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ARSIRACT

A 2.76 kb segment of the 12 kb divergent reglon of the Leighmania
tarentolge kinetoplast maxicircle DNA consiste 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
fagshion with the three simplest repeats clustered into large
arrays. A 47 bp palindrome and two coples 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 L, 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/ingertion/recombination events cccuring in
this rapidly evolving portion of the maxicircle,

JINIRODUCTION
The mitochondrial DNA (mtDNA) of trypanosomatid protozoa

consists of a catenated network of approximately 104 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 ia 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
gpecies 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 95

and 125 ¢RNAs and open reading frames (ORFs) homologous with
1 Cytochrome oxidase subunits (CO) I and I1I, 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, 186). This difference may account for
one of the two small interruptions of homology between the
conserved regions of the L, tarentolae and T, bruceil maxicircles
as noted by hybridization studies (5).

Mazicircle 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 variatione of up to 1.5 kb have also been found
in the divergent regions of maxicircle DNAs isolated from
different strains of T. 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 T. brucei ma‘xicircle (18), Partial denatur-
ation studies performed on the L. tarentolae maxicircle {8) have
mapped six A+T-rich segments to the divergent region., 1In the L.
tarentolae as well as the C, oncopelt] 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. 1In the (.
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 L. tarentolae (22) and C. oncopelti {(cited in. )
mazxicircles, In -both of these cases divergent region fragments
were found to exhibit autonomoue replicating sequence (ars)
activity in yeast.

In this report we show by direct nucleotide sequence
analysis that a 2,76 kb segment of the L, tarentolac 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,

Cell culture nnd lmn isolation

Cultures of L, tarentolae were grown ags previously described
{23), Cells were harvested at stationary phase and the kDNA
recovered (24). KkDNA networks were purified by banding twice in
CaCl/ethidium bromide gradients. Full length, linear maxi-
circle DNA was released from the networks by EcoRI digestion and
igolated by the CsCl/Hoechst 33258 method (25}, EcCORI linearized
maxicircle DNA was digested with HindIII and the products elec-
trophoresed through 1,08 agarogse. The 1846 bp and the 913 bp
HindIII divergent region fragments (Lt30 and Lt54, respectively)
were recovered by electroelution.
Bestriction endonuclease digestiops and DEA hybridizations

Restriction endonucleases were purchased from New England
Biolabs and Bethesda Research Labs, Digestion conditions were
those recommended by the supplier. Agarose gel electrophoresis
and Souvthern transfer methods were as described (5). BHybridiz~
ations were carried out in 0,75 M NaCl, 0.075 M Na citrate, pH
7.2, 0.2% NaDodSG,, 0.5mg/ml sonicated denatured salmon sperm
DNA, 0.5 mg/ml poly(ra), 0.02% Ficoll, 0,02% polyvinylpyrolli-
dine, 0.02% bovine serum albumin and 50% formamide (8) at 37%¢
for 18-36 hours. Hybridized filters were washed with multiple
changes of 0.015 M Nacl, 0.0015 M Na citrate, pH 7.2 at 45°c¢.
Probe DNAs were labeled by nick translation (26) with 32p-garp
and 32p-dcTP to apecific activities of approximately 108 cpm/ug.
DNA cloning and sequencing

The HindIII divergent region fragments Lt54 and Lt30 were
cloned into the HindIIT sites of the M13 vectors mp8 and mplo,
regpectively. BAL-31 (Bethesda Research Labs) generated M13 mp9%
deletion subclones were constricted for both orientations of the
Lt30 clone by the method of Poncz et al. (27). In the case of
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the Lt54 insert, BAL-31 digestion was carried out on both termini
simul taneously and the orientations of the resultant deleted
inserts deduced following cloning into M13 mpl0. Portions of the
initial nuclecotide sequence accumulated for the Lt30 fragment was
obtained from subclones generated by the methcd of Hong (28).

DNA sequence analyeis was carried out by the dldeoxy chain-
termination method of Sanger et 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, alignments were determined manually. Computer analysis
of DNA aequenbeé wae 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.

