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ABSTBACT 
A 2.76 kb segment of the 12 kb divergent region of the Leishinania 
tarentolae kinetoplast maxicircle DNA consists almost entirely of 
repeated sequences. The repeats can be grouped into six 
families, some of which are present throughout the remainder of 
the divergent region. The repeats are oriented in a head-to-tail 
fashion with the three simplest repeats clustered into large 
arrays. A 47 bp palindrome and two copies of a "supercluster" of 
three different types of repeats are also present in the 
sequenced region. A sequence change in the divergent region is 
described for a clonal strain of la. tarentolae which was passaged 
continuously for several years. The repetitive sequences found 
in the divergent region appear to be appropriate substrates for 
the presumed deletion/insertion/recombination events occuring in 
this rapidly evolving portion of the maxicircle. 

IHTBODDCTTOW 

The mitochondrial DNA (mtDNA) of trypanosomatid protozoa 

consists of a catenated network of approximately 10^ minicircles 

and 20-50 maxicircles (see references 1-3 for review) termed the 

kinetoplast DNA (kDNA). The function of the minicircles is not 

known, although there is recent evidence for possible protein 

coding function of putative minicircle fragments in Crithidia 

(4). The maxicircle is thought to be the informational mtDNA in 

these cells. Cross-hybridization studies (5, 6) have shown that 

the conserved sequences of maxicircle DNAs from different 

species and genera are organized in a basically colinear fashion 

over a 15-17 kb region. The conserved region of the maxicircle 

is extensively transcribed (7-10), and in Leishmania tarentolae 

. (11-13) and Trypanosoma brucei (14-16) contains genes for the 9S 

and 12S rRNAs and open reading frames (ORFs) homologous with 

•cytochrome oxidase subunits (CO) I and II, cytochrome b and human 

unidentified reading frames 4 and 5. One significant difference, 
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however, is the presence of an ORF homologous with the COIII gene 

in the L. tarentolae maxicircle and its apparent absence from the 

T. brucei maxicircle (11, 16). This difference may account for 

one of the two small interruptions of homology between the 

conserved regions of the Li. tarentolae and Xu brucei maxicircles 

as noted by hybridization studies (5). 

Maxicircle sequence evolution occurs predominantly in the 

divergent region. A lack of cross-species sequence homology (5,6) 

and reduced (10) or undetectable levels (5) of transcription 

characterize this portion of the molecule. Divergent region 

length variation is largely responsible for the size differences 

observed between maxicircles of different species (6) and genera 

(5, 6). Length variations of up to 1.5 kb have also been found 

in the divergent regions of maxicircle DNAs isolated from 

different strains of XM. brucei (17). 

Rapidly evolving repetitious sequences may be a common 

feature of the divergent region in maxicircle DNAs from all 

trypanosomatid species. Heteroduplex studies suggested that 

tandemly arranged imperfect repeats are located within the diver­

gent region of the XM. brucei maxicircle (18). Partial denatur­

ation studies performed on the lu. tarentolae maxicircle (8) have 

mapped six A+T-rich segments to the divergent region. In the L,u 

tarentolae as well as the £ L oncopelti maxicircle, pairs of 

identically spaced restriction sites are found repeated in the 

divergent region (19, 20). 

The rapid rate of sequence evolution and the absence of 

transcriptional activity suggests a function other than encoding 

structural genes for the maxicircle divergent region. In the Q,. 
fasciculata maxicircle, the putative origin of replication of the 

leading strand has been mapped to the divergent region (21). A 

less direct approach has also indicated that possible maxicircle 

origin of replication function may be encoded by the divergent 

regions of the lu. tarentolae (22) and £.. oncopelti (cited in. 6) 

maxicircles. In 'both of these cases divergent region fragments 

were found to exhibit autonomous replicating sequence (ars) 

activity in yeast. 

In this report we show by direct nucleotide sequence 

analysis that a 2.76 kb segment of the lu. tarentolae maxicircle < 
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divergent region is composed almost entirely of repetitive 

sequences. The repeats can be grouped into at least six 

different families, the complexity and organization of which 

varies depending on the repeat, we also present evidence of the 

existence of these repeats throughout the remainder of the 12 kb 

untranscribed divergent region. 

BMBRIftW AHB HEaaaBS 
££ll cultiure and kOMA iaolation 

Cultures of lu. tarentolae were grown as previously described 

(23). Cells were harvested at stationary phase and the kDNA 

recovered (24). kDNA networks were purified by banding twice in 

CsCl/ethidium bromide gradients. Full length, linear maxi­

circle DNA was released from the networks by EcoRI digestion and 

isolated by the CsCl/Hoechst 33258 method (25). EcoRI linearized 

maxicircle DNA was digested with Hindlll and the products elec­

trophoresed through 1.0% agarose. The 1846 bp and the 913 bp 

Hindlll divergent region fragments (Lt30 and Lt54, respectively) 

were recovered by electroelution. 

