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Reevaluating the Kinetoplast as a Potential Target

for Anti-Trypanosomal Drugs
inetoplast DNA (kDNA) is a remarkable DNA structure found in the single
B mitohondrion of flagellated protozoa of the order Kinetoplastida. In various parasitic
species of the family Trypanosomatidae, it consists of 5,000-10,000 duplex DNA
minicircles (0.5-10 kb) and 25-50 maxicircles (20-40 kb), which are linked topologically into
a two dimensional DNA network. Maxicircles encode for typical mitochondrial proteins and
ribosomal RNA, whereas minicircles encode for guide RNA (gRNA) molecules that function
in the editing of maxicircles mRNA transcripts. The replication of kDNA includes the dupli-
cation of free detached minicircles and catenated maxicircles, and the generation of two prog-
eny KDNA networks. It is catalyzed by an enzymatic machinery, consisting of KDNA replica-
tion proteins that are located at defined sites flanking the kDNA disk in the mitochondrial
matrix (for recent reviews on kDNA see refs. 1-8).

The unusual structural features of KDNA and its mode of replication, make this system an
attractive target for anti-trypanosomal and anti-leishmanial drugs. However, in evaluating the
potential promise held in the development of drugs against mitochondrial targets in
trypanosomatids, one has to consider the observations that dyskinetoplastic (Dk) bloodstream
forms of trypanosomes survive and retain their infectivity, despite the substantial loss of their
mitochondrial genome (recently reviewed in ref. 9). Survival of Dk strains has led to the notion
that kDNA and mitochondrial functions are dispensable for certain stages of the life cycle of
trypanosomatids. This view has been challenged by Schnaufer et al,'® who demonstrated that
knock-down of RNA ligase in bloodstream forms of 7rypanosoma brucei, was lethal to the
parasite. Furthermore, in a recent report'! they have demonstrated that silencing the expres-
sion of the a-subunit of mitochondrial F1-ATP synthase complex, was lethal to bloodstream
stage Trypanosoma brucei, as well as to the dyskinetoplastic species Trypanaosoma evansi. Schnaufer
et al have suggested” that the lethality resulting from the loss of kDNA, or the lack of expres-
sion of its encoded genes, could be due to several possible reasons. One possibility is that
several kKDNA genes may have an essential role in the bloodstream stage of the parasite. In
accord with this notion is the case of silencing the F;-ATP synthase, where the lethal effect has
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apparently resulted from the collapse of the mitochondrial membrane potential.'' As mito-
chondrial division and cytokinesis are highly coordinated, it is also possible that cell lethality
results from the requirement for kDNA in order to conduct a normal process of cell division,
which is mediated through specific checkpoints linking the cell cycle to KDNA segregation. !>
It is also possible that the lack of kDNA results in triggering of a series of events that lead to
programmed cell death.!>1¢

These observations, suggesting that mitochondrial functions are not dispensable in blood-
stream parasites, raise interest in mitochondrial targets for the development of drugs against
pathogenic trypanosomatids. The following chapter describes recent advances in the study of
kDNA replication, emphasizing the unique features of this system.

The KDNA Network and Its Monomeric Components

One of the most extensively studied kKDNA networks is that of the species Crithidia fasciculata.
The kDNA network (approximately 10 by 15 um in dimensions'”) is condensed in the mito-
chondrial matrix into a disk-like structure of about 1 by 0.35 um.'® Several histone-like pro-
teins are involved in the structural organization of the condensed network.'”* The kinetoplast
was shown by biochemical and molecular studies to be physically attached to the basal
body.>1426:27

The C. fasciculata KDNA network consists of ~5,000 minicircles of 2.5 kb and ~25 maxicircles
of 37 kb. Minicircles in the network are relaxed and singly interlocked to each other®®* form-
ing a two dimensional DNA network. Maxicircles form independent topological catenanes,”
that are threaded into the minicircles network and are embedded in different patterns within
kDNA networks in the various trypanosomatid species, to form ‘network within a network’.%*>!

Maxicircles, the trypanosomal equivalent of mitochondrial genomes in other eukaryotic
cells, are approximately identical in size within a given species, but vary in size (19-39 kb) in
different trypanosomatids.**? They consist of a conserved coding region and a nontranscribed
variable region. Maxicircles genome encodes typical mitochondrial products, such as riboso-
mal RNA and protein subunits of the resépiratory chain,** but not for mitochondrial tRNAs,
which are encoded by nuclear genes.>>?® Their transcripts undergo a remarkable process of
post-transcriptional editing that includes insertions and deletions of uridine residues, to create
functional ORFs (recently reviewed in refs. 7,8,37).

Whereas it has long been known that maxicircles’ genome contains typical mitochondrial
genes, the function of kDNA minicircles, the major constituent of the network, has remained
a puzzle for many years. Currently, their only known genetic function is to encode guide RNA
(gRNA) molecules that provide the specificity for RNA editing of maxicircles’ transcripts.*®
Studies, suggesting that kKDNA minicircles may encode for other RNA and protein products in
various trypanosomatids, have also been reported.*** Minicircles within the network of a
given trypanosomatid species are virtually identical in size, but are heterogeneous in their nucle-
otide sequence, in an apparent correlation with the extent of RNA editing in the various
trypanosomatid species. >4 Despite this substantial heterogeneity, they all contain conserved
regions of 100-200 bp, whose location and copy number vary in different species.“*>? These
regions contain a common sequence motif*” that consists of three short conserved sequence
blocks (CSBs) that are present in the same order and spacing in all species studied. A 12-mer
sequence (CSB-3), known as the universal minicircle sequence (UMS), and a 10-mer sequence
(CSB-1), were proposed to contain the replication initiation sites for the minicircle light (L)
and heavy (H) strands, respectively.>>° Minicircles in most trypanosomatid species contain an
additional common structural motif of a region forming a local bend in the DNA double
helix,*? whose biological function is yet unknown.

Unique Characteristics of the KDNA Replication System
The unusual topology of the kDNA network and its unique mode of replication, division
and segregation, pose several major challenges to the trypanosomatid cell. These are addressed
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by a replication machinery that carries out a replication scheme with no precedent in any other
replication system studied. Some of the individual kKDNA replication proteins, such as DNA
polymerases, ligases and topoisomerases are similar in function and structure, to various de-
grees, to the respective enzymes in other replication systems. Others, such as the proposed
minicircle origin binding protein UMSBP (see below), are unique in structure and function to
the kDNA replication machinery. However, the unique features of KDNA and of the process of
its replication, provide potential targets for the development of anti-trypanosomal and
anti-leishmanial drugs. The general outlines of the kDNA replication scheme and several unique
features of the kDNA replication machinery are discussed in the following paragraphs.