RESULTS
Hybridization evidence for repetjtive sequences throushout the
icircle di I -

To test for the presence of repetitive sequences within the
L. tarentolae maxicircle divergent region, two 32P71abe1ed cloned
divergent region fragments were hybridized to blots of digested
total maxicircle DNA, The blots in Fig., 1 show that both of the
HindII1 divergent region fragments, Lt30 and Lt54, hybridize with
the same set of contiguous fragments representing appfoximately
10 kb of the maxicircle divergent region. The 1.5 kb HaelII-
RindIII 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).
Hucleotide sequence and analyais of a4 portion of the divergent
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 til L. tarentolae maxicircle,
(A) Bybridization of the indicated 3 -labeled HindIII 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, BindIII; H, HaeIXl; R, EcoRI. See Figs. 1
and 2 of reference ll for the genomic organization of the L.

tareptolae maxicircle,
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AAGCTTGATA CICTCGGTAT GGTTTTAAAR ATAMATCAAM TITGATATGG TTTOGGCTTG GAATTGACTG CTOGCCTYTT ANTTTTCCAT TAAMATCCCA CCIATITATG lﬁmlﬂ:?
TTARMAMATA ATTAAMTTAR CTTATTITCA TATTARANCA AGTTATTCOC ATATTARAAC AAGTTATTCC CATATTAMAA CAMGTITATTC CCATATTAAA ACAAGTTATT CECATN!?:%
AACAAGTIAT TCCCATATTA AMATAAATCT TTAAATGACC ACRAATTTTG ACAGACTTCT ATAAMATTAG ACAAACGTIAC TTAAAACTGT CGACAARTCA TATAATTACT ITINAM!C
GTAGTTAATT ARTAMAGEAC AMMARCARAN TARATCCAMA ATARANTCAA ATAMAATOOM ANTCAAATAR AATTAMATTT RAANCAAATA AAACOGARAT TARATTAAAT TAAIT!IANT
TAARTTAART TAANTTAAAT TAANTTAAAT TCAAMACAAA TARAATCCAA AACAANTTAA AATAATTTTA CAMMATTGAC AAACTTGTAC TTAGAMACAT TGACARATTA 'l'l'lnﬂm
ATATAARATC GTAQTTAATT AATAMATTAC AAAMACAAAA TAANTCCARA ATTAAATTAM ATTAMATTAA ATTAAATTAA MATAANTTAR NTTARMAATTA ANTTCAAARC Alaflﬂallt
CAARACAAAT ARAATACAAA TTAANTTAAA TTAAXTTAAA TTAAATTAAM TTAMATTCAR AACARATARA ATTCAMAACG ARTARAAGCC AMANCAAMNIT MAARTARNTT mm::::
GTTTCACAAA ATTGMAMMAC TTGTACTTAG MAANTATTGAC MATTATATA ATTACTATAT GAMATOGCAG TTAATTRATA ARTTACAAAR ACARMATAAA TCCAARATTA MﬂM:m
AATTAARTTA AATTAANTTA AATTAAATTA MATTAAATTA AATTAAATTA ARTTAAATCA ARATTAAATT CAARACAAAT AAAATCCAAR ACAAATACAA ATTAARTTAA ATTAAATTAA

1290
ATTAMAYCAR AATTAMATTC AARACAAATA AAATCCAAM C(GAGTRAAAG CCAAAACAAL TTAAMIMA 7TT WCALA AA CTIGTACTTA Gmflﬁ:s

GARATCATAT ANTTACTATA TGAAATCGCA GTTAATTAAT AANTTAGAAR AACAANTARA TUCRAAATAA ARTCARATAA AATCGARATT ARAAAAAATT ANGTTTAAM mﬂam:
CGARATTARA TTAARTTAAA TTAARTTARA TTAAATTAMA TTAMATTAAR TTAMUITAAM TTAARTTAAA TTAAATTAAA TTAMATTAAR TTAAATTCAN AACAARTAMA Iﬂtﬂlﬁ:;za
AMAATAARAR ANTTARARTA AAAACTAAMA TCARATCAAA ATTARAAAAT ARATTGAAAT MAMMTTTGAA TAAMAAMATT AACARAMATC TOCAMAGACC COTATAMTAT ATAATATATA

NPATATAATN TAATARATAA TATANTAATA TANTAATATA TATAATAATA TAATAATAAT ATAATAATAT AATAATATAR TATANTANTA
TAERATATA ATAATATART TAATAATATA ITAL TATAATAATA TAATAATATA ATAR! e
TARTANTATA ATAATATANT AATATAAATA ATATAXTAT ATCAMGCTTS TYATAMMA CATCTITTT TATAMCAAGA TRGATACTCY T TTARRARTAR nrmnﬁs:%