ReBtriction endonuclease dioeationa aoA W h hybridigationa 
Restriction endonucleases were purchased from New England 

Biolabs and Bethesda Research Labs. Digestion conditions were 

those recommended by the supplier. Agarose gel electrophoresis 

and Southern transfer metJiods were as described (5). Hybridiz­

ations were carried out in 0.75 H NaCl, 0.075 H Na citrate, pH 

7.2, 0.2% NaDodS04, 0.5mg/ml sonicated denatured salmon sperm 

DNA, 0.5 mg/ml poly(rA), 0.02% Ficoll, 0.02% polyvinylpyrolli­

dlne, 0.02% bovine serum albumin and 50% formamide (8) at 37°C 

for 18-36 hours. Hybridized filters were washed with multiple 

changes of 0.015 H NaCl, 0.0015 H Na citrate, pH 7.2 at 45°C. 

Probe DNAs were labeled by nick translation (26) with ^^F-dATP 

and ^^P-dCTP to specific activities of approximately 10° cpm/ug. 

DHA Cloning and aequencing 

The Hindlll divergent region fragments Lt54 and Lt30 were 

cloned into the Hindlll sites of the H13 vectors mp8 and mplO, 

respectively. BAL-31 (Bethesda Research Labs) generated H13 mp9 

deletion subclones were constructed for both orientations of the 

Lt30 clone by the method of Poncz s ^ A l . (27). In the case of 
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the Lt54 insert, BAL-31 digestion was carried out on both termini 

simultaneously and the orientations of the resultant deleted 

inserts deduced following cloning into H13 mplO. Portions of the 

initial nucleotide sequence accumulated for the Lt30 fragment was 

obtained from subclones generated by the method of Hong (28). 

DNA sequence analysis was carried out by the dideoxy chain-

termination method of. Sanger £t al. (29) using the technical 

improvements described by Garoff and Ansorge (30) and de la Cruz 

et al. (11). Due to the highly repetitious nature of the 

sequence, aligtunents were determined manually. Computer analysis 

of DNA sequences was performed using the programs of Staden (31) 

and the Los Alamos Sequence Analysis System (32) running on the 

VAX 11/780, and the Pustell and Kafatos programs (33) running on 

the IBM PC. 

BBSOLXS 

Bybridization evidence £oc repetitive aequences throughout £b£ 

maxicircle divergent region 

To test for the presence of repetitive sequences within the 

L. tarentolae maxicircle divergent region, two -^^P-labeled cloned 

divergent region fragments were hybridized to blots of digested 

total maxicircle DNA. The blots in Fig. 1 show that both of the 

H i n d m divergent region fragments, Lt30 and Lt54, hybridize with 

the same set of contiguous fragments representing approximately 

10 kb of the maxicircle divergent region. The 1.5 kb Haelll-

Hindlll fragment (number 8, Fig. 1) does not appear to contain 

sufficient sequence homology with either Lt30 or Lt54 to form 

stable hybrids under these stringent hybridization conditions; 

there is however, preliminary nucleotide sequence data 

(Neckelmann, de la Cruz and Simpson, unpublished results) which 

reveals the presence of a small number of repetitive sequences 

homologous with those present in Lt30 and Lt54. In addition, this 

fragment is also part of the untranscribed portion of the maxi­

circle (5). 

nucleotide sequence an& analysis a£. A portion a£. .tbfi tHYCKgCIlt 
region 

In order to define the nature of the repetitive elements 

giving rise to the hybridization pattern observed in Fig. 1, the 
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Figure 1. Evidence of a repetitive sequence element(s) dispersed 
throughout the divergent region of tiie i,. tarentolae maxicircle. 
(A) Hybridization of the indicated -'^P-labeled Hindlll divergent 
region fragments to blots of digested L*. tarentolae maxicircle. 
The faint hybridization to fragments 1 and 2 is not considered 
significant. (B) The results are diagrammed with the hybridizing 
fragments indicated by hatched marks on the EcoRI linearized 
(30kb) maxicircle. D, Hindlll; H, Haelll; R, EcoRI. See Figs. 1 
and 2 of reference 11 for the genomic organization of the lu. 
tarentolae loaxicircle. 
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AAGCTTGATA CTCTCCGtAT CGTTTTAAAA ATAAATCAAA TTTCATATGG rTTOCGCTTG GAATTGACTG CTOGCCnTT AATTTTCCAT TAAAATCCCA COGATTTATG ATTACACAAC 
240 

TTAAAAGATA A T T A A A T T A A G T T A T T T T C A T A T T A A A A C A A G T T A T T C C C A T A T T A A A A C A A G T T A T T C C C A T A T T A A A A C A A G T T A T T C C C A T A T T A A A A C A A G T T A T T C C C A T A T T A A 

360 
AACAAGTTAT TCCCATAtTA AAATAAATCT TTAAATGACC ACAAATTTTTG ACACAGTTCT ATAAAATTAG ACAAACCTAC TTAAAACTGT CGACAAATCA TATAATTACT ATATGAAATC 

