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ABSTRACT In a search for trypanosome DNA sequences
that permit replication and stable maintenance of extrachro-
mosomal elements, a 1-kilobase-pair (kbp) fragment from a
mitochondrial kinetoplast DNA (kDNA) minicircle of Trypano-
soma brucei was isolated and characterized. The plasmid
pThbo-1, carrying the kDNA element, is maintained in 7. brucei
as a supercoiled concatemer containing approximately seven to
nine pTho-1 monomer units (5.6 kbp each) in a head-to-tail
orientation. The concatemer is found in approximately one
copy per cell when procyclic trypanosomes are cultured in the
presence of 100 ug of hygromycin per ml; however, in the
absence of continuous hygromycin selection, the plasmid is lost
from the population with a #/, of approximately 8.7 days (17 cell
generations). A second unrelated kDNA minicircle was also
able to serve as an autonomously replicating sequence (ARS)
element in 7. brucei, suggesting that this is a general property
of kDNA minicircles. Replication of mitochondrial DNA in the
nucleus may be due to either a specific consensus sequence
(such as in yeast ARS elements) or nonspecific sequence char-
acteristics (such as the degree of A+T-richness or bent DNA).

The order Kinetoplastidae contains several genera of para-
sitic protozoa of agricultural and public health importance.
They are also representative of an ancient evolutionary
lineage and as such process their genetic information through
mechanisms that are unusual in eukaryotes. Transcription
generates polycistronic pre-mRNA molecules, from which
monocistronic nRNAs are created by the processes of 5’-end
trans-splicing and 3’-end cleavage/polyadenylylation (1).
The mitochondrial genome, called the kinetoplast DNA
(kDNA), is composed of a linked network of approximately
50 identical maxicircle elements, and 5000 heterogeneous
minicircle elements (2). These minicircles have not been
found in the mitochondria of other orders and appear to be
important in RNA editing, an unusual process first described
in kinetoplast mitochondria (3, 4).

During the multistage process of DNA replication, the
minicircles are unlinked from the network, replicated, and
then reattached (5). The growing KDNA then splits into two
networks (6), which subsequently are segregated into daugh-
ter mitochondria during cell division (7). Although kDNA
circles are covalently closed, they are not supercoiled (8).
The replication of minicircles in the mitochondrion may
depend on conserved sequences, such as the universal mini-
circle sequence (UMS or CSB-3: 5'-GGGGTTGGTGTA-3')
and conserved sequence characteristics such as purine/
pyrimidine strand biases. A specific UMS-binding protein
has been identified in kinetoplastids (9); however, it is not
known whether it has a role in KDNA replication.

It has recently become possible to transfect Trypanosoma
brucei with either transient expression vectors or through
homologous recombination (10); however, we wished to
increase the genetic capabilities of the organism by develop-
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ing a shuttle vector that would allow the maintenance of
multiple extrachromosomal copies of a transfected sequence.
By introducing random fragments of total T. brucei DNA into
a vector carrying a hygromycin-resistance gene, a mitochon-
drial DNA element was identified? that permits plasmid
replication and maintenance in the nuclei of T. brucei. The
plasmid is maintained stably under continuous drug selection
as a supercoiled head-to-tail concatemer composed of ap-
proximately eight monomer units. A second KDNA minicir-
cle element, chosen at random and similarly tested, also
permits autonomous replication. These findings suggest that
minicircles may have the interesting capability of engender-
ing DNA replication in both the mitochondrion and nucleus.

MATERIALS AND METHODS

Transfection of Cells. T. brucei (subspecies brucei, strain
IsTat 1.1) were cultured in Cunningham’s medium (11) sup-
plemented with 10% (vol/vol) fetal bovine serum. Electro-
poration and transfection of T. brucei were performed by the
method of Kapler (12) with 10-50 ug of plasmid DNA isolated
from Escherichia coli (SURE strain, Stratagene) by Qiagen
(Chatsworth, CA) column chromatography. After electropo-
ration, cells were cultured for 24-48 hr without selection
before the addition of 100 ug of hygromycin B (Calbiochem)
per ml.