© AN TG CoTTTTAMT hAA A TTTATGATTA GACAACTTAR AAGATMNTTA AATTAMGTTA TTTICATATT AARACRAGTT
AT TAM TTAARACAAG TTATTCCCAT ATTAAAACAA GTTATTCCCA TATTRAAMCA AGTTATTCCC ATATTARAAT ARATCTETAM mﬂ‘é::
ATTITGACAG AGTTCTATAA ACCTACTTAA ATTACTATAT GAAATOGTAG TTAATTAATA AATTACARAR ACAAMATAMA Tcmn}gn

L3
2400
AATTAMATTA AATTAANTTA ARTTAAATIC AARACAAATA AANTCCAMAA CAMTAAANT ACAAATTAAR TTITAMMACAA ATAAAMCOGA AATTAAATTA AATTARATTA IA!TAAATTI

ANTTAMATTA AATTABATTA AATTAAATTA AATTAAATTA AATTCAMAAC AAATARAAGT CAMMACAAAT TAARATCATT TTCOGTARAT TTTGACAGAL ATTTTACAAA mnc::’f
AL
TTQTACTTNG MNTATTGAC AAMTTATATA GTTACTATAT GANATCUTAG TTAATTANTA AATTACAAM ACARAATAAR TCCAMANTTA ANTTAMATTA AATTAAATTA na!ran::fn
ANTTARATTA AATTARATTA AATTAARTTA AATTCAAMAC ARATAAAATC GARAACAMAT RAAACCCAMA RCAMATTAAR ATAAATTTTG ACAGACAGTC CCACAARATT QACAAGCTT

Figure 2. Nuclectide sequence of a portion of the L. tarentolac
maxicircle divergent region. (A) the sequence was obtained from
a series of overlapping BAL-31 subclones of the Lt30 and Lt54
HindIII fragments {Fig. 1) using the Sanger dideoxy-chain
termination method. The relative orientation and contiguity of
Lt30 and Lt54 was established by sequencing the termini of the
internal 1875 bp Sall fragment. (B) nucleotide sequence of the
2759 bp which comprise the Lt30 and Lt54 fragments. The box
indicates the position of a 47 nucleotide (21 bp stem)
palindrome,

nucleotide sequence of the Lt30 and Lt54 HindIII divergent region
fragments was determined, The complete sequence of the Lt30 and
Lt54 fragmenta as well as the seguencing strategy employved are
shown in Pig. 2. Nucleotide position number one is downstream
of the HURF5 gene of the conserved, transcribed portion of the
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Figure 3. Evidence of the clustered organization of the simple
repeats within the L. farentolae maxicircle divergent region.
Staden DIAGON analysis of the Lt30-54 divergent region sequence.
The 2759 nucleotides was run versus itself ueing the perfect
match algorithm with span lengtha (L) and minimal scores (S) of
(A) L=5, S=5; (B) L=11, §=11; (C) L=2l, S=21; (D) L=35, 5=35.

'maxic:l.rcle, and nucleotide number 2759 is upstream of the 128
IRNA gene (11).

A DIAGON (31) dot matrix homology search of the Lt30-54
divergent region sequence run versus itself is shown in Fig. 3.
The box structures residing on and distributed symmetrically
about the line of identity are indicative of a head to tall
clustered organization ¢of repetitive 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 Consenpus Nucleotide Sequence Reiteration Number
A AATAATAT 29
B AAATT 103°¢
c 33~239 nt? 10
D 149 ntP 2
E ATATTAAAACAAG TTATTCCC 10
F ACAAATTTTGACAGAGTTCTATAAA 2
ATTAGACAAACGTACTTAARACTGTC

a. Bee Fig. 5 for nuclectide sequences

b. nt 1-149 and 1877-2026, Fig. 2

c. Number of repeating elements present in clusters of five
or more contiguous units

stringency of the homology search is increased, the tandem head
to tail arrangement of the type-A, -B and -E (Table 1 and Fig. 4)
repeat family monomeric units becomes apparent., The clustered
arrays of repeats account for approximately 38% of the Lt30-54
sequence, The remainder of the 2759 bp is composed almost
entirely of repeated sequences of greater sequence complexity and
disgpersed organization, The distributionas of the various repeat
families are presented in Fig. 4. Table 1 shows the consensus
nucleotide sequences and the frequency of appearance of the
repetitive elemente in this portion of the divergent region.