4B0 
GTAGTTAATT AATAAAGCAC AAAAACAAAA TAAATCCAAA ATAAAATCAA ATAAAATOGA AATCAAATAA AATTAAATTT AAAACAAATA AAACOGAAAT TAAATTAAAT TAAATTAAAT 

600 
TAAATTAAAT TAAATTAAAT TAAATTAAAT TCAAAACAAA TAAAATCCAA AACAAATTAA AATAATTTTA CAAAATTGAC AAACTTCTAC TTAGAAACAT TGACAAA1TA TATACTTACT 

720 
ATATGAAATC GTAGTTAATT AATAAATTAC AAAAACAAAA TAAATCCAAA ATTAAATTAA ATTAAATTAA ATTAAATTAA AATAAATTAA ATTAAAATTA AATTCAAAAC AAATAAAATC 

040 
CAAAACAAAT AAAATACUA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTCAA AACAAATAAA ATTaAAACG AATAAAAGCC AAAACAAATT AAAATAAATT TTGACAGACA 

960 
GTTTCACAAA A T T G A C A A A C T T G T A C T T A G A A A T A T T G A C A A A T T A T A T A A T T A C T A T A T G A A A T O G C A G T T A A T T A A T A A A T T A C A A A A A C A A A A T A A A T C C A A A A T T A A A T T A A A T T A 

1000 
AATTAAATTA AATTAAATTA AATTAAATTA AATTAAATTA AATTAAATTA AATTAAATCA AAATTAAATT CAAAACAAAT AAAATCCAAA ACAAATACAA ATTAAATTAA ATTAAATTAA 

1200 
ATTAAATCU AAITAAATTC AAAAOIAATA AAATCOtAAA CGAGnAAAG COtAAAOtAA TTAAAATAAA TTTTGACACA CATTCOICAA A A T K K M A CTTCTACTTA GAAATATTGA 

1320 
CAAATCATAT A A T T A C T A T A T G A A A T C G C A G T T A A T T A A T A A A T T A C A A A AACAAATAAA TCCAAAATAA AATCAAATAA AATOGAAATT AAAAAAAATT AACTTTAAAA CAAATAAAAC 

1440 
CCAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTAAA TTAAATTCAA AACAAATAAA ATOGAAATTA 

1S60 
AAAATAAAAA A A T T A A A A T A A A A A C T A A A A T C A A A T C A A A A T T A A A A A A T A A A T T G A A A T A A A A T T T G A A T A A A A A A A T T A A C A A A A A T C T G C A A A G A C C C C T A T A A T A T A T A A T A T A T A 

1600 
ATATATAATA T A A T A A A T A A T A T A A T A A T A T A A T A A T A T A T A T A A T A A T A T A A T A A T A A T A T A A T A A T A T A A T A A T A T A A T A T A A T A T A A T A A T A T A A T A A T A T A A A T A A T A T A A T A A T A 

1000 
TAATAATATA A T A A T A T A A T A A T A T A A T A A TATAATAATA TAATAATATA ATAATATAAT AATATAATAA TATAATAATA TAATAATATA ATAATATAAT AATATAATAA TATAACAATA 

, , 1920 
TAATAATATA ATAATATAAT AATATAAATA ATATAATAllr ATCAAGCTTG TTATAAAAAA CTATCTTTTT TATAACAACA TTQATMCTCT OGGTATGCTT TTAAAAATAA ATCAAATTTG 

I : ^ 2040 
ATATSGTTTC GGCTTGGAAT TGACTGCTCC CCTTTTAATT TTCCATTAAA ATCCCACGGA TTTATGATTA GACAACTTAA AAGATAATTA AATTAAGTTA TTTTCATATT AAAACAAGTT 

2160 
ATTCCCATAT T A A A A C A A G T T A T T C C C A T A T T A A A A C A A C T T A T T C C C A T A T T A A A A C A A G T T A T T C C C A TATTAAAACA AGTTATTCCC ATATTAAAAT AAATCTTTAA ATGACCACAA 

2200 
ATTTTGACAG A G T T C T A T A A A A T T A G A C A A A O G T A C T T A A A A C T G T C G A C A A A T C A T A T A ATTACTATAT GAAATCGTAG TTAATTAATA AATTACAAAA ACAAAATAAA TCCAAAATTA 

2400 
AATTAAATTA AATTAAATTA AATTAAATTC AAAACAAATA AAATCCAAAA CAAATAAAAT ACAAATTAAA TTTAAAACAA ATAAAACGSA AATTAAATTA AATTAAATTA AATTAAATTA 

2520 
AATTAAATTA AATTAAATTA AATTAAATTA AATTAAATTA AATTCAAAAC AAATAAAAGC CAAAACAAAT TAAAATCATT TTCGGTAAAT TTTGACAGAA ATTTTACAAA ATTGACAAAC 

2640 
TTGTACTTAG AAATATTQAC AAATTATATA GTTACTATAT GAAATCGTAG TTAATTAATA AATTACAAAA ACAAAATAAA TCCAAAATTA AATTAAATTA AATTAAATTA AATTAAATTA 

