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ABSTRACT

The maxicircle of the parasitic protozoan Trypanosoma
brucei, one component of the mitochondrial genome,
has size differences among isolates that localize to the
variable region (VR) between the ND5 and 12S rRNA
genes. We present here the nucleotide sequence of this
entire region, thus completing the sequence of the
maxicircle genome. We aiso find heterogeneously sized
transcripts from throughout most of the VR. The VR
has three distinct sections, each with characteristic
repeated sequences. The repeated sequences in two
sections are short and highly reiterated; the intra-
species size variation occurs within this region. The
third section contains non-repetitive sequences and a
large duplication immediately upstream of the 12S
rRNA gene. Two repeat units within section | contain
a sequence that has homology to the DNA replication
origin of minicircles. This region also contains
sequences with homology to topoisomerase Il binding
and cleavage sites. These findings suggest a role for
the VR in DNA replication of the maxicircle.

INTRODUCTION

The mitochondrial genome of trypanosomatids is composed of
a complex network containing two types of concatenated circular
molecules (for reviews see 1,2). In Trypanosoma brucei there
are 5,000—10,000 copies of 1 kb minicircles which fall into
~ 400 different sequence classes, and 50 copies of the 21 —27 kb
maxicircle. The maxicircle encodes a number of the genes which
are normally found in the mitochondrial genomes of other
organisms, in addition to other components of the electron
transport chain, which are often nuclearly encoded. These include
the 128 and 9S rRNAs, apocytochrome b, cytochrome ¢ oxidase
subunits I, II, and III, NADH dehydrogenase subunits 1, 4, 5,
7, 8 and 9, ATPase 6, ribosomal protein S12, and several
unidentified genes (MURF1, MURF2, CR3, CR4, CRS and US).
Interestingly, in contrast to other organisms, mitochondrial
tRNAs in T. brucei are nuclearly encoded (3). While the location
of trypanosomatid mitochondrial genes is fairly conventional,

their transcription and processing is not. Transcription is
polycistronic (4) and the abundance of several transcripts is
differentially regulated between life-cycle stages (5—7), and many
of the transcripts are extensively edited by post-transcriptional
addition and/or deletion of uridines (see 8,9 for reviews). The
information to direct RNA editing is largely encoded on the
minicircles in the form of guide (g)RNAs (10).

Although the maxicircles from different trypanosomatids
encode the same genes, their size varies, both between species
and among different stocks of the same species. Some of the inter-
species variation is due to differences in the genomic sequence
for the edited genes, with T. brucei containing fewer thymidines
than Leishmania tarentolae and Crithidia fasciculata. However,
the major area of divergence between species, and essentially
all the divergence within species, occurs in the region between
the ND5 and 12S rRNA genes. This region, known as the
variable (or divergent) region (VR) varies in length and sequence
content between species (11,12). The length of this region also
varies between isolates of 7. brucei and contains rapidly evolving
repetitive DNA sequences (13—17). Transcription of VR
sequences occurs at relatively low levels in T. brucei (15,17,18)
and has not been detected in L.tarentolae (12).

The function of the VR remains obscure. It has been proposed
that it may contain the origin of replication for the maxicircle
(13). Maxicircles appear to replicate as network bound rolling
circles (19,20) and the initiation site for the replication of the
leading strand has been mapped to the VR in C.fasciculata (20).
Cloned VR fragments from Crithidia oncopelti (12) and
L.tarentolae (21) have been shown to exhibit autonomous
replicating sequence (ars) activity in yeast, although the
significance of these finding is unclear since sequences from
elsewhere in the maxicircle also have ars activity (22). The
sequence of only ~4 kb of the 12 kb L.tarentolae VR (23,24)
and ~2.5 kb of the 7.5 kb T. brucei VR (15—17,24) has been
previously reported. Analysis of this sequence reveals the absence
of any substantial open reading frames (ORFs) but a similar
structure of repetitive elements in the two species (albeit with
different sequences), lending further support to a non-protein
coding function.
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We report here the complete nucleotide sequence of the VR
from 7. brucei and show that it is comprised of three sections
with different sequence characteristics. Two sections contain short
tandem repeats, while the third contains non-repetitive DNA, in
addition to a tandem duplication. Heterogeneity between different
isolates is confined to the first two (repetitive) sections, one of
which contains sequences related to the minicircle replication
origin and to topoisomerase II binding elements. These data
suggest that the T. brucei VR contains the maxicircle replication
origin and that replication of maxicircles and minicircles may
share common features.

MATERIALS AND METHODS
Parasites and nucleic acids

The Trypanosoma brucei brucei stock EATRO 164 (IHRI 1)(25)
was used for most studies. The dyskinetoplastic (Dk) strain
derived from this stock has been described before (26). Other
trypanosome isolates have been described previously (27), except
for T. b. brucei STIB 247 (IHRI 5), T. b. brucei STIB 378 (IHRI
6), T. b. gambiense ILRAD 1375 (IHRI 13), T. b. rhodesiense
KETRI 2473 (IHRI 20), and T. b. rhodesiense EATRO 1895
(THRI 21). Bloodstream and procyclic form parasites were grown
and harvested as previously described (25). Kinetoplast DNA
(kDNA) and total cellular RNA were isolated using published
methods (6,28,29).