The monomeric unit of the type-B repeat, which is the
simplest repetitive element identified, is AAATT. This sequence
is found clustered in nine head to tail arrays ranging in size
from five to nineteen monomeric units (Fig. 4B). The eleven unit
c¢luster at nucleotide position {nt), 649-704 contains a small
degree of degeneracy within two of the repetitive units. The
nine type-B repeat clusters give rise to the box structures
represgenting the majority of the pattern symmetry in the dot
matrix in Fig. 3, as can be seen by comparing the positions of
the type-B clusters on the line of identity in Pig. 3 with their
positions in Fig. 4. Approximately 32% (49 of 152}, of the total
type-B monomeric units are found dispersed throughout the Lt30-54
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Figure 4. Diagramatic representation of the distribution of the
various types, -A, -B, -C, -D, -E, -F and -G, of repetitive
sequences comprising the Lt30 and Lt54 fragqments of the L.
tarentolae maxicircle divergent region. The boxzes in G represent
unique sequences in that they are each present only once in the
entire 2759 bp. The arrow indicates the two fold axis of
symmetry of the 47 nucleotide palindrome (Fig. 2).

sequence as components of other repeat families. 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. 434},
is present in a large head to tail cluster at nt 1543-1825. The
sequence integrity of the monomeric unit degenerates at the Lt54
distal terminus of the cluster and a single G:C base pair is
found at position 1796. There are no additional large clusters
of this type-a repeat present within this portion of the diver-
gent region; however, at least one additional cluster is found
outside of this region in the 1.5 kb HaeIII-HindIII fragment
(Eragment 8 in Fig., 1) (Neckelman, de la Cruz and Simpson,
unpublished results).

The type-E repeat is the most complex clustered repeat
found., The 21 bp monomeric unit shown in Table lE is organized
into a head to tail cluater of five perfect units (nt 150-254 and
2026-2130) followed by a single degenerative repeat (nt 255-280
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===={CAAAAC AAATAAAATC

TTGTACTTAG ARATATTGAC AAATTATATA
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CAAMTCATAT AATTACTATA
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GAAATOGCAG
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C ARAACARATA AMATCCAAAA

TTGTACTTAG AMATATTGAC

_— ==== CAARAC
AAATTATATA GTTACTATAT GAAATCGTAG

===—CAAAARC AAATAAMRATC

AAATCATATA
CAAATAAAAT
AARATAAAAGC
TYAATTAATA
GAAMACARAT

ATTACTATAT
ACAAATTAAR
CAAAACAART
AATTACAAAA
AARACCCAAA

GAAATOGTAG
TTTAARACAA
TAARAATCATY
ACAAAATAAR
ACAAATTAAR

TTAATTAATA
ATAARACCG-
TTCCGTAAAT

2280
AATTACAAAA ACAAAATAAA TCCA—-;-;;
4

2520
TTTGACAGAR ATTITACARAR ATTGACAAAC
2640

TCCA:
ATARATTTTG

2760
ACAGACAGTC CCACARAATT GACAAGCTT

Figure 5, Display of the 2759 nucleotide positions of the Lt30 and Lt54 HindIIX divergent
Only the nucleotide sequences of the type-C family repeats are presented.
All other nucleotide positions are represented by a dash (-).

region fragments,
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and 2131-2156). Surrounding the type-E clusters in the same
relative positions 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, like the type-E
cluster are present only once in each of the two HindIII frag~-
ments sequenced. Interestingly, these repeats and portions of
two C family repeats appear to be organized into a "supercluster"
which 18 itself repeated at nt 1-402 and 1877-2278.

The type-C sequences (Fig, 4C) represent the most complex
family of repeats. Members of this family range in size from 33
to 239 bp (Fig., 5), and are found interspersed between the type-B
family clusters and adjacent to the two type-F repeats, The
organization of these type-C sequences consistas of homologous
gequence blocks of variable sizes which are found repeated in
different arrangements in the 10 members of this family, Fig. 4C
and Fig. 5.