2760 
AATTAAATTA AATTAAATTA AATTAAATTA AATTCAAAAC AAATAAAATC CAAAACAAAT AAAACCGAAA ACAAATTAAA ATAAATTTTti ACAGACAGTC CCKCAAAATT CACAAGCTT 

Figure 2. Nucleotide sequence of a portion of the lu. tarento lae 
maxic irc le divergent region. (A) the sequence was obtained from 
a s e r i e s of overlapping BAL-31 subclones of the Lt30 and Lt54 
H i n d m fragments (Fig. 1) using the Sanger dideoxy-chain 
termination method. The r e l a t i v e orientat ion and cont iguity of 
Lt30 and Lt54 was es tabl i shed by sequencing the termini- of the 
internal 1875 bp S a i l fragment. (B) nucleot ide sequence of the 
2759 bp which comprise the Lt30 and Lt54 fragments. The box 
indicates the pos i t ion of a 47 nucleot ide (21 bp stem) 
palindrome. 

nucleot ide sequence of the Lt30 and Lt54 Hindll l divergent region 
fragments was determined. The complete sequence of the Lt30 and 
Lt54 fragments as we l l as the sequencing strategy employed are 
shown in Fig. 2. Nucleotide pos i t ion number one i s downstream 
of the HURF5 gene of the conserved, transcribed portion of the 
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Figure 3. Evidence of the c lus tered organization of the simple 
repeats within the L.. tarentolae maxicircle divergent region. 
Staden DIAGON ana lys i s of the Lt30-54 divergent region sequence. 
The 2759 nuc leot ides was run versus i t s e l f using the perfect 
match algorithm with span lengths (L) and minimal scores (S) of 
(A) L=5, S=5; (B) L= l l , S = l l ; (C) L=21, 8=21; (D) L=35, S=35. 

maxic irc le , and nucleot ide number 2759 i s upstream of the 12S 
rRNA gene (11). 

A DIAGON (31) dot matrix homology search of the Lt30-54 
divergent region sequence run versus i t s e l f i s shown in Fig. 3. 
The box structures residing on and dis tr ibuted symmetrically 
about the l i n e of i d e n t i t y are i n d i c a t i v e of a head t o t a l l 
c lus tered organization of r e p e t i t i v e sequences. As the 
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Table 1. Consensus Nucleotide Sequences and Frequency of 
Appearance of Repeating Elements in the Lt30-54 Segment of 
the L. tarentolae Maxicircle Divergent Region. 

Repeat 

A 

B 

C 

D 

E 

F 

Consensus Nucleotide Sequence 

AATAATAT 

AAATT 

33-239 nt^ 

149 nt** 

ATATTAAAACAAG TTATTCCC 

ACAAATTTTGACAGAG TTCTATAAA 
ATTAGACAAAOGTACTTAAAACTGTC 

29 

103° 

10 

2 

10 

2 

a. See Fig . 5 for nucleotide sequences 
b. nt 1-149 and 1877-2026, Fig. 2 
c. Number of repeating elements present in c lus t er s of f i v e 

or more contiguous units 

stringency of the homology search i s increased, the tandem head 
to t a i l arrangement of the type-A, -B and -E (Table 1 and Fig. 4) 
repeat family monomeric units becomes apparent. The c lustered 
arrays of repeats account for approximately 3 8% of the Lt30-54 
sequence. The remainder of the 2759 bp i s composed almost 
e n t i r e l y of repeated sequences of greater sequence complexity and 
dispersed organization. The d i s t r ibut ions of the various repeat 
f a m i l i e s are presented in Fig. 4. Table 1 shows the consensus 
nucleot ide sequences and the frequency of appearance of the 
r e p e t i t i v e elements in t h i s portion of the divergent region. 

The monomeric unit of the type-B repeat, which i s the 
s implest r e p e t i t i v e element ident i f i ed , i s AAATT. This sequence 
i s found c l u s t e r e d i n nine head to t a i l arrays ranging i n s i z e 
from f i v e to nineteen monomeric units (Fig. 4B). The e l even unit 
c lu s t er at nucleot ide pos i t ion (nt), 649-704 contains a small 
degree of degeneracy within two of the r e p e t i t i v e uni ts . The 
nine type-B repeat c l u s t e r s g ive r i s e to the box structures 
representing the majority of the pattern symmetry in the dot 
matrix in Fig. 3 , as can be seen by comparing the pos i t ions of 
the type-B c l u s t e r s on the l i n e of ident i ty in Fig. 3 with their 
pos i t ions in Fig. 4. Approximately 32% (49 of 152), of the t o t a l 
type-B monomeric units are found dispersed throughout the Lt30-54 
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Figure 4. Dlagramatlc representation of the d i s tr ibut ion of the 
various types , -A, -B, -C, -D, -E, -F and -G, of r e p e t i t i v e 
sequences comprising the Lt30 and Lt54 fragments of the L. 
tarentolae maxicircle divergent region. The boxes in G represent 
unique sequences in t h a t they are each present on ly once i n the 
ent i re 2759 bp. The arrow indicates the two f o l d ax i s of 
symmetry of the 47 nucleot ide palindrome (Fig. 2). 

sequence as components of other repeat fami l i e s . These dispersed 
type-B repeats are not included in Fig. 4 in order to simplify 
the presentation. 