Cloning and sequencing
Several strategies were used to obtain plasmid clones containing
variable region sequences. Two clones (pTKR10 and pTKR9)
were obtained from EcoRI-digested kDNA as previously
described (18). Another series of clones (pAl, 3, 5, 8, 10, 15,
19, 20, 26 and 33) were obtained by Dral digestion of BamHI-
linearized maxicircle DNA and ligation into Dral-digested
pBR322. Ddel, Mboll and Taql digests of the same material were
treated with the Klenow fragment of DNA polymerase to produce
blunt ends (30) and cloned into a Smal- or Accl-digested pUC13
derivative to obtain clones pD4 and p15; pM6, pM7, pM7 and
pM12; and pT11, respectively. A series of clones (mA1—mA10)
was obtained by partial Dral digestion of the purified 4.7 kb
R4-R; fragment containing the 3’ portion of the VR (18) and
ligation into Smal- or Smal + EcoRI-digested M13mp8 or mp9.
This fragment was also digested with Ddel , filled with Klenow,
and ligated into Smal-digested pBS* to obtain clones pC7, C16,
C17, C19, C20, D1, D5, K15, K16, L17, L18, M2, and M18.
The remaining portion of the maxicircle was cloned by PCR
amplification of kDNA using primers TbVR-1 (CCGAATTC
AATCACCATTCCC-TAAG) and TbVR-2 (CCGGATCC
TAACTAGTTACTTACTTCC). The location of these primers,
which contained EcoRI or BamHI sites(underlined) is indicated
in Fig. 1. Thirty cycles of amplification were carried out using
1 min. denaturation at 94°C, 1 min. annealing at 45°C and 2.5
min. extension at 72°C. Following a final extension for 10 min.
at 72°C, the 1.8 kb PCR product was PEG-precipitated (31),
digested with EcoRI+ BamHI and ligated with EcoRI+ BamHI-
digested pBluescriptll SK~ and transformed into SURE™ cells.
Many of the clones described above were subcloned into
plasmid and M13 vectors using conventional methods and by
Exolll digestion (Erase-a-base, Promega). Single-stranded DNA
from M13 clones and double stranded DNA from plasmid clones
was sequenced using the dideoxy chain termination method
(32—34) or with a Taq Dye Primer Cycle Sequencing Kit on

a model 373A DNA sequencer (Applied Biosystems Inc.).
Sequence analysis was carried out using DNASTAR (DNASTAR
Inc., Madison, WI), ESEE (35), and CLUSTALYV (36) software.

Southern and Northern blot analysis

Isolated KDNA was digested with the appropriate restriction
enzymes, separated by agarose gel electrophoresis, transferred
to Nylon or nitrocellulose membranes, and hybridized with
[32P]-labelled nick translated probes, as described previously
(37). Total RNA was separated on formaldehyde-agarose gels,
transferred to nitrocellulose membranes and hybridized with
[32P]-labelled probes using previously described techniques (7).

RESULTS

We determined the complete nucleotide sequence of the variable
region (VR) sequence from the T. b. brucei EATRO 164 (IHRI
1) maxicircle from 46 independent (43 conventional and 3 PCR)
clones. The 7395 nt sequence bounded by the NDS5 stop codon
and the putative 5’ end of 12S rRNA is presented in Fig. 1.
Partial sequences of this region have been published previously,
both by ourselves (nts 1—498, 1066—1895 and 6033 —7395)
(15,24) and others (nts 1899—2760 and 6033—7395)(17).
Differences between sequences from IHRI 1and another isolate
MITat 1.1 (clone 427—-60) (17) are indicated in Fig. 1. The
A,-A; sequence from the latter isolate contains a deletion of 19
bp (nts 2480 —2496), addition of single A residues at nts 2510
and 2517, deletion of an A at nt 2428 and a T at nt 2438, and
a C — G base change at nt 2737. Correction of our previously
published sequence (24) now reveals only two differences
(deletions at nts 6043 and 7318) between these isolates 3’ to the
EcoRlI site at nt 6033. Analysis of the sequence reveals frequent
stop codons in all reading frames; the longest ORF having the
potential to code for 115 amino acids. It is thus unlikely that the
VR has a protein coding function.