Purification of DNA from T. brucei. Total DNA was pre-
pared from T. brucei by the method of Milhausen et al. (13)
or White et al. (14) and dialyzed against TE (10 mM Tris
chloride/1 mM EDTA, pH 7.5). Supercoiled DNA molecules
were fractionated by equilibrium centrifugation (15) in CsCl/
ethidium bromide for 24 hr at 53,000 rpm (70 Ti rotor,
Beckman). Densities of fractions were determined by refrac-
tometry. Supercoiled DNA from pTbo-1 plasmid-carrying T.
brucei was prepared for EM (performed by Mei Lie Wong) by
the method of Koller et al. (16). For partial digestion with
HindIIl, the enzymatic reaction was performed with 2 units
of HindIII per ug of DNA for 1 hr at 37°C in the presence of
1.4 pug of ethidium bromide per ml (17). Southern analysis was
performed with either Nytran membranes (Schleicher &
Schuell) for detection with 32P-labeled probes or with Mag-
nagraph membranes (Micron Separations, Westboro, MA)
for the Genius detection method (Boehringer Mannheim).
32p.labeled and digoxigenin-labeled probes were prepared by
extension of random hexamer primers (15) on Qiagen-
purified plasmids or gel-purified DNA fragments. Hybridiza-
tion was detected and quantified by autoradiography or
PhosphorIlmager analysis (Molecular Dynamics). The min-
icircle TbmiB10 was donated by K. Stuart (Seattle Biomed-
ical Research Institute). The plasmid pAS12, provided by A.
Schneider (University of Basel), is identical to pTbo-1 except
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that it lacks the 1-kbp Xba I fragment (TbmiSM1; indicated
by the thick black line in Fig. 1). The DNA sequence for the
minicircle TbmiSM1 was determined by using an ABI-370A
DNA sequencer (Applied Biosystems).

RESULTS

Selection of an Autonomously Replicating Sequence (ARS)
Element That Confers Stable Plasmid Maintenance. A plasmid
pAS12, containing a procyclin/PARP (38) promoter and
hygromycin-resistance gene, was used as a cloning vector for
random Xba I fragments of total T. brucei DNA as described
above. The plasmid library was amplified in Escherichia coli,
and 300 ug of the mixture of supercoiled plasmids was
introduced into 4 x 107 T. brucei cells by electroporation.
After 2 days, 100 ug of hygromycin B per ml was added to
initiate drug selection in culture, which continued for an
additional 12 days. Hygromycin-resistant cells 2 x 10
could then be obtained for plasmid extraction by the method
of White et al. (14). Supercoiled DNA from transfected cells
was enriched by CsCl/ethidium bromide gradient, and plas-
mids (containing putative ARS elements) were rescued from
T. brucei by transformation into E. coli. In a transformation
experiment using 700 ng of fractionated DNA from T. brucei,
140 ampicillin-resistant colonies were obtained. Of three
colonies initially tested, one contained a plasmid (pTbo-1, see
Fig. 1) that, when reintroduced into T. brucei, gave rise to
hygromycin resistance. The remaining two plasmids and the
original plasmid pAS12 failed to confer stable hygromycin
resistance following transfection into T. brucei.