Unlike the replication of mammalian mitochondrial DNA that takes place throughout the
entire cell cycle (for review see refs. 63-66), replication of KDNA networks occurs during a
discrete S-phase of the cell cycle.®” Kinetoplast S phase initiates immediately before that of the
nuclear S phase, but it is considerably shorter and the kinetoplast segregation is completed
before the onset of mitosis.”’7® kDNA replication includes the duplication of minicircles and
maxicircles and the division of the replicated network into two progeny networks that subse-
quently segregate into the two daughter cells.

A model that provided the basic concepts for understanding the replication of kDNA net-
works”"”% had been proposed by Paul Englund almost three decades ago (reviewed in ref. 73)
and has since been updated and refined. According to this model, minicircles are not replicated
while attached to the network. Instead, covalently closed minicircles are released from the
network, prior to their replication, through the action of a type II DNA topoisomerase, and
replicate as free DNA circles.”? The resulting progeny minicircles, which are nicked and gapped,
reattach to the network, by the action of another DNA topoisomerase I1.”4 Following topo-
logical remodeling of the network (see below) and the repair of gaps and nicks in the
newly-replicated minicircles, the network splits and subsequently segregates during cell divi-
sion into the two daughter cells.

kDNA replication proteins were localized to defined sites in the mitochondrial matrix,
flanking the kKDNA disk. Several of these proteins are clustered at these sites during S-phase, in
correlation with the progress in the cell cycle and the process of KDNA replication.”””® Fluo-
rescence microscopy studies have localized replication proteins to three distinct regions within
the mitochondrial matrix (Fig. 1): (i) at the kineto-flagellar zone (KFZ), which is located be-
tween the kDNA disk and the flagellar basal body; (ii) at two antipodal sites flanking the
kDNA disk; and (iii) throughout the entire network. It is speculated that proteins that are
clustered at overlapping location in the mitochondrial matrix are likely to interact with each
other during minicircles replication, to form functional complexes that catalyze related replica-
tive activities. KFZ has been proposed as the site where replication of free minicircles occurs
(Fig. 1). It contains (i) the universal minicircle sequence binding protein (UMSBP)7® (Fig. 2),
proposed to function as the origin binding protein;’®”%%* (ii) DNA primase, that can catalyze
the synthesis of RNA primers, is localized close at the two faces the kKDNA disk;”®% (i) DNA
polymerases Pol IB and Pol IC, shown by RNAIi analysis to be required for kDNA replica-
tion;*® and (iv) the kinetoplast associated protein 1 (KAP1), a histone-like protein, which
surrounds the kDNA disk, overlapping with DNA primase.®> Historically, replication proteins
clusters were first detected at two sites flanking the kDNA disk (Fig. 1), 180° apart on its
circumference.”® The partial repair of newly-replicated minicircles, as well as their reattach-
ment to the network, occurs at these sites. These sites contain (i) DNA topoisomerase 1174 that
catalyzes the topological interconversions of free minicircle and catenane networks®” and has
recently been shown, by RNAi analysis, to be essential for the post-replication reattachment of
minicircles;®® (i) DNA polymerase p'® (Fig. 2A), whose catalytic properties, including its
dRP-lyase activity,**? suggest a function in the gap-filling of newly replicated minicircles; (iii)
a structure-specific endonuclease 1 (SSE1),”” whose proposed function in primer-excision is
supported by its catalytic properties,”>”> as well as by a recent RNAi analysis;’* and (iv) the
recently discovered DNA ligase kB,”>?® whose involvement in the sealing of nicks in the
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Figure 1. Intramitochondrial location of KDNA replication proteins, and kDNA-replication
model. The scheme is based on studies of both Crithidia fasciculataand Trypanosoma brucei.
The KDNA disk, organized with minicircles stretched parallel to its axis, is surrounded by
replication proteins. Covalently closed minicircles are released from the network into the
KFZ, in which they initiate replication as 6 structures [this process probably involves UMSBP,
primase, DNA polymerases (Pols) IB and IC, and other proteins]. The progeny free minicircles
then migrate to the antipodal sites at which the next stages of replication occur (primer
removal by SSE1, gap filling by DNA polymerase p and the sealing of most of the nicks by DNA
ligase kB). The minicircles (still containing at least one nick or gap) are then linked to the
network periphery by topoisomerase Il (Topo Il). DNA polymerase p-PAK and DNA ligase ka
are probably involved in the repair of the remaining minicircle gaps when replication is
completed. The figure shows the filament system linking the kDNA to the flagellar basal body.
Reprinted from: Liu B et al. Fellowship of the rings: The replication of kinetoplast DNA. Trends
Parasitol 2005; 21(8):363-9; ©2005 with permission from Elsevier.*

newly-replicated minicircles was supported by its coimmunoprecipitation with the mitochon-
drial DNA polymerase f.%® Finally, the proteins dispersed throughout the entire kDNA disk,
are enzymes involved in the final repair of gapped and nicked progeny minicircles (Fig. 1), and
histone-like proteins (KAPs) that are most probably involved in the condensation of the net-
work in the mitochondrial matrix. These include (i) DNA polymerase p-pak,”” which was
suggested to function during the late stage of gap-filling of the reattached minicircles;”” (ii) the
recently discovered DNA ligase ko, whose essential role in the repair of reattached kDNA
minicircles was demonstrated recently by RNAi analysis;”® and (iii) The histone-like proteins
KAP2, KAP3 and KAP4.**

Another unique feature of the kKDNA replication machinery is the mechanisms it utilizes to
overcome the major topological challenges in the course of the network replication. Forming a
giant topological catenane, which consists of several thousands DNA circles and yet remains
confined to a defined space within the mitochondrial matrix, kDNA has to go through dy-
namic changes in the network topology, termed “remodeling” of the network.?*® Prior to
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replication, each minicircle in the network is interlocked to the average of three other minicircles,
yielding a valence of 3. At the end of S-phase, the replicated network contains twice the num-
ber of minicircles in the same surface area. As a result, the density of the network increases and
its valence is now 6. During G2 phase a remarkable process of topological remodeling of the
network occurs, in which the network size increases and its topological valence returns to its
prereplication value of 3. This process is followed by the completion of the final steps in the
gap-filling and sealing of the topologically linked newly-replicated minicircles.'”

The subsequent stage of scission of the covalently-sealed, double-size network, demon-
strates another remarkable aspect of the kDNA replication machinery. Based on the catenane
nature of the network it is presumed that a type II DNA topoisomerase is involved in this
process. Since division of the double-size network is almost symmetrical, yielding two daughter
networks of approximately the same size,*?"1%! scission of the network has to be a highly
precise process. Performance of such a highly accurate scission has to be tightly controlled by a
mechanism that directs the action of the operating topoisomerase to unlink the correct pairs of
interlocked minicircles along the virtual line that divides the network into two equal daughter
networks. At present, neither the mechanism used for the scission, nor the mode of its regula-
tion is known.

