches
of hydrophobic residues which are typical for mitochondrial proteins are
lacking. Not surprisingly, they lack homology with any of the known mitochon-
drial genes or URFs. Instead, the homology between them is quite high: e.g.
20% between URF 1 and URF 2a, assuming a few insertions and deletions.

Whether or not we are dealing with protein genes is discussed below.
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TABLE II
NUCLEOTIDE AND AMINO ACID COMPOSITION OF T. brucei MAXI-CIRCLE URFs

Nucleotide composition Amino acid composition

G A T C Gly Lys Arg Glu Others|
URF 1 40.2 28.0 21.2 10.6 18.3 7.9 12.7 11.9 49.2
URF 2 40.0 30.3 22.1 7.6 17.5 7.1 14,7 15.2 45.5
URF 2a 43.6 30.1 19.0 7.3 20.3 5.7 16.3 17.1 40.6
URF 3 37.3 34.7 21.5 6.6 18.8 8.9 19.8 7.9 44.6
URF 3a 35.3 34.9 24.3 5.5 4.1 11.8 9.4 17.6 A47.5
Cyt. b 16.3 30.5 46. 6.3 4.y 2.5 2.2 3.0 87.9

Precise mapping of RNAs

Previous studies [10] have localized an RNA of about 570 nucleotides 1in
the area corresponding to URF 2a, whereas a second, larger RNA of about 1120
nucleotides was tentatively mapped around a Taql site (Q2; Fig. 1) at a
distance of approximately 3 kb from the EcoRI site R1. In order to localize
these RNAs more precisely and to determine a possible connection with the
reading frames observed, their exact position was determined by Northern
blots and 81 nuclease analysis with poly(A)+ RNA isolated from culture form
T. brucei.

The results of the Northern blot analysis are shown in Fig. 5. The
filters were probed with single-stranded M13 DNA, containing a varying part
of the EcoRIxHindIII fragment in two orientations, as indicated. Depending on
the orientation and map position of the inserts, three (lane 1), two (lane 2)
or one (lane 3) RNA species appear, the positions of which are indicated in
the figure (RNA 2, 550; 3, 1200; 4, 400 nucleotides, resp.). The results
reveal the order from left to right in which these RNAs occur on the map of
Fig. 1 (RNA 2-3-4). This experiment shows further that the direction of
transcription is the same for all three of these RNAs (also from left to
right), since they hybridize to M13 clones with kDNA inserts of the same
polarity. The same direction of transcription has been found for the riboso-
mal genes [10]. No RNA species were found when the filters were probed with
phage M13 DNA containing kDNA inserts of opposite polarity (Fig. 5, lanes 4
and 5), indicating that at least in this area the maxi-circle is asymmetric-
ally transcribed.

In order to map these RNAs more precisely, S1 nuclease analysis was
performed (Fig. 6). T. brucei poly(A)* RNA was hybridized to phage M13 clone
DNAs containing a varying portion of the EcoRIxHindIII fragment and S1
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TS Fig. 5. Northern blot analysis.
ﬁﬁ " Glyoxylated poly(A)+ RNA was run on
a 2.0% agarose gel and blotted onto
nitrocellulose filters, which were
hybridized with phage M13 DNA
containing a varying part of the
R1-D1 region as indicated (see also
Fig. 1). The DNAs were labelled to
13-a i 10" cpm per pg by synthesizing the
complementary DNA starting from the
'hybridization probe' primer (New
0621 f:' & » England Biolabs), which primes
beyond the inserts. Size markers

