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Closing the gaps in kinetoplast DNA network replication
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rypanosomatids are protozoan

parasites responsible for impor-

tant tropical diseases. One ex-

ample, Trypanosoma bruceli,
causes African sleeping sickness, and
related parasites cause Chagas disease
and leishmaniasis. Because they are
among the earliest-branching eukary-
otes, trypanosomatids have unusual bio-
logical properties. One of their most
curious features is a unique mitochon-
drial DNA network known as kinetoplast
DNA (kDNA) (1). The kDNA network is
composed of several thousand mini-
circles that are interlocked like the links
in medieval chain mail. Also intertwined
in the network are a few dozen maxi-
circles. See Fig. 1 for an electron micro-
graph of a segment of an isolated
kDNA network from Crithidia fascicu-
lata, a trypanosomatid often studied be-
cause it is nonpathogenic and easy to
cultivate. The function of kDNA maxi-
circles, like mitochondrial DNA in con-
ventional eukaryotes, is to encode a few
gene products such as rRNA and sub-
units of respiratory complexes. How-
ever, the mechanism of gene expression
is highly unconventional in that maxi-
circle transcripts must be edited to form
a functional mRNA. Editing is an amaz-
ing form of RNA processing in which
uridine residues are inserted or deleted
at precise internal sites within the maxi-
circle transcripts, generating ORFs. Mini-
circles encode guide RNAs that are
templates for editing of maxicircle tran-
scripts. See ref. 2 for a review of editing
and ref. 3 for a discussion of the evolu-
tion of kDNA and the significance of
the network structure.

In this issue of PNAS, Sinha et al. (4)
describe a novel C. fasciculata mitochon-
drial DNA ligase. This enzyme is dis-
tinct from the nuclear ligase I from the
same organism (5) and from all other
eukaryotic DNA ligases reported to
date. Its small size (56 kDa) and se-
quence are reminiscent of virally en-
coded ligases. In yeast, a single gene
encodes both a nuclear and a mitochon-
drial DNA ligase I by using an internal
in-frame AUG to produce the nuclear
protein (6). Vertebrates also produce a
dual-targeted ligase (DNA ligase III) via
a similar mechanism, and the mitochon-
drial version is present in two isoforms
that differ at their C termini (reviewed in
ref. 7). In contrast, the T. brucei genome
encodes multiple ligases that appear to
target specifically to the mitochondrion
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Electron micrograph of a segment of a kDNA network from C. fasciculata. Small loops are

minicircles. [Reproduced with permission from ref. 1 (Copyright 2001, Elsevier Science).]

(4) (M. Lindsay and M.M.K., unpub-
lished data) and which are likely in-
volved in kDNA replication or repair.
As discussed below, the novel intramito-
chondrial localization of the C. fascicu-
lata ligase suggests a role in repairing gaps
in newly replicated kDNA minicircles
(e.g., joining Okazaki fragments) (4).
Each trypanosomatid cell contains
one kDNA network in the matrix of its
single mitochondrion. The kDNA is

The intramitochondrial
location of the ligase
suggests a role in
repairing gaps in
kinetoplast DNA.

condensed into a disk-shaped structure,
and its synthesis is facilitated by the fact
that its replication machinery is pre-
cisely organized around the disk. The
first reported localization of a kDNA
replication protein by immunofluores-
cence was for a topoisomerase (topo) II,
which is positioned in antipodal sites

flanking the kDNA disk (8) (see dia-
gram in Fig. 2 for the localization of
kDNA-associated proteins). Subsequent
reports revealed the same locations for
a DNA polymerase (pol) B (9) and a
structure-specific endonuclease I
(SSE1), an enzyme with RNase H activ-
ity (10). It was initially assumed that all
replication proteins would be positioned
in the two antipodal sites, forming repli-
somes, but other proteins turned out to
have different localizations. Primase is
concentrated on the two faces of the
disk (11), whereas UMSBP (the mini-
circle replication origin-binding protein)
(12) and two DNA pol I-related en-
zymes (likely the replicative poly-
merases) (13) are situated in two foci
below the kDNA disk in the kineto-
flagellar zone (KFZ). A second DNA
polymerase B, pol B-PAK, localizes
within the kDNA disk (14). Now, Sinha
et al. (4) report that the C. fasciculata
DNA ligase has yet another localization
pattern, distinct from that of proteins
previously studied. It is positioned both

See companion article on page 4361.
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in the antipodal sites and on the two
faces of the kDNA disk (Fig. 2).