Finally, the segregation of the divided network during cytokinesis is yet another unique
feature of the kDNA replication machinery. The molecular connections between the kineto-
plast and the basal body has been demonstrated by biochemical and molecular studies, as well
as electron microscopy.'#19%1% It was found that segregation of the basal body drives the
separation of the replicated KDNA progeny network, through a microtubules-mediated pro-
cess, #1%% resulting in their segregation into the two daughter cells. Segregation of the network
was found to be highly coordinated with the process of cytokinesis.!>!4

Replication of Free KDNA Minicircles and Catenated Maxicircles

Early studies have suggested that replication of the minicircle light (L) strand is continuous,
while that of its heavy (H) strand is discontinuous and proceeds through the synthesis of short
Okazaki fragments. The conserved sequences at CSB-3 (UMS) and CSB-1 were implicated in
minicircle replication initiation, as the functional replication origins for the synthesis of the L
and H strands, respectively. Replication of free minicircles initiates by the synthesis of an RNA
primer at the conserved UMS site on the H-strand template. The primer is elongated continu-
ously and unidirectionally by a replicative DNA polymerase, displacing the parental L-strand.
Subsequently, the discontinuous synthesis of the H-strand is initiated, at the CSB-1 region,
and proceeds unidirectionally, using the displaced parental L-strand as a template.”>” The
mechanism used for priming the synthesis of the minicircle H-strand is yet unknown.

Advances over the past twenty years in the characterization of kDNA replication proteins,
their intramitochondrial localization and their role in kDNA replication, have shaped our
current view of the process of minicircle replication. According to the refined replication model
(Fig. 1), minicircle replication begins by the vectorial release of covalently sealed prereplicated
minicircles to the KFZ.!% This region, which accommodates UMSBP (Fig. 2) and DNA
primase, as well as the DNA polymerases Pol IB and Pol IC (Fig. 1), also contains minicircle
replication intermediates during S phase.'® It has been suggested that assembly of a minicircle
replication-initiation complex takes place at the KFZ, triggering the priming of the minicircle’s
leading (L) strand synthesis, and the assembly of the replication fork (reviewed in refs. 3,4). It
has been further speculated that synthesis of the minicircle leading and lagging strands, as well
as segregation of the daughter minicircles, occur in the KFZ, and that the progeny minicircles
migrate from the KFZ to the antipodal reattachment sites. Free minicircle replication interme-
diates have been detected at these two sites during S-phase (Fig. 2B).*!®78 The mechanism that
controls the migration of the newly replicated KDNA minicircles to the antipodal sites is yet
unknown. While at these sites, prior to their catenation onto the network by the type I DNA
topoisomerase,”*® the newly replicated minicircles are partially repaired, by the excision of the



14 Drug Targets in Kinetoplastid Parasites

Nucleus

/ Nucleus

KDNA

=

Pol g —" " +— Pol fi

N

Figure 2. The intra-mitochondrial localization of UMSBP, DNA polymerase 8 and centers of
minicircles replication intermediates (RI). Fluorescence microscopy, demonstrating the lo-
calization of replication proteins and minicircle replication intermediates (RI) in the mito-
chondrial matrix, surrounding the KDNA disk. A) Localization of DNA polymerase  (pol B)
and UMSBP: An overlay presentation of DAPI staining (blue) of the KDNA disk, and
immunostaining of pol B (red), showing its localization at the two antipodal sites, and of
UMSBP (green), at the kineto-flagellar zone (KFZ). B) Antipodal localization of minicircle
replication intermediates (RI): An overlay presentation of DAPI staining (blue), Alexa-dUTP
fluorescence (red), and UMSBP (green). Minicircle replication intermediates (RI), which are
gapped, were selectively labeled in situ by incorporation Alexa-dUTP using terminal
deoxynucleotididyl transferase.”® Reproduced from: Abu-Elneel K et al. Intramitochondrial
localization of universal minicircle sequence-binding protein, a trypanosomatid protein that
binds kinetoplast minicircle replication origins. J Cell Biol 2001; 153(4): 725-34; by copy-
right permission of The Rockefeler University Press.”® A color version of this figure is avail-
able online at www.Eurekah.com.

remaining primers, filling of the gaps and sealing of nicks, through the action of SSE1,7793
DNA polymerase f (Fig. 2A),'%%% and ligase kp.?>"® Complete repair of discontinuities in the
newly replicated minicircles, a process that is carried out in other replication systems during
DNA synthesis, is delayed here until all minicircles have been duplicated and reattached to the
network. It has been suggested that the final repair of gaps and nicks in the minicircle, which
precedes the division of the network, involves the action of DNA polymcrase B—PAK97 and
ligase kot.”® The reason for the delayed repair of newly replicated minicircles is yet unknown. It
has been proposed that the presence of one or more nicks and gaps in the reattached minicircles
may serve in a ‘book-keeping’ mechanism, marking replicated minicircles to insure the replica-
tion of each minicircle molecule only once per generation.!°®1%”

Much less is known about the replication of kDNA maxicircles, which occurs during S-phase,
concurrently with the replication of minicircles. Unlike minicircles, that replicate as free de-
tached DNA circles, maxicircles replicate while attached to the network. %819 Maxicircles
replication initiates from a replication origin, located in their noncoding (variable) region and
proceeds unidirectionally through theta (0) structure intermediates.'®® Involvement of RNA
polymerase in maxicircles replication was also reported.''’

Regulation of KDNA Replication

Considerable progress has been made in recent years in our understanding of the enzymatic
machinery that catalyzes the assembly of kDNA networks in trypanosomatids. Nevertheless,
our understanding of the mechanisms that regulate kDNA replication in the cell remained
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poor. The following paragraphs outline several aspects of the control of kDNA replication,
including the activation of the replication origins, regulation of the origin binding protein
action, and the control of expression of KDNA replication proteins.

Kinetoplast DNA replicates in the trypanosomatid cell during a discrete S phase. The kine-
toplast S phase (S) and kDNA segregation precedes the nuclear S phase (S,) and mitosis.'*’
Kinetoplast segregation is presumably well-coordinated with mitosis."* However, studies on the
mechanism of cell cycle control'''™"" indicated an apparent uncoupling between the kineto-
plast and the nuclear cycle. As the KDNA network replicates at a discrete S-phase, the thousands
of origins present in its minicircles and maxicircles have to be regulated by a mechanism, which
allows the activation of these origins only during the S phase of the cell cycle. The licensing of
chromosomal origins in eukaryotes involves the action of MCM proteins (recently reviewed in
refs. 118,119). MCM proteins encoding genes are also present in the trypanosomatids genomes,
yet the mechanism that functions in the licensing of kKDNA replication origins is unknown.