The Sequence Conferring Autonomous Replication and
Maintenance Is Derived from kDNA. The complete DNA
sequence of the Xba I fragment contained in pTbo-1 was
determined (Fig. 2). A comparison of this sequence with the
GenBank data base revealed that the inserted element was
derived from a kDNA minicircle, as noted by three kineto-
plastid-specific conserved sequence blocks (18) (CSB-1, -2,
and UMS CSB-3; see boldface nucleotides in Fig. 2) and
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Fi1G. 1. Structure of 5.6-kilobase-pair (kbp) plasmid pTbo-1. The
1014-nucleotide minicircle element TbmiSM1 is indicated by the
thick black line, the hygromycin resistance gene (HygR) is indicated
by the hatched line, and the procyclin/PARP (38) promoter and
splice acceptor are indicated by the stippled line and clockwise
arrow. Vector sequences from bacterial plasmid pBSII*(KS), in-
cluding the ampicillin resistance gene (AmpR), are indicated by thin
line. Restriction endonuclease cleavage sites for Kpn I, Sac I,
HindIll, Nco 1, Xbal, BamH]1, Pst 1, and EcoRI are indicated outside
the circular map by the symbols K, S, H, N, X, B, P, and E,
respectively.
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1 AGAAAGGTAA AATAATTTAA TAGATAAGTA GTAGTAATAT ATTAAGTTAA
51 ATATGATATA TATAATGACT AACTAAACTG ATAAAGCAGT AGAAGAGACG
101 ATGTAATATA TATAATTATT AATTACTGTT AATATATCTA TTATTTTATT
151 TTATTACTAA GGGAAAGAGA AGATATTAAT AGATAGAACA ATGAATAGAT
201 AATAAAGTGA AGAATTATAT AAATCCAATA AAAGTGAAAT AGAATCTGAG
251 AGACTGTGAT TTATACCTGT AAAATGAGAT TTATATTTAT ACTGTATCTA
301 TTATTTTATT TATGATTGGA GTGGTGAGAT AATGGAGGGA ATCAGAAGTG
351 AAGCACAGAG TTATTAATTG AAAGAGATTA GTAGTGGATG TAAGAAAATT
401 ATGGAAAATC GGGTAAAAAT CGAAGAAAAA TGGCTT!
451 ¥ AAT
501 CTGTTTTTTA GGTCCGAGGT ACTTCGAAAG GAGTIGGTCT AATACACACA
551 IGGTTTTTCC TCGAGATTTC AGGGTTTTGG GGTGATATCT AGTGTAATTA
601 ATATTGTGTT TTTATAGTCT ACTTAAGGAA TAAAATATAG TAATAGATAA
651 ATATATAAGT TAGATATATA GCAATTATAA TTAAACTGAA GAGGTTATAA
701 TACCTCGAAA CTCGCGGTGA TGATTTTATA TTTATTTCTT ATATTACTAT
751 TTATTAATTT ATTCTCATTC TCGGGATTAC CTAGTGGGAA AGAAATGAGA
801 TAATAGATAT GTATTGTAGT ATTATAATGA TATATATAGA TATAAGATCA
851 ACAAAACTGC CATTTTCTAT AGTGAGTGAT GATATATTAT AATTAAATGA
901 TATTATTATT AAAATCTATT TATTATTTTA TTTATTTATG GAGGATGAAA

951 TTAATGGGAT TATTCGGTGG TAGAGTGGGA TTAATGTGAT AAATACTGCT
1001 TCATATCTGC GTCT

FiG. 2. kDNA minicircle TbmiSM1. The DNA sequence of
TbmiSM1 is shown, with nucleotides conserved in T. brucei indi-
cated by underlining and sequence blocks conserved in kinetoplas-
tids indicated by boldface font (CSB-1, positions 455-464; CSB-2,
584-591; CSB-3 or UMS, 530-551). The sequence shown is the
fragment contained in the Xba I site of pTbo-1 (see Fig. 1), with
nucleotide 1 distal and nucleotide 1014 proximal to the 3’ end of the
hygromycin-resistance gene.

sequences characteristic of T. brucei minicircles (underlined
nucleotides in Fig. 2). The oligo(dA) stretches and strand
asymmetry of purine and pyrimidine bases (nucleotides 395-
450) are common features of minicircle sequences, as is the
high A+T content of 72% in the 1-kbp element. The 18-bp
repeats (nucleotides 9-36, 135-152, 632-649, 748-765, 792-
809, and 917-934) and putative guide RNA sequences (nu-
cleotides 60-109 and 840-886) are also typical of a complete
kDNA minicircle (K. Stuart, personal communication), and
this element has been named TbmiSM1. This sequence is not
related to either the ARS-like element of tenAsbroek et al.
(19), which did not function as a shuttle vector, or the
single-copy plasmid of Patnaik et al. (20) whose autonomous
replication originated from a nuclear DNA fragment.