The remaining simple, pure A+T repeat, AATAATAT (Fig. 4A), 
i s present in a l a r g e head to t a i l c l u s t e r at nt 1543-1825. The 
sequence in tegr i ty of the monomeric unit degenerates at the Lt54 
d i s t a l terminus of the c l u s t e r and a s i n g l e G:C base pair i s 
found at pos i t ion 1796. There are no addit ional large c l u s t e r s 
of t h i s type-A repeat present within th i s portion of the d iver ­
gent region; however, at l e a s t one addit ional c lus ter i s found 
outside of th i s region in the 1.5 kb Hael l l -Hindl l l fragment 
(fragment 8 in Fig. 1) (Neckelman, de l a Cruz and Simpson, 
unpublished r e s u l t s ) . 

The type-E repeat i s the most complex c lus tered repeat 
found. The 21 bp monomeric unit shown in Table IE i s organized 
i n t o a head t o t a i l c l u s t e r of f i v e p e r f e c t u n i t s (nt 150-254 and 
2026-2130) fol lowed by a s i n g l e degenerative repeat (nt 255-280 
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S 120 

240 

360 
-CACAAATCA TATAATTACT ATATGAAATC 

480 
GTAGTTAATT AATAAAGCAC AAAAACAAAA TAAATCCAAA ATAAAATCAA ATAAAATOGA AATCAAATAA AATTAAATTT AAAACAAATA AAACCG 

600 
CAAAACAAA TAAAATCCAA AACAAATTAA AATAATTTTA CAAAATTGAC AAACTTGTAC TTAGAAACAT TGACAAATTA TATAGTTACT 

720 
ATATGAAATC GTAGTTAATT AATAAATTAC AAAAACAAAA TAAATCCA CAAAAC AAATAAAATC 

840 
CAAAACAAAT AAAATAC CAA AACAAATAAA ATTCAAAACG AATAAAAGCC AAAACAAATT AAAATAAATT TTGACAGACA 

960 
GTTTCACAAA ATTGACAAAC TTGTACTTAG AAATATTGAC AAATTATATA ATTACTATAT GAAATCGCAG TTAATTAATA AATTACAAAA ACAAAATAAA TCCA 

1080 
AAATCA AAATTAAATT CAAAACAAAT AAAATCCAAA ACAAATAC 

1200 
AAATCAA AATTAAATTC AAAACAAATA AAATCCAAAA CGACTAAAAG CCAAAACAAA TTAAAATAAA TTTTGACAGA CATTCCACAA AATTGACAAA CTTGTACTTA GAAATATTGA 

1320 
CAAATCATAT AATTACTATA TGAAATCGCA GTTAATTAAT AAATTACAAA AACAAATAAA TCCAAAATAA AATCAAATAA AATOGAAATT AAAAAAAATT AAGTTTAAAA CAAATAAAAC 

1440 
CC 

1560 

1680 

1800 

1920 

2040 

2160 

2280 

2400 
— GAC AAATCATATA ATTACTATAT GAAATCGTAG TTAATTAATA AATTACAAAA ACAAAATAAA TCCA-

-C AAAACAAATA AAATCCAAAA CAAATAAAAT ACAAATTAAA TTTAAAACAA ATAAAACOG 
2S20 

CAAAAC AAATAAAAGC CAAAACAAAT TAAAATCATT TTCCGTAAAT TTTGACAGAA ATTTTACAAA ATTGACAAAC 
2640 

TTGTACTTAG AAATATTGAC AAATTATATA GTTACTATAT GAAATCGTAG TTAATTAATA AATTACAAAA ACAAAATAAA TCCA 
2760 

CAAAAC AAATAAAATC CAAAACAAAT AAAACCGAAA ACAAATTAAA ATAAATTTTG ACAGACAGTC CCACAAAATT GACAAGCTT 

Figure 5. Display of the 2759 nucleot ide pos i t ions of the Lt30 and Lt54 Hindl l l divergent 
region fragments. Only the nucleot ide sequences of the type-C family repeats are presented. 
Al l other nucleot ide pos i t ions are represented by a dash ( - ) . 
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and 2131-2156). Surrounding the type-E c l u s t e r s in the same 
r e l a t i v e pos i t ions are the 149 bp type-D repeats (nt 1-149 and 
1877-2025) and the 51 bp type-F repeats (nt 281-331 and 2157-
2207). These two repeats, types-D and -F, l i k e the type-E 
c l u s t e r are present only once i n each of the two H i n d l l l f r a g ­
ments sequenced. In teres t ing ly , these repeats and portions of 
two C family repeats appear to be organized into a "supercluster" 
which i s i t s e l f repeated at nt 1-402 and 1877-2278. 