i used are denatured restriction
01t fragments of pBR322. The arrows
: indicate the orientation of the
insert.
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nuclease analysis was performed as indicated. Since the starting position of
the inserts is known exactly from sequence analysis, the size of the protected
fragments fairly accurately predicts the map coordinates of the RNAs involved.
In lane 1, the S1 nuclease probe virtually contains the entire R1-D1 fragment,
resulting in protected fragments with the size corresponding to the value
obtained from Northern blot analysis (500 and 1110 nucleotides for RNA2 and
RNA 3, respectively). This indicates that no major RNA rearrangements such as
splicing have occurred. The slightly lower values of the S1 nuclease experi-
ment may be taken as an indication of the length of the poly(A) tail. In lane
2, the fragment protected by RNA 2 is 150 nucleotides shorter than that in
lane 1. The observation that the clone used starts at nucleotide 309 from the
EcoRI site puts the 5' start of the RNA around nucleotide 160 and the 3'-end
around nucleotide 660, confirming the assumption that RNA 2 is localized
entirely within the R1-D1 fragment. Indeed, preliminary RNA sequencing
experiments using synthetic oligonucleotide primers (kindly provided by Prof.
J.H.Van Boom, Leiden), map the 5'-end of RNA 2 at nucleotide 146 (not shown).
The same approach was used for RNA 3 (lanes 3-5), which was localized
from about position 670 to 1780. The bands derived from RNA 4 appear in all

lanes, confirming both the size and predicted position. We have mappped this
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= e e T Fig. 6. S nucleafe protection

ko) T analysis. Poly(A)” RNA was hybridized
to M13 DNA containing a varying
portion of the R1-D1 region as
indicated. The protected fragments
66 were run on a 0.7% agarose gel and
blotted onto nitrocellulose filters.
The size markers used are denatured
S restriction fragments of pBR322.

The filters were hybridized with

1464 the Q1-Q2 Taql fragment. Control
experiments without RNA did not

0664 give any hybridization. The arrows
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RNA from nucleotide 1800-2200, following essentially the same procedure (not
shown). The experiments of Figs 5 and 6 show that, in general, the map
positions of RNA 2, 3 and 4 coincide with those of URF 2a, the gene for
apocytochrome b and URFs 3 and 3a, respectively. The first 49 amino acid
residues of URF 2, however, are not contained within the area covered by RNA

2 (see also Discussion).

DISCUSSION

The gene for apocytochrome b

We have sequenced a 2.5-kb segment of the maxi-circle of T. brucei
(Figs 1, 2). This analysis has revealed the presence of the gene for apocyto-
chrome b and a number of URFs, some of which are quite long. The identifica-
tion of the apocytochrome b gene is relatively straightforward and follows
from comparison of the T. brucei sequences with known sequences from other
organisms (Fig. 3). The T. brucei protein is slightly shorter than the other
apocytochrome b's (350 vs about 380 amino acids), the degree of direct

homology with the others is rather low (compare 50% homology between the beef
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and the yeast genes), but the functional homology is unmistakable (Figs 3
and 4). The gene is not split as it is in yeast [45] or Aspergillus [34] and
the map positions of the messenger RNA (mRNA) (RNA 3, Figs 5 and 6) coincide
with those of the reading frame. This indicates that very few non-coding
bases occur on this RNA, a situation very similar to that observed in mamma-
lian mitochondria [30,32,33,53,54].

The unusual URFs

It is difficult at this point in time to assign a protein coding
function to the unusual URFs. They lack homology with known mitochondrial
proteins and URFs, they have a highly unusual amino acid composition (see
Table II), which does not differ much between them and none seems to contain
an AUG codon in the N-terminal moiety. Furthermore, the evidence presented in
Table I is much in favour of a standard translation of AUU and AUA (and
other) codons although bizarre codon usage, such as recently postulated [36]
to occur in Drosophila mitochondria (ATAA specifying methionine), cannot
completely be ruled out. So far we have found no evidence for RNA splicing,
which makes it unlikely that an AUG-containing fragment is spliced onto the
remainder of the sequence. As a consequence, none of the putative proteins
encoded by the unusual URFs start with methionine. (NB: The N-terminal
sequence of URF 2 beyond the 5'-end of RNA 2 is disregarded. The complete
sequence, not containing any methionine, has been presented in ref. 17.)