Regulation of chromosome replication in cells and their subcellular organelles is mediated
by interactions of origins of replication with their counterparts, the trans-acting proteins.'?’ In
kDNA minicircles, two short sequences were associated with the process of replication initia-
tion, a dodecameric sequence GGGGTTGGTGTA (CSB-3, UMS) and a hexameric sequence
ACGCCC (within the (CSB-1). Although the mode of activation of kKDNA replication origins
is unknown, recent studies on the regulation of UMSBP activity through redox signaling (see
below), may shed light on the process of activation of minicircle replication initiation.

UMSBP binds specifically the two sequences conserved at the minicircle replication ori-
gins, the UMS dodecamer and a 14-mer sequence that contains the core hexamer. Based on its
binding to the conserved origin sequences, UMSBP was suggested to play a role during minicircle
replication initiation at the replication origin. However, its precise function has yet to be stud-
ied. The protein has been purified from C. fasciculata and its encoding gene and genomic locus
were cloned and analyzed.”? 818384121 The 116 amino acids protein contains five tandemly
arranged CCHC-type zinc-finger motifs. Immunofluorescence analyses demonstrated the dy-
namic nature of UMSBP localization within the kinetoplast, reaching its maximal level durin%
S-phase, in correlation with the progress in KDNA replication.”® Structure-function analyses®
revealed that UMSBP oligomerizes in solution, but binds the origin sequence only in its mo-
nomeric form. Furthermore, these analyses indicated that zinc fingers that are involved in the
binding of DNA differ from those mediating protein-protein interactions that lead to UMSBP
dimerization. Both UMSBP binding to DNA and its dimerization are sensitive to redox poten-
tial. Oxidation of UMSBP results in the protein dimerization, mediated by its N-terminal
domain, with a concomitant inhibition of its DNA binding activity. UMSBP reduction yields
monomers that are active in the binding of DNA, through the protein C-terminal region. C.
fasciculata tryparedoxins (CFTXNI and 11'%%1%%) were shown to activate in vitro the binding of
an oxidized UMSBP substrate to the DNA (Fig. 3). These results may imply that a cellular
redox signaling mechanism may control the binding of UMSBP to the minicircle replication
origin. Based on these observations, one may speculate that redox signaling may be involved in
the triggering of replication initiation at the minicircle replication origin.

Cycling of the level of expression of kKDNA replication proteins with the progress in cell
cycle, may serve an important regulatory function during KkDNA replication. Dan Ray and his
colleagues have observed that the mRNA levels of several nuclear and kDNA replication genes
in C. fasciculata cycle, as cells progress through the cell cycle,'?*13! reaching their maximal
levels at the beginning of S phase, and then decline sharply as DNA synthesis is completed.
They showed that cycling is controlled prior to mRNA maturation,'?” and that an octamer
sequence [(C/A)AUAGAA(G/A)], located at either the 5’ or the 3" untranslated regions (UTRs)
of the mRNAs, was involved in the regulation mechanism. Two protein complexes, designated
CSBP I and CSBP 11, bind specifically to this sequence.'®' This phenomenon has been ob-
served also in Leishmania infantum'* and Leishmania major'® and is presumably shared by
other trypanosomatid species.
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Figure 3. C. fasciculata tryparedoxins activate in vitro the binding of UMSBP to UMS DNA.
A reactions, which leads from NADPH, through the action trypanothione reductase (TR), to
the reduction of trypanothione disulfide (TS,) to trypanothione (T[SH],) and subsequently to
the reduction of tryparedoxin (TXN), was coupled in vitro to the binding reaction of UMSBP
to DNA. The binding of preoxidized UMSBP to an oligonucleotide, representing the
origin-associated universal minicircle sequence (UMS), was monitored. Generation of nucle-
oprotein complexes in the coupled reactions is demonstrated in the electrophoretic mobility
shiftanalyses (EMSA). The two C. fasciculatatryparedoxins (CfTXN I and CfTXN 11122-125) were
used. The tryparedoxin reaction included either increasing concentrations of CfTXN | (lanes
c-g: 0.01, 0.02, 0.04, 0.06, and 0.1 uM) or CfTXN Il (lanes j-n: 0.1, 0.25, 0.5, 0.75, 1 uM).
Binding reactions, using 0.6 ng UMSBP that was preoxidized by diamide, were conducted in
the presence of 12.5 fmol 32P-labelled UMS DNA. In lanes aand h: no UMSBP and tryparedoxin
added; lanes b and i: no tryparedoxin added. Reproduced from: Onn | et al. Redox potential
regulates binding of universal minicircle sequence binding protein at the kinetoplast DNA
replication origin. Eukaryot Cell 2004; 3(2):277-87;82 ©2004 with permission of American
Society of Microbiology.

Concluding Remarks

The significant advances achieved in recent years in the understanding of the enzymatic
system that catalyzes the assembly of the kKDNA network in trypanosomatids, was greatly en-
hanced by using the powerful combination of classical enzymology, coupled with molecular
genetics, genomic and proteomic strategies. Nevertheless, several of the basic questions, con-
cerning the structure, function, replication and segregation of kDNA remained unsolved. An
intriguing problem is the functional advantage that led to the evolution of this unusual topo-
logical catenane. Other interesting mechanisms are the systems that control the accurate scis-
sion of the replicated network, the regulation of minicircles’ segregation, the functional role of
the clusters of replication proteins surrounding the kDNA disk, and the mechanism that ‘li-
censes KDNA origins to fire and initiate a new round of replication during S phase. Many
other questions regarding the details of the replication scheme remained unanswered. Among
these are the identity of the topoisomerase II that functions in the prereplication release of
minicircles into the KFZ, the mechanism that directs the migration of newly replicated
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minicircles from the KFZ to the two antipodal attachment sites, the functional rationale for
the delayed repair of replicated minicircles, and the mechanism of replication of catenated
maxicircles. These and other basic questions on the replication of kDNA will continue to
intrigue investigators in this field in the coming years. However, the knowledge gained on the
replication mechanisms, proteins, and intermediates, as well as the recent data suggesting that
kDNA and mitochondrial functions are not dispensable in the parasites’ life cycle, opens new
possibilities for the selection of specific targets and the rational designing of drugs against
pathogenic trypanosomatids.

Acknowledgements

We are grateful to Dr. Paul T. Englund for permission to use a figure from his published
paper and for providing us with the original drawing, and to Dr. Yosef Schlein for helpful
comments on the manuscript. Studies in our laboratory were supported, in parts, by grant No.
623 from the Israel Science Foundation (ISF), founded by the Israel Academy of Sciences and
Humanities, and grant No. 2001006 from the United State-Israel Binational Science Founda-
tion (BSF), Jerusalem, Israel.