The type-C sequences (Fig. 4C) represent the most complex 
fami ly of r e p e a t s . Members of t h i s fami ly range in s i z e from 33 
to 239 bp (Fig. 5) , and are found interspersed between the type-B 
family c l u s t e r s and adjacent to the two type-F repeats. The 
organization of these type-C sequences cons i s t s of homologous 
sequence blocks of var iable s i z e s which are found repeated in 
di f ferent arrangements in the 10 members of t h i s family. Fig. 4C 
and F ig . 5. 

There are two s tretches of divergent region sequence (nt 
1418-1542 and 1826-1876), which are unique in the Lt30-54 seg­
ment. For convenience they are l i s t e d as the type-G family in 
Fig. 4. These two sequences bear no s ign i f i cant homology with 
the various repeat fami l i e s or with each other. The 51 bp 
sequence (nt 1826-1876) contributes to a 47 bp palindrome that 
can be drawn with i t s dyad ax i s at pos i t ion 1863 (Fig. 2) and 
which includes 10 bp of the adjacent type-D repeat. Since the 
nucleot ide sequence of the ent ire divergent region i s not known, 
i t i s p o s s i b l e tha t both the 125 bp and the 51 bp sequences are 
not unique and that they are repeated elsewhere in the divergent 
region (Fig. 8 ) . 

Computer trans la t ion of the Lt30-54 sequence was carried out 
using a modified universal genet ic code in which TGA codes for 
tryptophan (11). Numerous ORFs were found, of which the longest 
was 164 amino a c i d s , l o c a t e d at nt 860-1354 on the r e v e r s e 
complement of the sequence presented in Fig. 2. This sequence 
encompasses the ent ire type-A repeat c lus t er and as a r e s u l t the 
ORF i s composed predominantly of i so l euc ine , leucine and tyrosine 
residues. Considering the apparent lack of transcript ion of the 
lu. tarento lae divergent region (5) and the repet i t ious nature of 
the sequence presented here, i t seems unl ike ly that the ORFs 
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Figure 6. Distribution of r e p e t i t i v e sequences throughout the 
maxicirc le divergent region. (A) The 14.5 kb EcoRI-Mspl L. 
tarento lae maxicircle fragment was digested with Hael l l and 
H i n d m and electrophoresed through 1.2% agarose. (B) Hybridi­
zat ion of the 361 bp (sm) and the 552 bp (Ig) ^'••?-\Q^e.\&^ 
Hind l l l -Sa l l subfragments of Lt54 to b l o t s of the d iges t s in (A). 
(C) The hybridizing fragments in (B) are indicated by hatched 
marks on the diagram of the 14.5 kb EcoRI-MspI lu. tarentolae 
maxic irc le fragment. The apparent low l e v e l hybridization to 
fragment 3 i s due to a s l i g h t l y larger part ia l d igest ion product 
composed of fragments 4 and 5. D, H i n d l l l ; H, H a e l l l ; H, Mspl; R, 
ECORI. M, marker DNAs: H i n d m digested lambda DNA and Haell l 
digested jtel74 RF DNA. 
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encoded by the Lt30-54 segment specify proteins In vivo. 

Distribution ££ xsQsat families thKpwghoHt tb£ entire tlAveKgent 

At least five types of repeats, type-B, -C and the super-

cluster of repeat types-D,-E and-F, exist within both the Lt30 

and Lt54 Hindlll fragments of the divergent region. Furthermore, 

the hybridization results in Fig. 1 indicate that the two 

Hindlll+EcoRI fragments adjacent to Lt54 in the divergent region 

also contain at least one of these five repeat families. The 

distribution of divergent region sequences homologous with the 

type-D-E-F supercluster sequences and the type-B and type-C 

repeats is presented in Fig. 6. The 361 bp Hindlll-Sall restric­

tion fragment of the cloned Lt54 insert (Fig. 4), which contains 

the type-D-E-F supercluster, and the 552 bp Hindlll-Sall Lt54 

fragment, which contains type-B and type-C repeat sequences, were 

used-to probe digests of the 14.5 kb EcoRI-MspI maxicircle frag­

ment which encompasses almost the entire divergent region. Each 

probe hybridized to the same four bands, representing approxi­

mately 10 kb of the divergent region, indicating that the two 

largest divergent region digest products (fragments 1 and 2, Fig. 

6C} contain at least some portion of the D-E-F supercluster and 

at least some portion of either the type-B and/or type-C repeat 

sequences. 

Sequence changes xitbiji £b£ divergent region £aa l2£ s S S a BSSS. SU 
11 year period 

kDNA network preparations from an initially cloned strain 

of lu. tarentolae were available from cultures passaged 

continuously over an 11 year period (1973-1984). The cells, 

which divide every 9-12 hr, were subcultured every 4-7 days, and 

viable samples were frozen in liquid nitrogen periodically for 

later retrieval. The hybridization of a •^^P-labeled Lt30 fragment 

with a blot of Sail digested kDNA networks which had been 

isolated from cells of the indicated year is shown in Fig. 7. 