An Average of Five Monomer Copies of pTbho-1 Are Main-
tained Per Trypanosome. Samples of purified plasmid pTbo-1
grown in E. coli and samples of total DNA isolated from 7.
brucei cells transfected with the pTbo-1 were analyzed by
agarose gel electrophoresis and Southern blotting. In E. coli,
the plasmid is 5.6 kbp, although multimeric forms are evident
in an undigested sample (Fig. 3A, lane 1). The plasmid was
grown in a dam™ strain of E. coli, resulting in the methylation
of adenosine residues found in GATC sequences; the plasmid
is consequently sensitive to Dpn I (lane 2) and Sau3Al (lane
4) but not to Mbo 1 (lane 3). In T. brucei, the introduced
plasmid displays different characteristics. Rather than a
monomer, the plasmid is a higher order structure with low
electrophoretic mobility (Fig. 3A, lane 8); it is resistant to
Dpn 1 (lane 9) and sensitive to Mbo I (lane 10) and Sau3Al
(lane 11). Acquisition of Dpn I resistance and Mbo-1 sensi-
tivity upon introduction of pTbo-1 into T. brucei (and main-
tenance under selection with hygromycin for 4 weeks) is
consistent with plasmid replication in T. brucei, as evidenced
by the loss of adenosine methylation pattern.

Digestion of DNA from T. brucei transfected with pTbo-1
with enzymes having unique restriction sites in the pTbo-1
monomer (see Fig. 1 and Fig. 3, lanes 12-15) produces
restriction fragments comigrating with linearized pTbo-1
derived from E. coli (Fig. 3, lanes 5-7). This pattern of
digestion could be due to either tandem integration of pTbo-1
copies into the genome or the maintenance of pTbo-1 in a
concatemeric plasmid form. The lack of evident junction
fragments (in lanes 12-15), which would be expected from a
genomic integration event, is consistent with the mainte-
nance of pTbo-1 as a plasmid in T. brucei. Digestion with
enzymes that cut more than once in the plasmid (Fig. 3, lanes
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F1G.3. Southern analysis of pTbo-1 and pTbmi-b10, probed with
a hygromycin-resistance gene. (A) pTbo-1 extracted from E. coli
(lanes 1-7) or in genomic DNA from T. brucei stably transfected with
the plasmid pTbo-1 (lanes 8-19). DNA was either loaded undigested
(lanes 1 and 8), or cleaved with enzymes Dpn I (lanes 2 and 9), Mbo
1 (lanes 3 and 10), Sau 3AI (lanes 4 and 11), Kpn I (lanes 5-7 and 12),
Sac I (lane 13), HindIII (lane 14), Nco I (lane 15), Xba I (lane 16),
BamHI (lane 17), Pst I (lane 18), or EcoRI (lane 19). Purified plasmid
was loaded into lanes as follows: 150 pg in lanes 1-5, and 15 pg and
5 pg, respectively, in lanes 6 and 7; 450 ng of genomic DNA was

loaded in each of lanes 8-19. Lanes 1-4 have a lower hybridization .

signal than in lanes 8-11, respectively, because less of the E.
coli-derived plasmid was loaded on the gel. (B) Hygromycin-
resistance plasmid detected in DNA of T. brucei stably transfected
with pTbmi-b10. Genomic DNA (1.4 ug) was loaded undigested (lane
1) or cleaved with Kpn I (lane 2), Sac I (lane 3), HindIII (lane 4), or
Nco I (lane 5) and analyzed with a digoxigenin-labeled hygromycin-
resistance gene. For A and B, the positions of the gel origin and
molecular weight markers, as indicated by the bars, are derived from
a HindIII digest of phage A (23.1,9.4,6.5,4.3,2.3, 2.0, and 0.56 kbp).

16-19) produces patterns that are consistent with the struc-
ture of the E. coli-derived plasmid (Fig. 1). There is no
evidence for rearrangement of the plasmid sequence in T.
brucei, suggesting that pTbo-1 is maintained as a concate-
meric molecule. Comparison of the hybridization signals of
linearized T. brucei-derived pTbo-1 (Fig. 3A, lanes 12-15)
with standards of E. coli-derived pTbo-1 (lanes 5-7) indicates
that each T. brucei cell contains an average of approximately
five monomer equivalents of the pTbo-1 plasmid sequence.
Results of restriction analysis of total DNA from cells grown
continuously under hygromycin selection for a period of 10
months (>600 cell generations) were not significantly differ-
ent than that shown in Fig. 3A (data not shown).