Dot matrix analysis of the VR reveals three distinct sections
{, II and III), each of which is characterized by the presence
of different repetitive sequences (see Figs. 1 and 2A). As evident
from the dot matrix analysis, section I has a complex structure,
containing 15 repeats of a sequence composed of two different
types of sequence, which we have designated I-A and I-B
(Fig. 2B, Table I). The I-A sequence (Fig. 2C) varies in size
(31—187 bp) between repeats with an average length of 176 bp
(excluding repeats 1, 2, and 15, which are unusual). Repeats 1and
2 are the least conserved, diverging substantially (<60%
homology) in the 5’ portion of the sequence and repeat 15 contains
a truncated copy of the A sequence. The homology between the
remaining repeats varies between 80% (9 vs. 11 and 9 vs. 13)
and 99% (12 vs. 14), and the 3’ end is more highly conserved
between repeats than the 5’ end (Fig. 2C). The I-B sequence
consists of variable numbers of short repeated sequences that are
A-rich . These sub-repeats fall into four classes (B1-B4) whose
consensus sequences are [A3_¢(G)TA4_sCl; 21, [Aq-o(T)Cl; -6,
As_gTA; ,GT(/C)C(/C)A3_7TT(C)]1-17, and [As_1; TA,C-
A4 _¢TT],_,, respectively (Fig. 2B). Bases shown in parenthesis
occur in a significant minority of the repeats. The similarity
among these four sequences indicates that they may be derived
from a common ancestral sequence. As indicated in Fig. 2B and
Table I, the number and order of I-A and I-B sequences varies
among repeats, but in most they occur in the order A-B2-B3-B4.
In addition to their differences in I-A sequence, repeats 1 and
15 contain no I-B; and I-B, sequences, while repeat 15 contains
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ATAGTATAAT CAAAAGTAAA AAAGTAAAGA AACCAGATTA GATTTGTAAR AAAGTCAAAA TATTTTATAA TATTACAACT ATTATATACA TATTTCARAG
AARAATATAA GTTGCATTTA GAAATAAAAA AGTAGTAGTT AAAATTTTTG TAAAATAAAA ACAAAACAAA ACAAAACAAA ACAAAACAAA ACATTCATAG
AAAATCAAAG TTCCTAGAAA ATTAAAAAGT GTTTAATAAT AAAAATTAAT TTTAAATAAG TTAAAGAAGA AAATAAATAT TAATATATAA AACCACAAAA
TATATGGGTT GAAATTTAGA AAAAATTGTA AATTATTTTA GTTTTTTGTA AAAATAAAAC AAAAATTAAA AAATAAAACA AAAATTAAAA AATAAAACAA
ARAAAACAAA ARATAAGTTA AAATTAAMAAA AATAAGTCAA AATTAAAAAA AAATAAGTCA AAATTAAAAA AAATAAAACA AAATTAAAAG AAGTAAACCA
AACCCCCCAT TATTTTTTCC ATAAAACTCC TTGTAAATTA CAATTTTTGT GTTATAAAAT AAATAAAATA AGTGATAGAA GAGAGAAAAT TGTAAATTAC
ATTAATGTAA AATTAAGAAT TGCTAAATAT GGGTTGAAAA ATTGAAAAAT TTGTAAATTA GTTTAATTTT TGTAAAAAAC AGAACAAAAG ACCAAAAAAT
AAGCCAAAAA ACCAAAAAAT AAGCCAAAAA ATCAAAAAAT AAGTCAAAAA ATCAAAAAAT AAGCCAAAAA ATCAAAAAAT AAGCCAAAAA ATCAAAAAAT
AAGCCAAAAA ATCAAAAAAT AAGCCCAAAA ATTCAAAAAA TAAGCCCAGA AATTCAAAAA ATAAGCCAAA AAATCAAAAA ATAAGCCCAA ATTAAAAAAA
AATAAAACAA AATTAAMAGA AACCCCCCAT ATTTTTCATA AAACTCCTTG TAAATTACAA TTGGTATTAT AAAATAAATA AAATAAGTGA AAGAAGAGAG
AAMATTGTAA ATTACATTAA TGTAAAATTA AGAATTGCTA AATATGGGTT GAAAAATTGA AAAMATTTGT AAATTAGTTT AATTTTTGTA AAAAACAAAA
CAAAAAATCA AAAAATAAGC CAAAAATTAA AAAAAAAGCC AAAAATTAAA AAAAAAGCCA AAAATTAAAA AAAAAGCCAA AAATTCAAAA AATAAGCCAA
AAAATCAAAA AATAAGCCAA AAGTTCAAAA AATAAGCCCA AAAATTCAAA AAATAAGCCA AAAGTTCAAA AAATAAGTCA AAAGTTCAAA AAATAAGCCA
AAAATTAAAA AAATAAGCCC AAATTAAAAA AAAATAAAAC AAAATTAAAA GAAGCAACCC TCTTTCCATA AAACTCCTTG TAAATTACAA TTGGTATTAT
ARAATAAATA AAATAAGTGA AAGAAGAGAG AAAATTGTAA ATTACATTAA TGTAAAATTA AGAATTGCTA AATATGGGTT GAAAAATTGA AAAATTTGTA
AATTAGTGTT TAATTTTTGT AAAAAACAAA ACAAMAAMAC AAAAAATAAG TCAAAATTAA AAAAAAAAAT AAAACAAAAA ATTAAAGAAA AAAACCCTCC
ATTTCCTAAG ACTTCTATAA AATTGAAAAT TACCAATTAA ATTAGTATTA TAAAAAAATA AATAAGTGAA AGAAGAGGAA AATTGAAAAT TACATTAATA
AAAAATTAGA AATGGCTAAA TATGGGTTGA AAAATTGAAA AATTTGTAAA TTAGTTTAAT TTTTGTAAAA AACAAAACAA AAAAACAAAA AAACAAAAAA
ACAAAAAAAC AAAAAATAAG CCAAGAATTC AAAAAAATAA GCTAAAAATT CAAAAAATAA GCTAAAAATT TAAAAAATAA GCTAAAAATT CAAAAAATAA
GCTAAAAATT CAAAAAATAA GCCCAAATTA AAMAAAAATA AAACAAAATT AAAAGAAGCA GCCCCTTTTT CATATTTCCA TAAAACTTCT TGTAAATTAC
AATTGGTATT ATAAAATAAA TAAAATAAGT GAAAGAGAGA GAGAAAATTG TAAATTATAT TAATGTAAAA TTAAGAATTG TTAAATATGG GTTGAAAAAT
TGAAAAATTT GTAAATTAGT TTAAAATTTT TGTAAAAAAT AAAACAAAAA AGCAAAAAAA CAAAAAAAAT AAGTCAAAAT TAAAAAAAAA TAAAACAAAA
TTAAAGAAAG CAAAAATCCT CCATTCCCTA ACACTTTTAT AAAATTGTAA ATTACCAATT AAATTAGTAT TATAAAAAAA TAAATAAGTG AAAGAAGAGA
AAATTGTAAA TTACATTAAT GAAAAATTAG AAATTGCTAA ATATGGGTTG AAAAATTAAA AAATTTGTAA ATTAGTCTAA TTTTTGTAAA AAACAAAAAC
AAAAAAATCA AMAAATAAG TCAARAAATT AAAAAAATTA AGTCAAAAAA TTAAAAAAAT AAGTCAAAAA A"Mgﬂ AGTCAAMAA TTAAAAATAA
GTCAAAAAAT TAAMMATAAG TCAAAAAAAT TAAAAAAATA AGTCAAAATT AAMAAMAATAA AACAMATTA AMEAAZEAR RARARARCEE YecaaTTTTC
CACAAACCCT CCTTACAATT GGTATTATAA TAAGTGAAAG AAAAATTGTA AATTACATTA ATGCAAATTA GAAATTGCTA AATATGGGTT GAAAAATTAA
AAARATTTGT AAATTAGTTT AATTTTTGTA AAAAA CAAAMAAATC AAAAAATAAG CTAAAAATTC AAAAAATAAG CCAAAATTAA AAAAAAATAA
AACAAAATTA AAAGAAGCAA AAACCTATAT TTCCATAAAA CCCCTTTAAA TTACAATATT GGTATTATAA AATAAATAAA ATAAGTGAAA GAAGAGAGAA
AATTGTAAAT CACAATTAAC GAAAAATTAG AAATTGCTAA ATATGGGTTG AAAAATTGAA AAATTTGTAA ATTAGTTTAA TTTTTGTAAA AAACAAAAAA
AAACAAAGAA ATAAGTCAAA AATTAAAAAT AAATAAGTCA AAAATTAAAG AAAGCAAAAA AAATCCACCA TTCCCTAAGA CTTCTATAAA ATTGTAAATT
ACCAATTAGT ATTATAAAAT AAATAAGTGA AAGAAGAGAA AATTGTAAAT TACATTAATG AAAAATTAGA AGTTGCTAAA TATGAGTTGA AAAATTGAAA
AATTTGTAAA TTAATCTAAT TTTTGTAAAA AACAAAACAA AAAAATCAAA AAAATAAGCC AAAAAATCAA AAAATAAGCA AAAATTAAAA AAAATAAGTC
AGAAAATTAA AAAAATAAGT CAGAAAATTA AAAAAATAAG TCAGAAAATT AAAAAAATAA GTCAGAAAAT TAAAAAAATA AGTCAGAAAA TTAAAAAAAT
AAGTCAGAAA ATTAAAAAAA TAAGTCAGAA AATTAAAAAA ATAAGTCAGA AAATTAAAAA AATAAGTCAG AAAATCAAAA AATAAGTCAG AAAATCAAAA
AATAAGTCAA AATTAAAAAA AATAAGTCAA AATTAAAAAA AATAAGTCAA AAATTAAAAA AATAAGTCAG AATTAAAAAA AAATAAGCCA AAATTAAAAG
AAGCAAAACC CCCATTTTCC REAREERSEUECCTTAAATT ACAATTGGTA TTATAATAAG TGAAAGAAAA AGAAAATTGT AAATTACATG AATGCAAATT