The 1973 profile is comprised of the four expected Sail fragments 

(19), all of which contain sequences homologous with the 

divergent region probe. The products of the 1984 digest include 

in addition to the four expected Sail fragments, a 1.7 kb 

fragment (arrow, Fig.7B) which also hybridizes with the divergent 
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Figure 7. Sequence changes within the maxicircle divergent region 
occurring within an eleven year culture period. (A) Approxi­
mately 4.5 ug of kDNA networks from L. tarentolae cells of the 
indicated year were digested to completion with Sail and 
electrophoresed through 1.2% agarose. (B) Hybridization of '̂ P̂-
labeled Lt30 probe with the blot of the digests in (A). The 
arrows indicate the position of the recently appearing Sail 
restriction fragment. N, marker DNAs: H i n d m digested lambda 
DNA and Haelll digested ;^X174 RF DNA. 

region probe. The low relative autoradiographic signal intensity 

of the 1.7 kb band suggests that a reduced number of divergent 

region homologous sequences are available for hybridization with 

the probe. Examination of the ethidium bromide-stained kDNA 

digests indicates that this fragment is at a significantly lower 

concentration in the kDNA network isolates relative to the other 
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I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' * * * * * * * * * * * * * * * * * * * * * * 
GAATTCAAAA CAAATAAAAC CCAAAACAAA TAAAATCCAA ATTAAATTAA ATTAAATTAA 60 

— ^ 
********** ******* ** ***' 

ATTAAATTAA ATTAAAAACA AATTTCGTTG ACACAACTTT TAACAATTTG TTTCATATAT 120 

AATCTAAATT TTTGTTGTTG CTTGTTTTAT ACGGAAAAGT TTGTAATATT ATTTTTACTT 180 

TTAAGTAAAA GTTTAATTTA TGTTTTAATT TTATTTATAA ACTACAATCA ATAAAATATA 240 

I * * * * * * * * * • * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

GAAAAGCTTA TTTATGATAT AATACAATAC CACATGATTA TAAAAATATT AATTATAATA 300 

* * * * > '*** *** **** ********* 

ATATTTACAC TATTTATTAA AAGTTAGTAA AAAGGAAATA GAAATAAATA ATCATACTCC 360 

ATATTTATTA ATTATTTTTC TACACTTGTA AAAATATAGA ATATATTTAT TTTTATAGTG 420 

TAATTATAGT ATTAAAA 

Figure 8. Nucleotide sequence of the 437 bp portion of the L. 
tarentolae maxicircle extending from the unique EcoRI site to the 
5' terminus of the 12S rRNA gene (13). Nucleotide identities 
with the Lt30-54 divergent region sequence are indicated by 
asterisks {*). One character pads were inserted at positions 285 
and 292 to achieve maximum alignment of homologous sequences. 
A, B, c and G indicate the type of repeats (Table 1) with which 
the bracketed sequences are homologous. 

four Sail cleavage products (arrow. Fig. 7A). Sail digestion of 

isolated EcoRI linearized maxicircle DNA indicates that this 1.7 

kb fragment is a component of the maxicircle genome (data not 

shown) and not a minicircle catenane. 

The 1.7 kb divergent region-homologous Sail fragment may 

have arisen through either the appearance of a new Sail recogni­

tion site or by a sequence change of a larger magnitude. The 

appearance of an additional Sail site within any of the three 

largest Sail cleavage products (22.5 kb, 4.2 kb, 1.9 kb and 1.4 

kb) could yield a 1.7 kb fragment upon digestion. However, the 

cognate Sail fragment (20.8 kb, 2.5 kb or 0.2 kb) expected to be 

generated by cleavage at the newly appearing site has never been 

observed; hybridization of ̂ ^p.^gbej^g^ Lt30 probe with blots of 

Sail digested 1973 and 1984 kDNAs which had been electrophoresed 

through 2% agarose failed to detect any of the expected cognate 

bands (data not shown). 

The autoradiograph in Fig. 7 reveals that both the 1981 and 

1983 digests contain the 1.7 kb divergent region-homologous 
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band, but at significantly lower concentrations as compared with 

the 1984 results. Heterogeneity within the cell population or at 

the level of the kDNA networks is the most likely cause of the 

nonstoichiometric level of the 1.7 kb band and the increase in 

the relative copy number of this sequence as a function of time 

in culture. 

PAveyggnt s M conserved region junction 

The highly conserved sequence of the 12S rRNA gene defines 

the terminus of one end of the divergent region. The 437 bp 

extending upstream of the 12S rRNA gene to the unique EcoRI site 

hybridizes with divergent region probes only under non-stringent 

conditions (data not shown). This region lacks detectable 

transcriptional activity (8) and contains open reading frames no 

larger than 52 predicted amino acids. The results of a search of 

this sequence (previously published, 13) for homologies with the 

sequence of the Lt30 and Lt54 divergent region fragments are 

presented in Fig. 8. The most extensive homology, nt 2-83, is 

to sequences of the type-B and type-C repeat families. A cluster 

of seven type-B repeats is found abutting a type-C repeat 

sequence in a fashion similar to that observed in both the Lt30 

and Lt54 fragments. At positions 253-304 a degenerative homology 

exists with the type-A repeat cluster of the Lt30 fragment. 