To determine whether plasmid replication and stable main-
tenance can be conferred by other minicircles, a 1-kbp
Sau3 Al fragment containing the minicircle element TbmiB10
(provided by K. Stuart) was introduced into the Xba I site of
pAS12. The resulting plasmid pTbmi-b10 was introduced into
T. brucei by electroporation, and, as with pTbo-1, readily
gave rise to hygromycin-resistant cells. Southern analysis of
DNA extracted from pTbmi-b10-transfected cells revealed a
higher order structure (Fig. 3B, lane 1) in uncut DNA. The
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three bands in the uncut sample, which are likely to corre-
spond to supercoiled, nicked, and linearized multimers, were
reduced to a monomeric size of 5.6 kbp by digestion with
restriction enzymes that linearize pTbmi-b10 (Fig. 3B, lanes
2-5). The minicircle elements in pTbo-1 and pTbmi-b10 were
cloned in opposite orientations to each other; however, the
respective distances from the 3’ end of the UMS sequence to
the site of linearization were nearly identical (469 and 484
nucleotides, respectively). Therefore, stable plasmid main-
tenance occurs irrespective of the orientations of the hygro-
mycin gene transcript and the asymmetric minicircle features
(e.8., UMS sequence, oligo(dA), and purine/pyrimidine
strand bias).

The pTho-1 Plasmid Is Maintained as a Supercoiled Con-
catemer in T. brucei. Total DNA from T. brucei carrying
pTbo-1 under drug selection was mixed with a 4.9-kbp
supercoiled plasmid standard (pAgglo~) and fractionated on
a CsCl/ethidium bromide gradient. Fractions were collected
and analyzed by Southern blot with a 32P-labeled probe of
either a hygromycin gene fragment for detection of pTbo-1
(Fig. 4A) or a chloramphenicol acetyltransferase gene frag-
ment for detection of pAgglo~ (Fig. 4B). As evident from Fig.
4A, approximately half of the pTbo-1 sequences were located
in fractions 17-23 (p = 1.62-1.61 g/ml) and migrated with the
supercoiled plasmid standard (Fig. 4B). A significant portion
of the pTbo-1 sequence was located in fractions 41-46 (p =
1.58-1.57) and migrated with a trace amount of nicked
pAgglo~ standard. This lower density pTbo-1 fraction must
either have been nicked during the preparation and purifica-
tion of the DNA or was not supercoiled when extracted from
T. brucei.

To confirm that the structure of pTbo-1 in T. brucei is a
concatemeric circle, EM was performed on DNA that .had
been enriched from supercoiled DNA fractions of the CsCl/
ethidium bromide gradient. As shown in Fig. 5 A and B, the

Ay1315 20 25 30 35 40 45 50 54

RO R USSR U N YR W0 N U TR N T N SRR R

= ]

A A N A T

O“_‘.. “V

F1G. 4. Detection of supercoiled pTbo-1 isolated from trans-
fected T. brucei. Genomic DNA (11 ug) from T. brucei stably
transfected pTbo-1 was combined with 10 ng of a supercoiled 4.8-kbp
plasmid pAgglo~ and fractionated on a CsCl gradient containing
ethidium bromide. Of each fraction, 10% was tested by Southern
analysis by using a radiolabeled hygromycin gene fragment (for
specific detection of pTbo-1 in A) or a radiolabeled chloramphenicol
acetyltransferase gene fragment (for specific detection of pAgglo— in
B). Peak fractions 19 and 43 had densities of 1.616 g/ml and 1.578
g/ml, respectively. The lanes in A and B are shown aligned by
fraction number. Lane U (4) was loaded with 66 ng of unfractionated
DNA from T. brucei stably transfected with pTbo-1. A and B
correspond to separate Southern blots; the gel origin and molecular
weight markers, as indicated by the bars to the right, are derived from
a HindIII digest of phage A (A: 23.1, 9.4, and 6.5 kbp; B: 23.1, 9.4,
6.5, 4.3, 2.3, and 2.0 kbp).
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enriched fractions contained large circular DNAs with a
contour length 8.1 times (+8% standard deviation) the con-
tour length of nicked pTbo-1 monomers derived from E. coli
(Fig. 5C). The large concatemers appeared relaxed in the
electron micrographs, and it is assumed that they were nicked
during preparation of the sample for EM. Additional evidence
for the proposed concatemeric structure was observed from
a partial digestion of the T. brucei-derived pTbo-1 plasmid
with HindIIl. The resulting ladder contains seven detectable
bands (Fig. 5D, lane 2), consistent with the interpretation that
the concatemeric form of pTbo-1 contains approximately
seven to nine monomer units. Given our previous estimate of
approximately five monomer units per cell (Fig. 34), it would
appear likely that the average number of copies of concate-
meric pTbo-1 per cell is close to 1.