There are two stretches of divergent region sequence (nt
1418-1542 and 1826-1876), which are unique in the Lt30-54 seg-
ment, For convenlence they are listed as the type-G family in
Fig. 4. These two sequences bear no signjficant homology with
the various repeat families or with each other. The 51 bp
sequence (nt 1826-1876) contributes to a 47 bp palindrome that
can be drawn with its dyad axis at position 1863 (Fig. 2) and
which includes 10 bp of the adjacent type-D repeat, 8ince the
nucleotide seguence of the entire divergent region is not known,
it is possible that both the 125 bp and the 51 bp sequences are
not unique and that they are repeated elsewhere in the divergent
region (FPig. 8),

Computer translation of the Lt30-54 sequence was carried out
using a modified universal genetic code in which TGA codea for
tryptophan (11). Numerous ORFs were found, of which the longest
waB 164 amino acids, located at nt 860-1354 on the reverse
complement of the sequence presented in Fig, 2, This seguence
encompasses the entire type-A repeat cluster and as a result the
ORF is composed predominantly of isoleucine, leucine and tyrosine
recidues. Considering the apparent lack of transcription of the
L. Larentolae divergent reglon (5} and the repetitious nature of
the sequence presented here, it seems unlikeiy that the ORFs
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Figure 6. Distribution of repetitive sequences throughout the
maxicircle divergent region. {A) The 14,5 kb EcoRI-Mspl L.
Larentolae maxicircle fragment was digested with HaeIlI and
HindIII and electrophoresed through 1.2% agal;3 e. (B) Bybridi-
zation of the 361 bp (sm) and the 552 bp (lq) P-labeled
HindIXII-SalIl subfragments of Lt54 to blots of the digests in (A).
(C) The hybridizing fragments in (B) are indicated by hatched
marks on the diagram of the 14.5 kb EcoRI-Mapl L. tarentolae
maxicircle fragment, The apparent low level hybridization to
fragment 3 is due to a slightly larger partjal digeation product
composed of fragments 4 and 5. D, HindIII; H, HaelIll; M, Mspl; R,
EcoRI, M, marker DNAs: HindIII digested lambda DNA and HaelIll
digested @X174 RF DNA.
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encoded by the Lt30-54 segment specify proteins in yivo.
Distribution of repeat famjlies throughout the entire divergent
region

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 BindIII fragments of the divergent region., Furthermore,
the hybridization results in Fig. 1 indicate that the two
HindIII+EcoRI fragments adjacent to LtS54 in the divergent region
also contain at least one of these five repeat families., The
distribution of divergent region seguences 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 HindIII-Sall restric-
tion fragment of the cloned Lt54 insert (Fig. 4), which contains
the type-D-E-F supercluster, and the 552 bp HindIII-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.
Seqguence changes within the divergent region can be seen over an

1l yeac perxiod
KDNA network preparations from an initially cloned strain

of L. tarentolae were available from cultures passaged
continucusly over an 1l 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 32p_1abeled Lt30 fragment
with a blot of Sall digested kKDNA 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 Sall fragments
(19), all of which contain segquences homologous with the
divergent region probe. The products of the 1984 digest include
in addition to the four expected Sall fragments, a 1.7 kb
fragment (arrow, Fig.7B) which also hybridizes with the divergent
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Figuze 7. Sequence changes within the maxicircle divergent region
occurring within an eleven year culture pericd. (A) Apprexi-
nmately 4.5 ug of kDNA networks from L. Larentolae cells of the
indicated year were digested to completion with Sall and
electrophoresed through 1.2% agarose., (B) Hybridization of 32p.
labeled Lt30 probe with the blot of the digests in (A). The
arrows indicate the position of the recently appearing sall
restriction fragment., M, marker DNAs: HindIII digested lambda
DNA and HaeIII digested @X174 RF DNA.

region probe. The low relative autoradiographic signal intensity
of the 1,7 kb band suggests that a reduced number ¢f divergent
region homologous sequences are avallable for hybridization with
the probe. Examination of the ethidivm 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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laansannnn Q.Q*iittﬂc MddaRERAhE HRRRAR NEKh i*i****tttattt*****ii
GAATTCAAAA CAAATAAAAC CCAAAACAAA TAAAATCCAA ATTAAATTAA ATTAAATTAA 60