Interestingly, 18 of the 21 nucleotides at positions 328-348 are 

homologous with one of the "unique" regions (nt 1483-1503) of the 

30 fragment, implying that this sequence may also be repeated in 

the divergent region. 

PISCOSSIQH 

Our results clearly demonstrate the existence of repeated 

sequences throughout the entire 12 kb lu. tarentolae maxicircle 

divergent region. Nucleotide sequence analysis of the two diver­

gent region fragments, Lt30 and Lt54, shows that a diverse group 

of repeated sequences occupy this portion of the divergent re­

gion. The complexity of these repeats ranges from 5 to 239 bp. 

All of the repeats were found oriented head to tail and to be 

organized in either a clustered (types-A, -B and -E) or a disper­

sive (types-C, -D, -F and -G) fashion. The approximately 360 bp 

D-E-F superclusters are bracketed at one end by a Hindlll site 
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and at the other end by a S a i l s i t e . The r e s t r i c t i o n map of the 
L. tarentolae maxic irc le (19) shows two addi t ional , s i m i l a r l y 
spaced and oriented, H ind l l l -Sa l l pairs located between the Lt30-
54 segment and the 12S rRNA gene. Based on the r e s u l t s presented 
here, i t seems l i k e l y that these two (12S gene proximal) Hindl l l -
S a l l fragments a l so contain D-E-F superclusters with the same 
sequence po lar i ty as those in the Lt30-54 region. A further 
expectation from these data i s the assoc iat ion of the D-E-F 
supercluster with the type-B and the complex type-C repeats 
throughout the maxicircle divergent region. Our r e s u l t s a l s o 
suggest that the s ix denaturation bubbles (A+T-rich regions) 
previously i d e n t i f i e d in the L. tarentolae divergent region (8) 
probably correspond to large c l u s t e r s of type-A or -B or some 
other high A+T repeat. Analysis of the published 437 bp nucleo­
t ide sequence d i r e c t l y upstream of the 12S rRNA gene (13) a l s o 
revealed the presence of sequences with homologies to repeat 
types-A, -B, -C and -G. Furthermore, preliminary sequence data 
from the portion of the divergent region upstream of the Lt30 
fragment (fragment no. 8, Fig. 1) indicates the presence of 
repeats of the types-A, -B and -G (Neckelmann, de l a Cruz and 
Simpson, unpublished data). 

The extens ive var iat ion among trypanosomatid protozoa of 
divergent region s i z e and sequence and the lack of appreciable 
homology with d i scre te , s t a b l e RNAs makes i t un l ike ly that the 
divergent region encodes structural genes. Borst jgt a l . (17) 
have suggested, on the bas is of s tudies of divergent region s i z e 
var ia t ion in the maxicircle DNAs of di f ferent s tra ins of SM. 
brucei. that the divergent region may be analogous to the A+T-
rich untranscribed region of Drosophila mtDNA that i s known to 
contain an origin of rep l i ca t ion . While the T. brucei divergent 
reg ion i s apparent ly no more A+T-rich than the r e s t of the maxi­
c i r c l e (18), the L. tarento lae divergent region does contain long 
s tretches of pure, or nearly pure, A+T sequence. Functional 
proof of a divergent region l o c a l i z e d or ig in of rep l i ca t ion i s 
lacking; however, the A+T-rich regions and d irec t repeats of the 
Lt30-54 segment are consistent with features common to many 
bacter ia l and phage rep l i ca t ion or ig ins (34). Of further i n t ­
erest i s the presence of a 47 bp palindrome (nt 1840-1886) which 
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overlaps the 30 and 54 fragments in the divergent region. In 

addition we previously showed that the Lt30 fragment exhibits ars 

activity in yeast (22); the Lt54 fragment, however, has not yet 

been tested. Hajduk £t s l - (21) have also presented evidence 
suggesting that the origin of leading strand synthesis in the 

maxicircle of C. fasciculata is located in the divergent region. 

The existence of rapidly evolving repetitive sequences 

within the divergent region could account for the lack of cross-

species sequence homology as well as for the great variation in 

size of this portion of the maxicircle. The type-C repeats, 

which are the most complex family of repeats identified within 

the Lt30-54 segment, may represent an example of extensive 

sequence variation occurring within a L*. tarentolae divergent 

region repeat family, individual members contain blocks of se­

quence with varying degrees of homology to sequences of other 

members of the family. The different juxtapositions of these 

homologous sequence blocks among the various family members could 

be explained by deletion or duplication events occurring as the 

result of the misalignment of repetitive sequences, leading to an 

unequal recomblnational exchange (35, 18). The divergent region 

sequence change we have identified in the L*. tarentolae 

maxicircle (Fig. 7) may represent the product of such an unequal 

exchange. 

In conclusion, although the details of the mechanism 

responsible for the rapid rate o£ maxicircle divergent region 

sequence evolution remain unclear, numerous data suggest that 

repetitive sequences are involved in the process. 
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