AGAAATTGCT AAATATGGGT TGAAAAATTG AAAAATTTGT AAATTAGTTT AATTTTTGTA AAAAACAAAA CAAAAAACAA AGAAATAAGT CAAAATTAAA
AAAAATAAAA CAAAATTAAA GAAAGCAAAA MWMIT?%A_AQACTTCTAT AAAATTGTAA ATTACCAATT AGTATTATAA AATAAATAAG
>
TGAAAGAAGA GAAAATTGTA AATTACATTA ATGAAAAATT AGAAGTTGCT AAATATGAGT TGAAAAATTG AAAAATTTGT AAATTAATCT AATTTTTGTA
AAAAACAAAA CAAAAAAATC AAAAAAATAA GTCAAAAATT AAAAAAAATA AGTCAAAATT AAAAAAAATA AGTCAAAATT AAAAAAAATA AGTCAAAATT
AAAAAAAATA AGTCAAAATT AAAAAAATAA GTCAAAAATT AAAAAAAATA AGTCAAAAAT TAAAAAAAAT AAGTCAAAAA ATCAAAAAAA ATAAGCCAAA
AAATCAAAAA o ¥ Enm i
TTATAATAAG TGAAAGAAAA AGAAAATTGT AAATTACATG AATGCAAATT AGAAATTGCT AAATATGGGT TGAAAAATTG AAAAATTTGT AAATTAGTTT
AATTTTTGTA AAAAACAAAA CAAAAAATCA AAAAATTGTA GATTAGTTAA GTTTTTTTTG TAAAAACAAA ATAAAAACAA AATAAAAACA AAATAAAAAC
AAAATAAAAA CAAAATAAAA ACAAAATAAA AACAAAATAA AAACAAAATA AAAACAAAAT AAAAACAAAA TAAAAACAAA ATAAAAACAA AATAAAAACA
AAATAAAAAC AAAATAAAAA CAAAATAAAA ACAAAATAAA ACAAAGTAAA AACAAAGTAA AAACAAAGTA AAAACAAAGT AAAAACAAAG T TTT
TT A AAA GCAA
AAATTTAAAA ATTAAAAAAT TTGATGTTTT TGAGTTTTTT TTACAAAATT TTAAAATTAA AAAATTTGAT GTTTTTATTC AATTTTCAGA GTAAAAAAAT
AAMMAATTTG ATGTTTTTGG AATTTTTTGT GAAATTTAAA AATTAAAAAA TTTGATGTTT TTGGTTTTTT TTTTTGGTGG GTTTTTAAAT TAAAAATTTA
CTTTTTGAAA TTTTTCAAAT TTAAAAGTTG ATTTATTTTT TTATTCATTT TATTATAAAG CCTAAAAGTA TTCCGTTGGC ACAAAATGCA AAAAATTTGA
CTTTTTTTGA ATTTTTTTGC AAAATTTAAA AATAAAAATT TGACTTTTTT CAATTTTTTT GTAAAATTTA AAAATAAAAA AATTTGATGT TTTTGAAATT
TTTTTTGTGA AACTTTAAAA TTAAAAAATT TGATGTTTTT ATCCAATTTT CAGAGTAAAA AATTAAAAAA TTTGAATTTT TTTAAAATTT TTTGCAAAAT
TTAAAAATTA AAAAATTTGA TGTTTTTTGG AATTTTTTGT GAAATTTAAA AATTAAAAAA TTTGAATTTT TTTAAAATTT TTTGCAAAAT TTAAAAAATT
AAAMAATTTG AATTTTTTTA AAATTTTTTG CAAAATTTAA AAAATTAAAA AATTTGATGT TTTTGAGGTT TTTTTTGTGA AATTTAAAAA TTAAAAATTC
GATTTTTATT CAATCT AAA Gl A
TITTTCGTTT CTCCATTATT ACTAAGTTCA ATTGAGAAGG ACAAAAGCAA AAGATTGTGT AAGTGGAGGA TGTAGTGG&WLMCA
A