In the Absence of Continuous Drug Selection, the Plasmid
pTbo-1 Is Lost from the Cell Population. 7. brucei cells
carrying the plasmid pTbo-1 were cultured in the absence of
hygromycin selection for periods up to 45 days (90 cell
generations) to determine whether the pTbo-1 sequences are
stably maintained. Southern analysis of undigested DNAs
from cells grown for 0, 17, 30, or 45 days in the absence of
selection indicates that the plasmid content decreased sig-
nificantly in the population during that period (Fig. 6A4). The
hybndnzat:on signals were quantified directly by phosphor
imaging and are plotted on a semlloganthmlc scale (Fig. 6B)
as a function of days cultured in the absence of selection.
Replicate flasks grown without selection gave nearly identi-
cal decay curves (filled vs. open squares), from which a loss
rate of 1, = 8.7 days (17 generations) could be calculated. If
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FiG. 5. Concatemeric structure of pTbo-1 isolated from T. bru-
cei. (A-C) Electron micrographs of pTbo-1 plasmid as a concatemer
isolated from 7. brucei by CsCl/ethidium bromide gradient (A and B)
or as a DNase-nicked monomer isolated from E. coli (C). Micro-
graphs are shown at identical magnifications. (Bar = 100 nm; see C)
(D) Southern analysis of pTbo-1 concatemers. T. brucei genomic
DNA (2.5 pg) was loaded on a gel either undigested (lane 1) or
partially digested with the enzyme HindIII (lane 2). The radiolabeled
probe is as described in Fig. 3. The bars to the left indicate the
position of the gel origin and molecular weight markers from a
HindIII digest of phage A (23.1, 9.4, 6.5, and 4.3 kbp).
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Fi1G. 6. Loss of pTbo-1 in T. brucei grown in the absence of
hygromycin selection. (A) Undigested genomic DNA (200 ng) from
T. brucei stably transfécted with pro-l was analyzed by Southern
blot (an exposure on x-ray film is shown) following growth in the
absence of hygromycin selection for 0 days (lane 1), 17 days (lanes
2 and 5), 30 days (lanes 3 and 6), or 45 days (lanes 4 and 7). Samples
in lanes 2—-4 and 5-7 were taken from independent cultures, respec-
tively. The radiolabeled probe was the same as described in Fig. 3.
(B) Hybridization of the probe was quantified by phosphor imaging,
and plotted as a function of the days of growth in the absence of
hygromycin selection. m, Data from lanes 1-4 of A; O, data from lanes
5-7. The best-fit line was determined by linear regression analysis of
the logarithm of hybridization signal (arbitrary units), plotted as a
function of time.

each T. brucei cell contains, on the average, a single copy of
the concatemeric pTbo-1, then this rate of loss in the absence
of selection is not high, and segregation of replicated copies
between the daughter cells at mitosis may be nonrandom.

DISCUSSION

The isolation of an autonomously replicating plasmid, allow-
ing the introduction of multiple copies of a DNA sequence in
T. brucei, represents a major stride forward in our ability to
apply molecular genetic technologies to the study of this
important class of protozoan pathogens. The fact that the
sequences conferring this capability originated from mito-
chondrial minicircles is both practically and experimentally
significant; it allows us to confer autonomous replication on
any plasmid containing trypanosome gene sequences. This
work is also relevant to DNA replication because it allows
direct comparison between sequences that are replicons in
the mitochondrion and nucleus and the interaction of the
DNA replication machinery in those compartments.