What do the locations of these pro-
teins reveal about the replication mech-
anism? The current model, outlined in
Fig. 2, focuses on minicircles. Replication
commences with release of individual
minicircles from the network, vectorially
into the KFZ, by an unknown topo II
that is likely positioned within the
kDNA disk (15). The free minicircles,
which are covalently closed, are then
bound by UMSBP at their replication
origin (16). UMSBP is thought to as-
semble primase, the replicative poly-
merases, and other proteins to initiate
unidirectional replication as a theta-
structure. When progeny minicircles
have segregated, these molecules, con-
taining gaps, migrate to the antipodal
sites where late stages of replication oc-
cur. These steps include primer removal
by SSE1, filling of most of the gaps by
pol B, and repair of the filled gaps by
the newly discovered ligase (4). The fact
that ligase and pol B interact (as shown
by coimmunoprecipitation) suggests that
they work together in gap filling (4).
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Diagram of kDNA disk and surrounding replication proteins. See text for description. Adapted

Topo II then attaches the newly repli-
cated minicircles, still containing at least
one gap within the replication origin
(17), onto the network periphery adja-
cent to the antipodal sites. As replica-
tion proceeds, the network grows until
the minicircle copy number has doubled.
The last remaining gaps are then filled,
probably by pol B-PAK, and the final
nick, as discussed in the following para-
graph, is sealed by ligase. Once all mini-
circles are covalently closed, the network
is split in two, a mysterious reaction pos-
sibly catalyzed by an unknown topo II
that unlinks minicircles along a line bi-
secting the double-size network.

Why is the C. fasciculata ligase local-
ized not only in the antipodal sites but
also on the two faces of the kDNA
disk? The answer may lie in the se-
quence organization of the C. fasciculata
minicircle. These molecules have two
replication origins, positioned 180°
apart, although only one or the other is
used during each round of replication
(17, 18). The final nicks to be closed are
located within the origin sequences (17).
Sinha et al. (4) speculate that the mi-
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nicircle sequences are aligned so that
the gapped origins are near the two
faces of the disk. Then, the ligase would
be perfectly positioned to seal the nicks.
It may be possible to prove the se-
quence alignment by high-resolution in
situ hybridization.

Discovery of the C. fasciculata DNA
ligase adds one more protein to the
kDNA replication repertoire, but there
must be many more. One reason for the
large number is that there is redundancy
in enzymatic activities. For example, 7.
brucei has six different mitochondrial
DNA polymerases (13, 14), whereas
most other eukaryotes have only one, pol
v. There may be a similar multiplicity of
mitochondrial helicases (B. Liu and S.
Motyka, unpublished observations). An-
other reason is that there are key pro-
cesses in KDNA replication that are not
understood mechanistically, and these
must require novel proteins. For exam-
ple, there must be proteins that control
the timing of KDNA replication, ensur-
ing its concurrence with the nuclear S
phase (19). Other proteins likely facili-
tate migration of newly replicated mi-
nicircles from the KFZ to the antipodal
sites (Fig. 2). There must be proteins
that catalyze scission of the double-size
kDNA network. There may be multiple
proteins forming the link between the
kDNA and the flagellar basal body,
which is thought to control segregation
of sister networks during cytokinesis
(20). Discovery of new proteins will be
greatly facilitated by the newly com-
pleted genome sequences of trypano-
somes and Leishmania (www.genedb.
org), by proteomics analysis, and by
reverse and forward genetics approaches
involving RNA interference (21-23).
The challenge will be to determine ex-
actly what role these proteins play in
kDNA network replication.
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