-

TAGTATAATA ATAATATATA TATGTATATA TAATAAGATA TAAGTATGTA GAGTAAGTAT ATTATATGTA AGTGTATATA TAAA AGTTATATAG
TGTAAAGTAT GGATAGTGTA ATTTAAGATA GTATAATTTA GGAAATTAAA CATGATAATA ATGGAGATTT ATAGTTTACA CTATTATTGT GTTTTTAAAA
AAATAAATTT ACAAAGTAAA TTTATTTTTG TAAAAACACT ATTGCACGCG AAATTTTTTA TGGGATGGGT GAGTCGGGTA TGGGTTTAAT GGGTAATTTT
AAAGCAAGTA ATTATGAATT AGGATAAGAA CAGAATTCCT GTCCCTA ATTGCGATTA TTTGTTAAGA TCTTTTTGAG GATAGATCTA AAATTACCAA
GTCCAATTTT TGTATATGGG CGGGCTATGA AAATATAAAA TTATATATTT TCTAGTTTGA TCGAAAATGC TTTTCGATTT GAAAATTTAA ATTAAATTTA
AGTTTAATTT TCAATTTTCA AAATTTGAAA CAATTTTGGA ATTTTGGTAG GTATTTTATT GATAGGTTTA AATCACCGCT GTATAAATTT TGGTAGTAAA
ACTTTTTGTA ATAATGCGTT TTTATTATCA GTTATTTATG GGTGTTTGTG ATTTAAATGT AATCAGTTTA GTACAAATCA TTTTTCTAAA TTATTTTGAG
TTTTGGGATT TGGAGGTTTG AACTTGAATT TAAATTTAGT TTCAAGTCAA GTCGTATAAA AAACATGGCA TTTTTTGTTG CTATAAGTTT TTTATATAAC
TCTTTGATTC GAAATTAAAT TTAAATTTAG GTTTTAGCTA TTTTAAATTC CAACTTGAAA TTTGTTTTGG GTTTTTATAA TTGAGTTTTA AATTTTAAAT
CCAAATTTAA ATAGGATCTT CTTTACTAAT GAAAATATTT TACAAATCTT TTGCAAAAAT ATTTTAATTT AGTAAGGATG GTTGGTATTT TAAATTTCGG
TTTAATTTTT AAAATTTTTT TATTGACCAA ACATTTTCAA GGTTAGTGGG AATAGCTATG ACTTTGGTTT AGATTTAGTT TTATCATTGA ATTGTTATGT
AAAGGATTTG TGGTTATACA ATATGTTTAT GTATGTGTTT ATTATATGTA CTCGATTAGA GAAGCTAAAC TTAAATTCAA ACCTCCAATT TCCAAAACTT
GAAACAATTT TTAGGTGATT TATTAAGAAT TGATTTAAAA TTATGAATGT ATAAATTTTG GTAGTAGGTT TTTTTTGTAA TAATGTGTTT ATAAATTGTA
ACTAATCTGG TTTAAACTAT TTTTCTAAAT TATTTTAGGT TTTTTTTGGG ACATGAGAGT TTAAATTTGA ATTTACTTTT AAGTTATCAA TAAAAAACAT
GTTTTTTGTG CTATTAAAAT TTATATAATC TTTTTGACGT CAAATTTAAA TTTAGGTTTA TTCTAATTCG AAACTTTTTG GTTTTTTAAT AAATAACTCC
AATAAATCTA AATTTTTTTA TAGATCAAAC ATTTTTAAGG TTGGTAGGCA TAGTTATGAC TTTCTAGTTT AATTTAGTTT TATTTATTGA ATTGTTATGT
AAAGGATTTG TGGTTGGGAA TGTTTATGTT TATGTYTATT ATGTGTATTT TATTTAATTA GAAAAGCTTT TAAAAATTTA AAATTTGTAA TCCAA

Figure 1. The nucleotide sequence of the variable region (VR) from 7. b. brucei EATRO 164 (IHRI 1). The 5' end of the sequence begins immediately 3’ to the
TAA stop codon of NDS and its 3’ end is adjacent to the 5’ end of the 12S rRNA gene. The three sections (I, II and IIT) identified in the text are boxed. Nucleotides
which differ from the published sequence for MITat 1.1 (17) are indicated by dots underneath. The oligonucleotide primers (TbVR1 and TbVR2) used for PCR
amplification of a portion of the VR are indicated by underlining. The two copies of the 11-mer sequence with homology to the minicircle conserved sequence (38,39)
are shaded. This sequence was submitted to the EMBL database and assigned accession number Z15118.

21 copies of the I-B; sequence, which occurs only infrequently
in other repeat units (see Table I).

The sequence immediately 3’ to repeat I-15 (section II, Figs.
1 and 2B) has a different character from section I. It is composed
largely of oligo(dT) and oligo(dA) tracts that occur as tandem
repeats of the sequence [A;T;AsTTA(T;GATGT;
G/AA,;T;GYA(A)]. Sequence conservation between the 17

complete copies of the repeat ranges from 70 —89%, with greater
conservation at the 5’ end than at the 3’ end (Fig. 2D). In
addition, there are 7 incomplete copies of the sequences, which
fall into two classes, one (A2, A3, A4, Al4, and A15) of which
contains only the 3’ portion of the consensus sequence and another
(612, and 613) which contains the 5’ portion of the consensus.
The remainder of the VR sequence (Section III, Figs. 1 and 2B)
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Y T o eeeeeBAL L ALGAT.GATTTA. .. T.TGAA. cceienenncnneesasBGTT o e Torain  Tor AL AT

1 GATTTAAATGTAATCAGTTTAGTACAAATCATTTTTCTAAATTATTTTGAGTTTTGGGATTTGGAGGT TTGAACTTGAATTTAAATTTAGTTTCAAGTCAAGTCGTATAAAAAACATGGCATTTTTTGTTGCTATAAGTT
2 eeeesCT AC.G. TT i eCluiieeeeceacncenaseABaee e TTTTG L .CALGA..GT. A cceeGuueee oot Toe el TUTCA  tiiinicians cesnsese caeeT.AA
1 TTTTATATAACTCTTTGATTCGAAAT TAAATTTAAATTTAGGT TTTAGCTAT TTTAAATTCCAACTTGAAATTTGTTTTGGGTTTTTATAATTGAGTTTTAAATTTTAAATCCAAATTTAAATAGGATCTTCTTTACTAA
2 <+ oATATA.T..T.....CGTC..... creessnecceas eesC...T.CGA..... FETN P ) «ees«AACTCCAAT....C.....