Before completely discarding the possibility that we are dealing with
protein genes, however, it should be emphasized that stable transcripts map
in areas that coincide with the URFs: RNA 1 with URF 1 [17], RNA 2 with URFs
2 and 2a, and RNA 4 with URFs 3 and 3a. These RNAs are presumably polyadenyl-
ated by virtue of the fact that they bind to oligo(dT) cellulose. We have
obtained the nucleotide sequence of a complementary DNA (cDNA) derived from
RNA 2 (unpublished). Indeed, we have found an A-rich sequence at the 3'-end
of the RNA, which is not present in the genomic sequences obtained so far. We
assume this sequence to be post-transcriptionally added. Surprisingly,
however, it is not a classical poly(A) tail, since the A residues are inter-
spersed with blocks of 3 or 4 T residues at a number of places.

However, although the combination of abundance and polyadenylation is
indicative of a messenger function, other roles for such an RNA seem possible:
the abundant 7S poly(A)+ RNA in HeLa cell mitochondria may be involved in the
process of DNA replication [54]. It is clear, therefore, that further experi-
mentation is needed to firmly establish the function (if any) of the URF RNAs

in T. brucei mitochondria.
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Cross-hybridization of the R1-D1 area with heterologous probes

The nucleotide sequences obtained so far (Fig. 2; unpublished) fail to
support the experiments of Johnson et al. [18] who observed cross-hybridiza-
tion of Zea mais and yeast coxII probes with the R1-D1 fragment, since no
homology with coxII genes could be found. It should be pointed out that some
of the cross-hybridization experiments reported [19] are difficult to inter-
pret since aspecific signals may occur at a higher stringency of hybridiza-
tion than the specific ones. As mentioned above, G-rich areas occur on this
fragment. Spurious hybridization signals, due to GC clusters, have been
observed with yeast mtDNA [55] and may also occur with DNA fragments from
this area. It is noteworthy that we have not been able to detect specific
cross-hybridization of the R1-D1 area with specific probes for the apocyto-
chrome b gene from yeast (not shown). This result is not surprising if one
takes into account the low degree of homology at the nucleotide level (48%)

that exists between the two apocytochrome b genes.

Gene organization in T. brucei mitochondria

The coding capacity of the T. brucei mitochondrial genome is similar to
that of mammalian mtDNA if one takes into account that a 5-kb region, which
varies in size between different strains [9], is not transcribed [10,14,17]
and consists of repetitive DNA [56]. One would expect, therefore, a rather
compact gene organization on the remainder of the T. brucei mtDNA, provided
that it contains the usual set of mitochondrial genes. To date the contiguous
sequence of approximately 6.6 kb of maxi-circle DNA is available (the D3-D1
fragment [16,17; unpublished; this paper]). So far, however, only the genes
for the rRNAs and for apocytochrome b have been identified. The remainder of
this segment (circa 3.7 kb) predominantly consists of the above-mentioned
AG-rich DNA on which no known mitochondrial genes or URFs have been found. In
particular the absence of tRNA genes is conspicuous in view of the fact that
they occur as processing points between the other genes on mammalian DNA
[30,32,33]. Hybridization studies have also failed to reveal the existence of
mitochondrial tRNA genes [10,14,15,17].

It is unlikely that all of the missing genes are packed on that part of
the maxi-circle remaining to be sequenced. Other solutions invoke a nuclear
location for some of them (compare ATPase subunit 9, nuclear in mammals
[30,32,33], mitochondrial in yeast [31]) or they may reside on a small subset
of mini-circles. Alternatively, their sequence and structure may be very
unusual, in which case they would be hard to detect in the type of analysis

used routinely (compare the rRNA genes [17] and the unusual URFs [this
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paper]). In either case, a further study of trypanosome mtDNA seems rewarding.
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