P Ew s
ATTAAATTAA ATTAAAAACA AATTTCGTTG ACACRACTTT TAACAATTTG TTTCATATAT 120

AATCTAAATT TTTGCTTGTIG CTTGTTTTAT ACCGARAAGT TTGTAATATT ATTTTTACTT 180

TTAAGTAAAA GTTTAATTTA TGTTTTAATT TTATTTATAA ACTACAATCA ATAAAATATA 240

Iden dnns wane anea * ® tAn. M LA
GAARAGCTTA TTTATGATAT AATACAATAC CACATGATTA TAAAAATATT AATTATAATA 300

P lewx wan 'l'lgi sennkhanl
ATATTTACAC TATTTATTAA AAGTTAGTAA AAAGGAAATA GAAATAAATA ATCATACTCC 360

ATATTTATTA ATTATTTTTC TACACTTGTA AAAATATAGA ATATATTTAT TTITATAGTG 420

TAATTATAGT ATTAAAA

Figure 8, HNucleotide sequence of the 437 bp portion of the L.
maxicircle extending from the uniqgue EcoRI site to the
5' terminus of the 125 rBRNA gene (13). Nucleotide identities
with the Lt30-54 divergent region sequence are indicated by
asterisgks {*}. One character pads were inserted at positions 285
and 292 to achieve maximum alignment of homologous sequences.
A, By, C and G indicate the type of repeats (Table 1) with which
the bracketed sequences are homologous,

four sall cleavage products (arrow, Fig, 7A). S5all 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 Sall fragment may
have arisen through either the appearance of a new SalI recogni-
tion gsite or by a sequence change of a larger magnitude. The
appearance of an additional SalI site within any of the three
largest Sall 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 Sall 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 32p.jabeled Lt30 probe with blots of
Sall 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
19383 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 1likely cause of the
nonstoichiometric level of the 1.7 kb hand and the increase in
the relative copy number of this sequence as a function of time
in culture,
Divergent and congerved 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 125 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 predlicted 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 seguences 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 homclogy
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.

DISCUSSION

OQur resulte clearly demonstrate the existence of repeated
sequences throughout the entire 12 kb L. tarentclae maxicircle
divergent region, Nucleotide sequence analysis of the two diver-
gent region fragments, Lt30 and Lt54, shows that a diverse group
of repeatéd sequences occupy this porticn of the -divergent re-
gion, The complexity of these repeats ranges from 5 teo 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 HindIII site
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and at the other end by a 5all site. The restriction map of the
L., tarentelae maxicircle (19) shows two additional, similarly
spaced and oriented, HindIII-Sall pairs located between the Lt30-
54 segment and the 128 rRNA gene. Based on the results presented
here, it seems likely that these two (125 gene proximal) HindIII-
Sall fragments also contain D-E-F superclusters with the same
segquence polarity as those in the Lt30-54 region, A further
expectation from these data is the association of the D-E-F
supercluster with the type-B and the complex type-C repeats
throughcut the maxicircle divergent region., Qur results also
suggest that the six denaturation bubbles (A+T-rich regions)
previcusly identified in the L, tarentclae divergent region (8)
probably correspond to large clusters of type-A or -B or some
other high A+T repeat. Analysis of the published 437 bp nucleo—
tide sequence directly upstream of the 125 rRNA gene (13) also
revealed the presence of sequences with hOmoldgies 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 la Cruz and
Simpson, unpublished data).

The extensive variation among trypanosomatid protozca of
divergent region size and sequence and the lack of appreciable
homology with discrete, stable RNAs makes it unlikely that the
divergent region encodes structural genes. Borst gt al. (17)
have suggested, on the basis of studies of divergent region size
variation in the maxicircle DNAs of different strains of T,
brucei, that the divergent region may be analogous to the A+T-
rich untranscribed region of Drosophila mtDNA that is known to
contain an origin of replication, While the . brucej divergent
region is apparently no more a+T-rich than the reat of the maxi-
circle (18), the L, taréntolae divergent region does contain long
stretches of pure, or nearly pure, A+T sBequence, Functional
proof of a divergent region localized origin of replication is
lacking; however, the A+T-rich regions and direct repeats of the
Lt30-54 segment are consistent with features common to many
bacterial and phage replication origins (34). Of further int-
erest is 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 et al. {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 crosg- .
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
segquence variatioh 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 differént 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
unegqual recombinational 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 of maxicircle divergent region
sequence evolution remain unclear, numerous data asuggest that
repetitive segquences are involved in the process.
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