1 TGAAAATATTTTACAAATCT TTTGCAAAAATATTTTAATTTAGTAAGGATGGT TGGTATTTTAAATTTCGGTTTAATTTTTAAAATTTTTTTATTGACCAAACATTTTCAAGGT TAGTGGGAATAGCTATGACTTTG G
2 RPN T PO PN CTONPN FaY TN SN P 1
1 TTTAGATTTAGTTTTATCATTGAATTGTTATGTAAAGGATTTGTGGTTATACAATATGTTTATGTATGTGTTTATTATATGTACTCGATT AGAGAAGCT AAACTTAAATTCAAACCTCCAA

2 TN s (PO 1) RPN ) B ceeeeeGGBA  Liiiiiiie TiAL i e G T TT L TAATT AL TTTAAL LW T L AL TTGTAA . .

F le— EF2B3-1 —>|¢— F2B32 —|«—— F2B3-3—— |« F2B,-1

407 - AAAARATAAGTTAAAATTAAAAAAATAAGTCAAAATTAAAAAAAAATAAGTCAAAATTAAAAAAAA - 474
Tlzsl 10z] : [lesl D00zl 22 [LEEXIARE] :
GTNWAYATTNATNNR GTNWAYATTNATNNR GTNWAYATTNATNNR

topoll box topoll box topoll box



is characterized by a more even base composition and absence
of short tandem repeats. However, the 3’ portion of this region
does contain two tandem copies of a longer (545—700 nt)
sequence (Figs 1 and 2B). These repeats occur immediately
upstream of the 12S rRNA gene. Alignment of the two copies
(Fig. 2E) shows considerable divergence (73% identity), with
several additions and deletions. Most noticeably, the more 3’ copy
lacks several regions present in the 5' copy.

Some I-A repeats contain a short sequence with homology to
the putative minicircle replication origin. The sequence of the
5’ portion of repeat I-A is not highly conserved between copies,
but all (except 1, 2, and 15) contain oligo(dC) tracts (Fig. 2C).
Repeats 12 and 14 contain the sequence ACACCAACCCC (see
Fig. 1), which is identical to 11 nt of the 12 nt sequence (TA-
CACCAACCCC) that is conserved in all trypanosomatid
minicircles (38,39). This region is the site of a small gap in
replicating minicircles (38) and has been proposed to have a role
in minicircle replication (19,39). It is possible that these sequences
serve a similar function in the maxicircle.

Replication of maxicircles (and minicircles) has been shown
to involve topoisomerase II (19). The consensus sequence of
repeat unit I-B; (As_TA; _,GT(/C)C(/C)A;_,TT(C), Fig. 2B)
shows striking similarity to the consensus topoisomerase II
cleavage site (GTNA/TAT/CATTNATNNGT/A) from Drosophila
(40). Alignment of this topo II box with I-B; repeats from repeat
I-2 shows matches at 13/15 positions and 7/8 of the conserved
nucleotides (Fig. 2F). Two other sequences associated with the
topo II box in Scaffold Associated Regions (SARs) in Drosophila
are the A-box (AATAAAT/CAAA) and T-box (TTA/
TTT/ATTT/ATT)(40). These sequences are reminiscent of the
I-B; (AAAATAAAAAC or GTTTTTATTTT, in the reverse
complement) and I-B, (AAAAAAC) repeats, suggesting a
possible role for the B repeats in binding topoisomerase II.

The size of the VR differs considerably among isolates of T.
brucei. In order to localize the sequence(s) responsible for this
variation, we carried out Southern blot analyses of kDNA from
several different isolates using probes derived from different
regions of the VR. A probe (Dr548) derived from the 5’ boundary
of the VR (see Fig. 2B) hybridized with a ~0.6 kb Dral fragment
in 12 different isolates (Fig. 3A and data not shown). This
fragment is of the size predicted (548 bp) from the IHRI 1
sequence, indicating that all isolates contained similar sequence
5’ to the Dral site within repeat I-2 (see Fig. 2B). Hybridization
of restriction enzyme-digested kDNA with probe mA10 (see
Fig. 2B) helped to define the 3’ boundary of sequence divergence
among isolates. This probe detected a 2.2 kb Ddel fragment in
all isolates (Fig. 3B and data not shown). The size of this
fragment is consistent with that (2681 bp) predicted from the IHRI
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1 sequence, and is reduced in all isolates to 0.4 kb, as predicted
from the sequence, by double digestion with Ddel + EcoRI. Thus,
the region 3’ to the Ddel site at the beginning of section III (see
Fig. 2B) is conserved in all isolates. The mA 10 probe also detects
a second band of 1.7 kb in IHRI 1, IHRI 5, IHRI 21 (Fig. 3B),
IHRI 3 and IHRI 4 (data not shown) which corresponds to the
Ddel fragment of 1774 bp (predicted from the IHRI 1 sequence)
extending 5’ through section II to repeat I-12. However, this band
was replaced in other isolates by a less intense band which varied
in size between 1.5 kb (IHRI 9) and 1.9 kb (IHRI 13 and IHRI
17)(Fig. 3B and data not shown). These data and similar results
obtained with Tagl digests (data not shown), indicate that the
intra-specific size variations occur 5’ to the Ddel site (at nt 5623)
in section III.

A probe (pM6) covering repeat I-3 (see Fig. 2B) hybridized
with different sized Dral fragments in different isolates (Fig. 3C),
confirming that intra-specific size variation occurred within
section I. A 1.6 kb Dral fragment which was reduced slightly
by subsequent Alul digestion was seen in IHRI 1, IHRI 5, IHRI
21 (Fig. 3C), IHRI 3 and IHRI 4 (data not shown). This
corresponds to the 1618 bp Dral fragment spanning repeats I-2
to I-6 predicted from the IHRI 1 sequence (see Fig. 2B). A larger
Dral fragment hybridized in IHRI 6 (~4.7 kb), IHRI 20 (~4.1
kb), HRI 22 (~4.1 kb), IHRI 13 (~2.7 kb)(Fig. 3B), IHRI
9 (~3.8 kb), IHRI 16 (2.2 kb) and IHRI 17 (2.5 kb) (data not
shown). Double digestion with Dral +Alul digestion resulted in
one to four smaller (0.36—1.3 kb) fragments in these isolates.
Similar results obtained with other enzyme digests and probes
from this region (data not shown) indicated that the strain-specific
variation in restriction fragment length was not due solely to
abolition or addition of sites by small base substitutions, but was
caused by addition or deletion of sequence between the Dral site
in repeat I-2 (at nt 253) and the Ddel site in the 5’ end of section
I (at nt 5623). The results of these and other (unpublished)
experiments are summarized in Fig. 4, which shows the variation
in the length of the VR in different isolates. As indicated in this
figure, the differences in the size of maxicircles between isolates
is accounted for by variation in the length of sections I and II
of the VR. Comparison of IHRI 1 VR sequence with partial
sequence from MITat 1.1 (17) indicates that the latter has one
fewer copy of the I-B; sequence in repeat I-8 (nts 2480—2496,
Fig. 1). These sequences are otherwise almost identical, and are
located in the same position of the VR, indicating that the major
sequence difference between isolates is likely a difference in the
number of copies of the I-A, I-B and II sub-repeat units.