References
1. Klingbeil MM, Drew ME, Liu Y et al. Unlocking the secrets of trypanosome kinetoplast DNA
network replication. Protist 2001; 152(4):255-62.
2. Morris JC, Drew ME, Klingbeil MM et al. Replication of kinetoplast DNA: An update for the
new millennium. Int J Parasitol 2001; 31(5-6):453-8.
3. Shlomai J. The structure and replication of kinetoplast DNA. Curr Mol Med 2004; 4(6):623-47.
4. Liu B, Liu Y, Motyka SA et al. Fellowship of the rings: The replication of kinetoplast DNA.
Trends Parasitol 2005; 21(8):363-9.
. Lukes J, Guilbride DL, Votypka ] et al. Kinetoplast DNA network: Evolution of an improbable
structure. Eukaryot Cell 2002; 1(4):495-502.
6. Lukes ], Hashimi H, Zikova A. Unexplained complexity of the mitochondrial genome and
transcriptome in kinetoplastid flagellates. Curr Genet 2005; 48(5):277-99.
7. Simpson L, Aphasizhev R, Gao G et al. Mitochondrial proteins and complexes in Leishmania and
Trypanosoma involved in U-insertion/deletion RNA editing. RNA 2004; 10(2):159-70.
8. Stuart KD, Schnaufer A, Ernst NL et al. Complex management: RNA editing in trypanosomes.
Trends Biochem Sci 2005; 30(2):97-105.
9. Schnaufer A, Domingo GJ, Stuart K. Natural and induced dyskinetoplastic trypanosomatids: How
to live without mitochondrial DNA. Int J Parasitol 2002; 32(9):1071-84.

10. Schnaufer A, Panigrahi AK, Panicucci B et al. An RNA ligase essential for RNA editing and sur-
vival of the bloodstream form of Trypanosoma brucei. Science 2001; 291(5511):2159-62.

11. Schnaufer A, Clark-Walker GD, Steinberg AG et al. The F1-ATP synthase complex in blood-
stream stage trypanosomes has an unusual and essential function. EMBO ] 2005; 24(23):4029-40.

12. Das A, Gale Jr M, Carter V et al. The protein phosphatase inhibitor okadaic acid induces defects
in cytokinesis and organellar genome segregation in Trypanosoma brucei. J Cell Sci 1994; 107 (Pt
12):3477-83.

13. Ploubidou A, Robinson DR, Docherty RC et al. Evidence for novel cell cycle checkpoints in try-
panosomes: Kinetoplast segregation and cytokinesis in the absence of mitosis. J Cell Sci 1999;
112(Pt 24):4641-50.

14. Robinson DR, Gull K. Basal body movements as a mechanism for mitochondrial genome segrega-
tion in the trypanosome cell cycle. Nature 1991; 352(6337):731-3.

15. Pearson TW, Beecroft RP, Welburn SC et al. The major cell surface glycoprotein procyclin is a
receptor for induction of a novel form of cell death in African trypanosomes in vitro. Mol Biochem
Parasitol 2000; 111(2):333-49.

16. Welburn SC, Barcinski MA, Williams GT. Programmed cell death in trypanosomatids. Parasitol
Today 1997; 13(1):22-6.

17. Perez-Morga D, Englund PT. The structure of replicating kinetoplast DNA networks. J Cell Biol
1993; 123(5):1069-79.

18. Ferguson M, Torri AF, Ward DC et al. In situ hybridization to the Crithidia fasciculata kineto-
plast reveals two antipodal sites involved in kinetoplast DNA replication. Cell 1992; 70(4):621-9.

19. Tittawella I. A simple procedure for detecting proteins that bind preferentially to kDNA networks.
FEMS Microbiol Lett 1989; 51(3):347-52.

N



18

Drug Targets in Kinetoplastid Parasites

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

3

—

32.

33.
34.

35.
36.
37.
38.
39.

40.

4

—_

42.
43.
44.
45.
46.
47.
48.
49.

50.

5

—

Tittawella 1. Kinetoplast DNA-aggregating proteins from parasitic protozoan Crithidia fasciculata.
FEBS Lett 1990; 260(1):57-61.

Tittawella I. Identification of DNA-binding proteins in the parasitic protozoan Crithidia fasciculata
and evidence for their association with the mitochondrial genome. Exp Cell Res 1993; 206(1):143-51.
Tittawella I, Carlsson L, Thornell LE. Two proteins involved in kinetoplast compaction [published
erratum appears in FEBS Lett 1993 Dec 20;336(1):190]. FEBS Lett 1993; 333(1-2):5-9.

Xu C, Ray DS. Isolation of proteins associated with kinetoplast DNA networks in vivo. Proc Natl
Acad Sci USA 1993; 90(5):1786-9.

Xu CW, Hines JC, Engel ML et al. Nucleus-encoded histone H1-like proteins are associated with
kinetoplast DNA in the trypanosomatid Crithidia fasciculata. Mol Cell Biol 1996; 16(2):564-76.
Lukes J, Hines JC, Evans CJ et al. Disruption of the Crithidia fasciculata KAP1 gene results in
structural rearrangement of the kinetoplast disc. Mol Biochem Parasitol 2001; 117(2):179-86.
Braly P, Simpson L, Kretzer F. Isolation of kinetoplast-mitochondrial complexes from Leishmania
tarentolae. ] Protozool 1974; 21(5):782-90.

Gull K. The cytoskeleton of trypanosomatid parasites. Annu Rev Microbiol 1999; 53:629-55.
Rauch CA, Perez-Morga D, Cozzarelli NR et al. The absence of supercoiling in kinetoplast DNA
minicircles. EMBO J 1993; 12:403-11.

Chen J, Rauch CA, White JH et al. The topology of the kinetoplast DNA network. Cell 1995;
80(1):61-9.

Shapiro TA. Kinetoplast DNA maxicircles: Networks within networks. Proc Natl Acad Sci USA
1993; 90(16):7809-13.

. Ferguson ML, Torri AF, Perez-Morga D et al. Kinetoplast DNA replication: Mechanistic differ-

ences between Trypanosoma brucei and Crithidia fasciculata. J Cell Biol 1994; 126(3):631-9.
Simpson L. The mitochondrial genome of kinetoplastid protozoa: Genomic organization, tran-
scription, replication, and evolution. Annu Rev Microbiol 1987; 41:363-82.

Stuart K, Feagin JE. Mitochondrial DNA of kinetoplastida. Int Rev Cytol 1992; 141:65-88.
Schneider A. Unique aspects of mitochondrial biogenesis in trypanosomatids. Int J Parasitol 2001;
31(13):1403-15.

Hancock K, Hajduk SL. The mitochondrial tRNAs of Trypanosoma brucei are nuclear encoded. ]
Biol Chem 1990; 265(31):19208-15.