In this paper, it is shown that kDN A minicircle sequences
behave as ARS-like elements in T. brucei in that they confer
stable maintenance under drug selection to recombinant
plasmids. Although we think it likely that minicircle se-
quences act as origins of replication, these experiments do
not rule out the possibility that DNA replication initiates
elsewhere in the plasmid. The kKDNA minicircle elements
could engender plasmid stability by enhancing the frequency
of replication or causing efficient plasmid segregation at
mitosis. In either case, the plasmid must be maintained in the
nucleus not only because the cell expresses the hygromycin-
resistance gene but also because cell fractionation experi-
ments have indicated no detectable pTbo-1 in the mitochon-
dria (data not shown).

Sequences responsible for autonomous replication in Sac-
charomyces cerevisiae have been studied thoroughly, with
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the finding that a specific 11-nucleotide consensus sequence
(WTTTATRTTTW, where W= AorTandR = AorG) (21),
a replication enhancer (22), and an undefined A+T-rich
region (23) are required for full ARS activity. It is likely that
these sequences serve a dual purpose; replication factors
bind to the specific consensus site (24-26), and the free
energy of DNA helix unwinding is controlled broadly by the
sequence composition of the undefined (nonconsensus) re-
gions (27). Bent DNA is an important element of replication
enhancers in yeast (28) and is also seen in other prokaryotic
and eukaryotic origins of DNA replication (29, 30). It may be
required in replication for the destabilization of the DNA
helix or the binding and positioning of specific factors, such
as ABF-I and OBF-1 in yeast (31, 32).

The ARS elements of yeast and minicircles are similar in that
both specific consensus sequences and broad sequence com-
position could be important in their role as replication origins.
Although the mechanism of replication of KDN A minicircles in
mitochondria has been partially elucidated, there is little
information about how these sequences might function as ARS
elements in the nucleus of T. brucei. In related trypanosoma-
tids such as Leptomonas and Leishmania, bacterial plasmids
are readily maintained in an extrachromosomal state (12, 33,
34). This is either due to the fortuitous inclusion of specific
ARS elements in those recombinant plasmids or to a lessened
requirement for specific ARS sequences in those genera. It is
interesting to note that minicircles have an ARS-like activity
in T. brucei, as some trypanosomatid minicircles are also
capable of serving as ARS elements in yeast (35, 36). In yeast,
this property is presumably dependent on the bent DNA,
A+T-rich segments, and chance occurrence of the 11-
nucleotide yeast consensus sequence (present for example in
TbmiSM1, but not TbmiB10). Replication of pTbo-1 and
pTbmi-bl0 in trypanosome nuclei may depend on sequence
characteristics that are similar to that of yeast ARS elements,
with the UMS and the UMS-binding protein (if present)
possibly fulfilling a role analogous to the 11-nucleotide yeast
consensus sequence and its binding factors. Whether the
UMS-binding protein is present in nuclei is uncertain; how-
ever, the significant affinity of UMS-binding protein for te-
lomere sequences in trypanosomatids (9) suggests a possible
role in both mitochondrion and nucleus.

Krysan et al. (37) have shown that in human cells, autono-
mous replication of a plasmid was inefficient unless approxi-
mately six copies of representative human sequence were
included. Similarly, the observation that multimers of pTbo-1
and pTbmi-bl0 are recovered from T. brucei could reflect a
requirement for multiple KDNA ARS elements for plasmid
stability. Alternatively, plasmids may be subject to a size
requirement for stable maintenance—a possibility consistent
with the large monomeric plasmids and small multimeric plas-
mids previously reported (19, 20). The intermediate level of
pTbo-1 stability in the absence of drug selection could be due to
a centromere-like function in the plasmid or a tethering of the
plasmid to a nucleoplasmic or chromosomal structure. Lower
than expected rates of loss in the absence of drug selection have
also been noted in plasmids maintained as monomers (20).

Our observation that minicircle DNAs from T. brucei have
an ARS-like activity in nuclei is an important tool for devel-
oping molecular genetic approaches to studying the pro-
cesses of gene expression and DNA replication. Given that
the kDN As appear to be unique extrachromosomal elements,
the generality of their use as ARS sequences not only in the
Kinetoplastidae but in other protozoan organisms as well
should be assessed.
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