Northern blot analyses were used to identify transcripts from
the VR. A probe (pD15) from section I (see Fig. 2B) hybridized
to a heterogeneous smear of transcripts, ranging in size from 0.2

Figure 2. Sequence organization of the variable region. A. The VR sequence compared to itself using the DNASTAR Dotplot program with an 80% minimum
match over of window of 30 nucleotides, and a minimum quality of 10. The locations of sections I, II and III are indicated. B. Diagrammatic representation of
the VR organization in T. b. brucei EATRO 164. The size and location of each of the repeats (1—15) within section I are shown; and the sub-repeat structures
of repeats I-1, I-2, and I-12 are indicated by the expanded lower bars. The dotted lines within the A sub-repeats of repeats I-1 and I-2 (lower left) indicate the
approximate 5' boundary of homology with the other A repeats. The consensus sequences of the I-B sub-repeats are shown and the solid black bar shows the location
of the conserved 11 nt sequence (ACACCAACCCC) within repeat I-12 (lower middle). The lower right expanded bar diagrams the size and location of the section
I repeats (1—24). The arrows in section III indicate tandemly duplicated sequences. The locations of probes used in Southern and Northern blot analyses are indicated.
The following abbreviations for restriction enzymes are used: Bl, Bgill; C, Clal; D, Ddel; Dr, Dral; E, EcoRI; Mb, Mboll; Se, Spel; and T, Tagl. C. The consensus
sequence of the A repeats from section I and alignment of individual sequences. The coordinates of each repeat within the VR are shown and identities to the consensus
sequence are indicated by dots. D. Alignment of section II repeats with their consensus sequence. E. Alignment of the duplicated sequence from section IIl. The
upper and lower sequences have coordinates 6215—6888 and 6889 —7395, respectively, within the VR. F. Alignment of the three B; sub-repeats from repeat 12
with the topoisomerase II cleavage site consensus sequence (40). The | indicates identity to a strictly conserved nucleotide and : indicates a match with an ambiguous
nucleotide. The coordinates within the VR are indicated at either end of the sequence.
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Figure 3. Localization of intra-specific size differences in the variable region.
kDNA (1 pg) from IHRI §, 6, 13, 1, 22, 21 and 20 was digested with Dral
with (+) or without (—) Alul (panels A and C) or Ddel with (—) or without
(+) EcoRI (panel B), fractionated by agarose gel electrophoresis, and probed
with Dr548 (panel A), mA10 (panel B) or pM6 (panel C). Markers derived from
EcoRI + HindIIl digestion of A\ DNA are shown in kb.

Figure 4. Diagram of intra-specific size differences within the variable region.
Changes in the size of the different sections of the variable regions are shown
schematically for 12 different isolates of T. b. brucei (IHRI 1, 3, 4, 5, 6, and
9), T. b. gambiense (IHRI 13, 16 and 17) or T. b. rhodesiense (IHRI 20, 21,
and 22).
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Figure 5. Northern blot analysis of VR transcripts. Total RNA (10 pg) from
dyskinetoplastic (D), bloodstream (B), and procyclic (P) forms of T. b. brucei
EATRO 164 was separated by denaturing agarose gel electrophoresis and
hybridized with probed pD15 (panel A) or mA10 (panel B). Transcripts of 960,
780, and 570 nt detected with pD15 are indicated by arrows. The locations of
the three cytoplasmic rRNA bands are indicated by their sizes (in kb).

kb to >5.0 kb, in total RNA from both bloodstream (Fig. 5A,
lane 2) and procyclic (lane 3) forms. In agreement with previous
results (15,18), discrete transcripts of ~ 570, 780 and 960 nt were
detected in bloodstream and procyclic forms, although their
abundance differed between life-cycle stages. Three apparently
larger bands were also detected, but probably represent artifacts
due to shadowing from rRNA. No hybridization was seen with
RNA from dyskinetoplastic trypanosomes (which lack
kDNA)(26), confirming that the signal is not due to hybridization
with nuclear transcripts. DNase treatment of the RNA did not
affect the hybridization signal (data not shown), eliminating the
possibility that it was due to DNA contamination. Similar results
were obtained with other probes from this region (data not
shown). Hybridization with a more 3’ (and single-stranded) probe
(mA10) also showed a smear (and rRNA shadowing) (Fig. 5B).
However, there appeared to be differences in the hybridization



Table I. Organization of I-A and I-B repeats from the T. brucei EATRO 164
Variable Region

repeat A IB, IB, LB, I-B, coordinates
1 * 1 6 0 0 0001—0192
2 * 1 13 2t+1  0193-0485
3 1 0 3 10 1 0486—0914
4 10 3 11 1 0915—1346
5 1 0 3 1 1 1347-1583
6 1 0 6 6 1 15841950
7 1 1 2 1 1 1951-2202
8 1 0o 3 7 1 2203-2569
9 1 0 3 2 1 2570—2809
10 1 0 2 2 0 2810-3046
1 1 0 3 17 0 30473595
12 10 2 1 1 35963817
13 10 3 11 0 38184243
14 1 0 3 0 0 42444429
15 1#* 21 1 0 0 4430-4696
total 15 24 4 7N 11

*Limited homology to consensus.

**Truncated at 5’ end.

1Two copies of 1-B4 occur between I-A and I-B,.
$I-B, occurs between I-A and I-B,.

pattern between bloodstream and procyclic forms, and
hybridization with poly(A*) RNA suggested possible
differences in polyadenylation between life-cycle stages (data not
shown). Hybridization with a probe from the other strand showed
similar results (data not shown) indicating that both strands are
transcribed in this region. Further clarification of the nature of
the transcripts from the VR requires more experimentation.