Schneider A, Marechal-Drouard L. Mitochondrial tRNA import: Are there distinct mechanisms?
Trends Cell Biol 2000; 10(12):509-13.

Horton TL, Landweber LF. Rewriting the information in DNA: RNA editing in kinetoplastids
and myxomycetes. Curr Opin Microbiol 2002; 5(6):620-6.

Sturm NR, Simpson L. Kinetoplast DNA minicircles encode guide RNAs for editing of cyto-
chrome oxidase subunit III mRNA. Cell 1990; 61(5):879-84.

Fouts DL, Wolstenholme DR. Evidence for a partial RNA transcript of the small circular compo-
nent of kinetoplast DNA of Crithidia acanthocephali. Nucleic Acids Res 1979; 6(12):3785-804.
Rohrer SP, Michelotti EF, Torri AF et al. Transcription of kinetoplast DNA minicircles. Cell
1987; 49(5):625-32.

. Shlomai J, Zadok A. Kinetoplast DNA minicircles of trypanosomatids encode for a protein prod-

uct. Nucleic Acids Res 1984; 12(21):8017-28.

Singh N, Rastogi AK. Kinetoplast DNA minicircles of Leishmania donovani express a protein prod-
uct. Biochim Biophys Acta 1999; 1444(2):263-8.

Steinert M, Van Assel S. Sequence heterogeneity in kinetoplast DNA: Reassociation kinetics. Plas-
mid 1980; 3:7-17.

Barrios M, Riou G, Galibert F. Complete nucleotide sequence of minicircle kinetoplast DNA from
Trypanosoma equiperdum. Proc Natl Acad Sci USA 1981; 78:3323-7.

Borst P, Fase-Fowler F, Gibson WC. Kinetoplast DNA of Trypanosoma evansi. Mol Biochem
Parasitol 1987; 23:31-8.

Ray DS. Conserved sequence blocks in kinetoplast minicircles from diverse species of trypano-
somes. Mol Cell Biol 1989; 9(3):1365-7.

Chen KK, Donelson JE. Sequences of two kinetoplast DNA minicircles of Tryptanosoma brucei.
Proc Natl Acad Sci USA 1980; 77(5):2445-9.

Kidane GZ, Hughes D, Simpson L. Sequence heterogeneity and anomalous electrophoretic mobil-
ity of kinetoplast minicircle DNA from Leishmania tarentolac. Gene 1984; 27:265-77.

Sugisaki H, Ray DS. DNA sequence of Crithidia fasciculata kinetoplast minicircles. Mol Biochem
Parasitol 1987; 23(3):253-63.

Ponzi M, Birago C, Battaglia PA. Two identical symmetrical regions in the minicircle structure of
Trypanosoma lewisi kinetoplast DNA. Mol Biochem Parasitol 1984; 13(1):111-9.

. Degrave W, Fragoso SP, Britto C et al. Peculiar sequence organization of kinetoplast DNA

minicircles from Trypanosoma cruzi. Mol Biochem Parasitol 1988; 27(1):63-70.



kDNA Replication Machinery 19

52.

53.
54.

55.

56.

57.
58.
59.
60.
6l.
62.

63.
64.

65.
66.
67.
68.

69.

70.
71.
72.
73.
74.
75.

76.

77.

78.

79.

Vallejo GA, Macedo AM, Chiari E et al. Kinetoplast DNA from Trypanosoma rangeli contains
two distinct classes of minicircles with different size and molecular organization. Mol Biochem
Parasitol 1994; 67(2):245-53.

Kitchin PA, Klein VA, Englund PT. Intermediates in the replication of kinetoplast DNA minicircles.
J Biol Chem 1985; 260(6):3844-51.

Ntambi JM, Englund PT. A gap at a unique location in newly replicated kinetoplast DNA minicircles
from Trypanosoma equiperdum. ] Biol Chem 1985; 260(9):5574-9.

Birkenmeyer L, Ray DS. Replication of kinetoplast DNA in isolated kinetoplasts from Crithidia
fasciculata. Identification of minicircle DNA replication intermediates. ] Biol Chem 1986;
261(5):2362-8.

Birkenmeyer L, Sugisaki H, Ray DS. Structural characterization of site-specific discontinuities asso-
ciated with replication origins of minicircle DNA from Crithidia fasciculata. J Biol Chem 1987;
262(5):2384-92.

Sheline C, Melendy T, Ray DS. Replication of DNA minicircles in kinetoplasts isolated from
Crithidia fasciculata: Structure of nascent minicircles. Mol Cell Biol 1989; 9(1):169-76.

Sheline C, Ray DS. Specific discontinuities in Leishmania tarentolae minicircles map within uni-
versally conserved sequence blocks. Mol Biochem Parasitol 1989; 37(2):151-7.

Ryan KA, Englund PT. Replication of kinetoplast DNA in Trypanosoma equiperdum. Minicircle
H strand fragments which map at specific locations. ] Biol Chem 1989; 264(2):823-30.

Marini JC, Levene SD, Crothers DM et al. Bent helical structure in kinetoplast DNA. Proc Natl
Acad Sci USA 1982; 79:7664-8.

Kitchin PA, Klein VA, Ryan KA et al. A highly bent fragment of Crithidia fasciculata kinetoplast
DNA. J Biol Chem 1986; 261(24):11302-9.

Ntambi JM, Marini JC, Bangs JD et al. Presence of a bent helix in fragments of kinetoplast DNA
minicircles from several trypanosomatid species. Mol Biochem Parasitol 1984; 12(3):273-86.
Clayton DA. Replication of animal mitochondrial DNA. Cell 1982; 28(4):693-705.

Clayton DA. Replication and transcription of vertebrate mitochondrial DNA. Annu Rev Cell Biol
1991; 7:453-78.

Shadel GS. Yeast as a model for human mtDNA replication. Am J Hum Genet 1999; 65(5):1230-7.
Clayton DA. Vertebrate mitochondrial DNA-a circle of surprises. Exp Cell Res 20005 255(1):4-9.
Woodward R, Gull K. Timing of nuclear and kinetoplast DNA replication and early morphologi-
cal events in the cell cycle of Trypanosoma brucei. J Cell Sci 1990; 95(Pt 1):49-57.

Steinert M, Van Assel S. [Coordinated replication of nuclear and mitochondrial desoxyribonucleic
acids in &quot;Crithidia luciliae&quot]. Arch Int Physiol Biochim 1967; 75(2):370-1.

Cosgrove WB, Skeen MJ. The cell cycle in Crithidia fasciculata. Temporal relationships between
synthesis of deoxyribonucleic acid in the nucleus and in the kinetoplast. ] Protozool 1970;
17(2):172-7.

Simpson L, Braly P. Synchronization of Leishmania tarantolae by hydroxyurea. J Protozool 1970;
17:511-517.