DISCUSSION

The region flanked by the NDS and 12S rRNA genes from the
T. brucei maxicircle varies in size between different isolates
(13—17) and diverges in sequence among trypanosomatid species
(11,12). We have determined the nucleotide sequence of this
entire variable region from 7. b. brucei EATRO 164 (IHRI 1),
thus completing the entire maxicircle sequence from this
organism. The 7395 bp VR sequence is largely composed of
different repetitive sequences which divide the region into three
distinct sections. The most 5’ section (I) is composed of 15
tandem repeats of a unit comprised of two sub-sections (I-A and
I-B). The I-A sequence occurs once in each repeat unit, is ~ 176
bp long and is generally well conserved (80—99%) between
copies, although only partial or divergent copies are present in
three repeat units at the ends of section I. The remainder of each
section I repeat is composed of a variable number of related A-
rich repeats (I-B,, I-B,, I-Bs, and I-B,). Section II consists of
17 complete and 7 partial copies of a repeat containing alternating
oligo(dA) and oligo(dT) tracts. Section III contains 693 bp of
non-repetitive sequence, upstream of a long tandemly duplicated
sequence. The two copies are somewhat divergent (73 % identity);
the more 3’ sequence lacking ~ 150 bp relative to the other. The
definition of these repeat units differs somewhat from those
previously identified (16). The element previously referred to
as A corresponds to I-A+I-B,, B corresponds to I-B;, C
corresponds to I-B,+I-A, and D corresponds to repeat II. In
addition, the tandem duplication in section III was not described
in previous publications of sequence from this region, known
variously as R;T,; (41), TBDV3 (24) and R;D; (17). Southern
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blot analysis of kDNA from several different isolates of T. b.
brucei, T. b. gambiense and T. b. rhodesiense indicates that the
variation in the size of the VR between isolates is limited to
sections I and II. Comparison with the limited sequence available
from other isolates suggests that the variation may be due to
differences in the number of repeat and sub-repeat units within
these sections, as suggested by earlier by others (13). The size
differences observed in the VR among different isolates may
prove useful for epidemiological studies. Southern blot analysis
of the appropriate restriction digests of parasite DNA using probes
from sections I and II of the VR ‘would discriminate between
different strains of 7. b. brucei, T. b. gambiense and T. b.
rhodesiense.

The availability of the complete sequence of the T. brucei
maxicircle sheds some new light on possible functions for VR.
The absence of any significant ORFs suggests a role other than
coding for proteins. Other eukaryotic mitochondrial genomes
contain non-coding regions of various sizes (125 bp—20 kb)
which often contain tandemly arranged, repeated sequences.
These regions have, in some cases, been shown to contain signals
for the initiation of replication and transcription (42). It has been
proposed that the VR of the trypanosomatid maxicircle has a
similar function (13). Maxicircle replication has been reported
to occur by a rolling circle mechanism while still attached to the
network (see 19 for review). DNA synthesis of the leading strand
appears to initiate within the VR (20). The ends of the resultant
linear maxicircle molecule are thought to contain repeated
sequences, another hallmark of the VR. The presence of a
replication origin within the VR is strongly supported by the
finding that two of the I-A repeats contain the sequence ACA-
CCAACCCC, which is also found at the putative replication
origin of trypanosomatid minicircles (38,39). The 11 nt
maxicircle sequence forms part of the 13 nt sequence (TTACA-
CCAACCCC) conserved in all T. brucei minicircles, which is
the site of a small gap in replicating minicircles (38). This region
appears to be the site of leading strand DNA synthesis primed
by a small RNA transcript (19). It is perhaps surprising that the
conserved minicircle sequence should be found in the maxicircle,
since the two molecules are thought to replicate by different
mechanisms. Minicircle replication is thought to involve a Cairns
mechanism after detachment from the KkDNA network, in contrast
to the rolling circle mechanism for the maxicircle (19) . However,
it is possible that the shared sequence reflects some commonalty
between these mechanisms. One possibility is that this sequence
serves as a common signal for processing of RNA transcripts
to serve as replication primers, perhaps in a manner analogous
to that for the site-specific ribonucleoprotein endoribonuclease
(RNase MRP) purported to be involved in replication priming
of mammalian and yeast mitochondrial DNA (43 —45). Thus,
a shared activity may suffice to begin replication of both
maxicircle and minicircle DNAs, with subsequent steps differing
between the two. The VR sequence does not appear to contain
the ACGCCC sequence involved in initiation of DNA synthesis
of the lagging strand of minicircles (19), suggesting a different
mechanism is used for this step.

In addition to a potential role in initiation of DNA synthesis
the repeat sequences of section I may also be involved in binding
topoisomerase II, an enzyme known to be involved in replication
of the kDNA network. Repeats I-Bs, I-B, and I-B, show striking
similarity to the consensus topoisomerase II cleavage site, A-box,
and T-box sequences associated with binding of Drosophila DNA
to the nuclear scaffold (40). Perhaps these sequences serve similar
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roles in T. brucei and may be involved in maintenance of kDNA
network structure.

The function(s) of the repetitive sequences in sections II and
III and the non-repetitive sequence in section III remains obscure.
The reiterative nature of the section II repeats and their potential
for secondary structure formation (due to the interspersed A- and
T-tracts), suggest that this region may serve as a protein binding
site. The recent finding that the 12S and 9S rRNAs are processed
from a precursor transcript which extends at least 1200 nt
upstream of the 12S rRNA gene (46) suggests that the promoter
for synthesis of this strand may lie within the VR. The detection
of heterogeneously sized transcripts from most of the VR (see
Fig. 5A and B), and the apparent absence of transcripts from
section II (data not shown) suggest a possible promoter function
for this region. However, resolution of this question awaits further
study.

The function of VR transcripts is unknown. They appear not
to be tRNAs, which are nuclearly encoded (3) and sequence
analysis indicates that the T. brucei VR does not encode gRNAs.
The ND7 and CYb gRNA which are found at the 5’ and 3’
boundaries of the VR in L.tarentolae (10) and C.fasciculata (47)
are not conserved in T. brucei, the latter being found in
minicircles (unpublished data). Similarly, the absence of
significant ORFs suggest they are unlikely to serve as mRNAs.
It is possible that the VR transcripts represent no more than
processing products from primary transcripts which are initiated
within this region.
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