Englund PT. The replication of kinetoplast DNA network in Crithidia fasciculata. Cell 1978;
14:157-168.

Englund PT. Free minicircles of kinetoplast DNA in Crithidia fasciculata. J Biol Chem 1979;
254:4895-900.

Ryan KA, Shapiro TA, Rauch CA et al. Replication of kinetoplast DNA in trypanosomes. Annu
Rev Microbiol 1988; 42:339-58.

Melendy T, Sheline C, Ray DS. Localization of a type II DNA topoisomerase to two sites at the
periphery of the kinetoplast DNA of Crithidia Fasciculata. Cell 1988; 55:1083-1088.
Abu-Elneel K. The initiation of Kinetoplast DNA replication in trypanosomatids: Specific
protein-DNA interactions at the replication origin: The Hebrew University of Jerusalem, 2002.
Abu-FElneel K, Robinson DR, Drew ME et al. Intramitochondrial localization of universal minicircle
sequence-binding protein, a trypanosomatid protein that binds kinetoplast minicircle replication
origins. ] Cell Biol 2001; 153(4):725-34.

Engel ML, Ray DS. The kinetoplast structure-specific endonuclease I is related to the 5' exo/endonu-
clease domain of bacterial DNA polymerase I and colocalizes with the kinetoplast topoisomerase 11
and DNA polymerase beta during replication. Proc Natl Acad Sci USA 1999; 96(15):8455-60.
Johnson CE, Englund PT. Changes in organization of Crithidia fasciculata kinetoplast DNA repli-
cation proteins during the cell cycle. J Cell Biol 1998; 143(4):911-9.

Abeliovich H, Tzfati Y, Shlomai J. A trypanosomal CCHC-type zinc finger protein which binds
the conserved universal sequence of kinetoplast DNA minicircles: Isolation and analysis of the
complete cDNA from Crithidia fasciculata. Mol Cell Biol 1993; 13(12):7766-73.



20

Drug Targets in Kinetoplastid Parasites

80.

8

—

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

—

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.

102.

103.

104.

105.
100.

107.

Abu-Elneel K, Kapeller I, Shlomai J. Universal minicircle sequence-binding protein, a
sequence-specific DNA-binding protein that recognizes the two replication origins of the kineto-
plast DNA minicircle. ] Biol Chem 1999; 274(19):13419-26.

. Avrahami D, Tzfati Y, Shlomai J. A single-stranded DNA binding protein binds the origin of

replication of the duplex kinetoplast DNA. Proc Natl Acad Sci USA 1995; 92(23):10511-5.

Onn I, Milman-Shtepel N, Shlomai J. Redox potential regulates binding of universal minicircle se-
quence binding protein at the kinetoplast DNA replication origin. Eukaryot Cell 2004; 3(2):277-87.
Tzfati Y, Abeliovich H, Avrahami D et al. Universal minicircle sequence binding protein, a
CCHC-type zinc finger protein that binds the universal minicircle sequence of trypanosomatids.
Purification and characterization. ] Biol Chem 1995; 270(36):21339-45.

Tzfati Y, Abeliovich H, Kapeller I et al. A single-stranded DNA-binding protein from Crithidia
fasciculata recognizes the nucleotide sequence at the origin of replication of kinetoplast DNA
minicircles. Proc Natl Acad Sci USA 1992; 89(15):6891-5.

Li C, Englund PT. A mitochondrial DNA primase from the trypanosomatid Crithidia fasciculata.
J Biol Chem 1997; 272(33):20787-92.

Klingbeil MM, Motyka SA, Englund PT. Multiple mitochondrial DNA polymerases in Trypano-
soma brucei. Mol Cell 2002; 10(1):175-86.

Melendy T, Ray DS. Novobiocin affinity purification of a mitochondrial type II topoisomerase
from the trypanosomatid Crithidia fasciculata. ] Biol Chem 1989; 264(3):1870-6.

Wang Z, Englund PT. RNA interference of a trypanosome topoisomerase I causes progressive loss
of mitochondrial DNA. EMBO ] 2001; 20(17):4674-83.

Torri AF, Englund PT. Purification of a mitochondrial DNA polymerase from Crithidia fasciculata.
J Biol Chem 1992; 267(7):4786-92.

Torri AF, Englund PT. A DNA polymerase beta in the mitochondrion of the trypanosomatid
Crithidia fasciculata. J Biol Chem 1995; 270(8):3495-7.

. Torri AF, Kunkel TA, Englund PT. A beta-like DNA polymerase from the mitochondrion of the

trypanosomatid Crithidia fasciculata. ] Biol Chem 1994; 269(11):8165-71.

Hines JC, Engel ML, Zhao H et al. RNA primer removal and gap filling on a model minicircle
replication intermediate. Mol Biochem Parasitol 2001; 115(1):63-7.

Engel ML, Ray DS. A structure-specific DNA endonuclease is enriched in kinetoplasts purified
from Crithidia fasciculata. Nucleic Acids Res 1998; 26(20):4733-4738.

Liu Y, Motyka SA, Englund PT. Effects of RNA interference of Trypanosoma brucei
structure-specific endonuclease-I on kinetoplast DNA replication. ] Biol Chem 2005.

Sinha KM, Hines JC, Downey N et al. Mitochondrial DNA ligase in Crithidia fasciculata. Proc
Natl Acad Sci USA 2004; 101(13):4361-6.

Downey N, Hines JC, Sinha KM et al. Mitochondrial DNA ligases of Trypanosoma brucei. Eukaryot
Cell 2005; 4(4):765-74.

Saxowsky TT, Choudhary G, Klingbeil MM et al. Trypanosoma brucei has two distinct mitochon-
drial DNA polymerase beta enzymes. ] Biol Chem 2003; 8:8.

Chen J, Englund PT, Cozzarelli NR. Changes in network topology during the replication of kine-
toplast DNA. EMBO J 1995; 14(24):6339-47.

Hoeijmakers JH, Weijers PJ. The segregation of kinetoplast DNA networks in Trypanosoma brucei.
Plasmid 1980; 4(1):97-116.

Robinson DR, Gull K. The configuration of DNA replication sites within the Trypanosoma brucei
kinetoplast. J Cell Biol 1994; 126(3):641-8.

Wang Z, Drew ME, Morris JC et al. Asymmetrical division of the kinetoplast DNA network of
the trypanosome. EMBO ] 2002; 21(18):4998-5005.

Ogbadoyi EO, Robinson DR, Gull K. A high-order trans-membrane structural linkage is respon-
sible for mitochondrial genome positioning and segregation by flagellar basal bodies in trypano-
somes. Mol Biol Cell 2003; 14(5):1769-79.

Soultanas P, Wigley DB. DNA helicases: ‘Inching forward’ [see comments]. Curr Opin Struct Biol
2000; 10(1):124-8.

Robinson DR, Sherwin T, Ploubidou A et al. Microtubule polarity and dynamics in the control of
organelle positioning, segregation, and cytokinesis in the trypanosome cell cycle. ] Cell Biol 1995;
128(6):1163-72.

Drew ME, Englund PT. Intramitochondrial location and dynamics of Crithidia fasciculata kineto-
plast minicircle replication intermediates. J Cell Biol 2001; 153(4):735-44.

Shapiro TA, Englund PT. The structure and replication of kinetoplast DNA. Annu Rev Microbiol
1995; 49:117-43.

Shlomai J, Linial M. A nicking enzyme from trypanosomatids which specifically affects the topo-
logical linking of duplex DNA circles. Purification and characterization. ] Biol Chem 1986;
261(34):16219-25.



kDNA Replication Machinery 21

108.
109.
110.

111.

112.

113.

114.

115.

116.
117.
118.
119.

120.
121.

122.

123.

124.
125.
126.
127.
128.
129.

130.

132.

133.

134.

Carpenter LR, Englund PT. Kinetoplast maxicircle DNA replication in Crithidia fasciculata and
Trypanosoma brucei. Mol Cell Biol 1995; 15(12):6794-803.

Hajduk SL, Klein VA, Englund PT. Replication of kinetoplast DNA maxicircles. Cell 1984;
36:483-492.

Grams J, Morris JC, Drew ME et al. A trypanosome mitochondrial RNA polymerase is required
for transcription and replication. ] Biol Chem 2002; 277(19):16952-9.

Kumar P, Wang CC. Depletion of anaphase-promoting complex or cyclosome (APC/C) subunit
homolog APCI or CDC27 of Trypanosoma brucei arrests the procyclic form in metaphase but the
bloodstream form in anaphase. ] Biol Chem 2005; 280(36):31783-91.

Tu X, Wang CC. The involvement of two cdc2-related kinases (CRKs) in Trypanosoma brucei
cell cycle regulation and the distinctive stage-specific phenotypes caused by CRK3 depletion. ] Biol
Chem 2004; 279(19):20519-28.

Tu X, Wang CC. Pairwise knockdowns of cdc2-related kinases (CRKs) in Trypanosoma brucei
identified the CRKs for G1/S and G2/M transitions and demonstrated distinctive cytokinetic regu-
lations between two developmental stages of the organism. Eukaryot Cell 2005; 4(4):755-64.

Tu X, Wang CC. Coupling of posterior cytoskeletal morphogenesis to the G1/S transition in the
Trypanosoma brucei cell cycle. Mol Biol Cell 2005; 16(1):97-105.

Hammarton TC, Engstler M, Mottram JC. The Trypanosoma brucei cyclin, CYC2, is required for
cell cycle progression through G1 phase and for maintenance of procyclic form cell morphology. J
Biol Chem 2004; 279(23):24757-64.

Li Z, Wang CC. Functional characterization of the 11 nonATPase subunit proteins in the trypa-
nosome 19 S proteasomal regulatory complex. J Biol Chem 2002; 277(45):42686-93.

McKean PG. Coordination of cell cycle and cytokinesis in Trypanosoma brucei. Curr Opin
Microbiol 2003; 6(6):600-7.

Blow JJ, Dutta A. Preventing rereplication of chromosomal DNA. Nat Rev Mol Cell Biol 2005;
6(6):476-86.

Forsburg SL. Eukaryotic MCM proteins: Beyond replication initiation. Microbiol Mol Biol Rev
2004; 68(1):109-31.

Kornberg A, Baker TA. DNA Replication. 2nd ed. San Francisco: Freeman, 1991.

Tzfati Y, Shlomai J. Genomic organization and expression of the gene encoding the universal
minicircle sequence binding protein. Mol Biochem Parasitol 1998; 94(1):137-41.

Montemartini M, Kalisz HM, Kiess M et al. Sequence, heterologous expression and functional char-
acterization of a novel tryparedoxin from Crithidia fasciculata. Biol Chem 1998; 379(8-9):1137-42.
Montemartini M, Nogoceke E, Singh M et al. Sequence analysis of the tryparedoxin peroxidase
gene from Crithidia fasciculata and its functional expression in Escherichia coli. ] Biol Chem 1998;
273(9):4864-71.

Montemartini M, Steinert P, Singh M et al. Tryparedoxin II from Crithidia fasciculata. Biofactors
2000; 11(1-2):65-6.

Nogoceke E, Gommel DU, Kiess M et al. A unique cascade of oxidoreductases catalyses
trypanothione-mediated peroxide metabolism in Crithidia fasciculata. Biol Chem 1997; 378(8):827-36.
Hines JC, Ray DS. Periodic synthesis of kinetoplast DNA topoisomerase II during the cell cycle.
Mol Biochem Parasitol 1997; 88(1-2):249-52.

Pasion SG, Brown GW, Brown LM et al. Periodic expression of nuclear and mitochondrial DNA
replication genes during the trypanosomatid cell cycle. J Cell Sci 1994; 107(Pt 12):3515-20.
Mahmood R, Hines JC, Ray DS. Identification of cis and trans elements involved in the cell cycle
regulation of multiple genes in Crithidia fasciculata. Mol Cell Biol 1999; 19(9):6174-82.
Mahmood R, Mittra B, Hines JC et al. Characterization of the Crithidia fasciculata mRNA cycling
sequence binding proteins. Mol Cell Biol 2001; 21(14):4453-9.

Avliyakulov NK, Hines JC, Ray DS. Sequence elements in both the intergenic space and the 3'
untranslated region of the Crithidia fasciculata KAP3 gene are required for cell cycle regulation of

KAP3 mRNA. Eukaryot Cell 2003; 2(4):671-7.

. Mittra B, Sinha KM, Hines JC et al. Presence of multiple mRNA cycling sequence element-binding

proteins in Crithidia fasciculata. ] Biol Chem 2003; 278(29):26564-71.

Hanke T, Ramiro MJ, Trigueros S et al. Cloning, functional analysis and post-transcriptional regu-
lation of a type II DNA topoisomerase from Leishmania infantum. A new potential target for
anti-parasite drugs. Nucleic Acids Res 2003; 31(16):4917-28.

Zick A, Onn 1, Bezalel R et al. Assigning functions to genes: Identification of S-phase expressed
genes in Leishmania major based on post-transcriptional control elements. Nucleic Acids Res 2005;
33(13):4235-42.

Montemartini M, Kalisz HM, Hecht HJ et al. Activation of active-site cysteine residues in the
peroxiredoxin-type tryparedoxin peroxidase of Crithidia fasciculata. Eur J Biochem 1999; 264(2):516-24.



‘uonnquisi 10} 10N "eousIosolg sepue WbuAdod 20026



