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Dynamic Localization of Trypanosoma brucei Mitochondrial DNA
Polymerase ID

Jeniffer Concepcion-Acevedo, Juemin Luo, and Michele M. Klingbeil

Department of Microbiology, University of Massachusetts, Amherst, Massachusetts, USA

Trypanosomes contain a unique form of mitochondrial DNA called kinetoplast DNA (kDNA) that is a catenated network composed of
minicircles and maxicircles. Several proteins are essential for network replication, and most of these localize to the antipodal sites or
the kinetoflagellar zone. Essential components for kDNA synthesis include three mitochondrial DNA polymerases TbPOLIB,
TbPOLIC, and TbPOLID). In contrast to other kDNA replication proteins, TbPOLID was previously reported to localize throughout
the mitochondrial matrix. This spatial distribution suggests that TbPOLID requires redistribution to engage in kDNA replication.
Here, we characterize the subcellular distribution of ThbPOLID with respect to the Trypanosoma brucei cell cycle using immunofluo-
rescence microscopy. Our analyses demonstrate that in addition to the previously reported matrix localization, TbPOLID was detected
as discrete foci near the kDNA. TbPOLID foci colocalized with replicating minicircles at antipodal sites in a specific subset of the cells
during stages II and III of kDNA replication. Additionally, the TbPOLID foci were stable following the inhibition of protein synthesis,

detergent extraction, and DNase treatment. Taken together, these data demonstrate that TbPOLID has a dynamic localization that
allows it to be spatially and temporally available to perform its role in kDNA replication.

,VI itochondrial DNA (mtDNA) is packaged into protein-DNA
complexes called nucleoids. These structures are dynamic
macrocomplexes located in the mitochondrial matrix, and they
act as units of mtDNA replication and inheritance with composi-
tion that can undergo remodeling in response to metabolic
stresses (7, 23, 47). Using bromodeoxyuridine (BrdU) incorpora-
tion, nucleoids have been shown to be the sites of mtDNA repli-
cation in yeast and mammalian cells (35, 39). However, not all
nucleoids replicate concurrently; only a subset undergo replica-
tion at any given time. With no strict control related to cell cycle
progression, the segregation and inheritance of the nucleoid de-
pends upon a membrane-associated apparatus that interacts with
the fusion and fission machinery of the mitochondrial organelle
network (2, 19, 31). Lastly, while the protein composition of
nucleoids varies among cell types and in response to metabolic
conditions, the core proteins of the nucleoid appear to remain
constant and include transcription and replication factors, such as
mitochondrial transcription factor A, single-stranded binding
protein, Twinkle helicase, and the sole mitochondrial DNA poly-
merase, Pol y (1, 21).

One of the most unusual and structurally complex mtDNA
genomes is found in trypanosomatid parasites such as Trypano-
soma brucei, the causative agent of African sleeping sickness. This
extranuclear genome, called kinetoplast DNA (kDNA), is a net-
work composed of thousands of topologically interlocked
minicircles and maxicircles that are condensed into a single disk-
shaped nucleoid structure. Approximately 25 identical maxicircle
copies (23 kb) encode a subset of respiratory chain subunits and
rRNA, similarly to other eukaryotic mtDNA. However, several
cryptic maxicircle transcripts require posttranscriptional RNA
editing (insertion and/or deletion of uridine residues) to generate
functional open reading frames. RNA editing depends upon guide
RNAs (gRNAs) encoded on the heterogeneous population of
5,000 minicircles (1 kb) (49). Therefore, the coordinated replica-
tion of both minicircles and maxicircles is essential for mitochon-
drial physiology and parasite survival.

Key features of the kDNA replication mechanism include rep-
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lication once per cell cycle in near synchrony with nuclear S phase,
a topoisomerase II-mediated release and reattachment of
minicircles, and a multiplicity of DNA polymerases (six), helicases
(six), and primases (two) for kKDNA transactions (17, 18, 22, 27,
45). Briefly, covalently closed minicircles are released from the
network into the kinetoflagellar zone (KFZ), a specialized region
between the kDNA disk and the mitochondrial membrane nearest
the basal body (bb) (10). The free minicircles initiate unidirec-
tional theta structure replication primarily through interactions
with proteins such as universal minicircle sequence binding
protein (UMSBP) and p38 (26, 33). TbPOLIB and TbPOLIC also
localize to this region. Minicircle progeny (still containing at least
one gap) are subsequently reattached at two electron-dense areas
positioned 180° apart at the network periphery called the antipo-
dal sites. Several proteins associated with Okazaki fragment pro-
cessing and reattachment to the network localize to the antipodal
sites, including SSE1, DNA Pol 3, DNA ligase k@3 (Ligk ), and
topoisomerase II (Topo I1,,,,) (9, 12, 20, 43, 50). As a result, there
is spatial and temporal separation of replication events with early
initiation occurring in the KFZ, followed by Okazaki fragment
processing and reattachment at the antipodal sites. Reattachment
occurs before all gaps have been filled. Once all minicircles have
replicated, the gapped molecules undergo a final phase of gap
filling, presumably by Pol B-PAK and DNA ligase ka. Far less is
known about maxicircle replication. In contrast to minicircles,
maxicircles remain catenated to the network during replication,
accumulate at the center of a growing disk, and are the last mole-
cules to segregate (14). Currently, only two proteins have been
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shown to be essential for maxicircle replication, a DNA helicase
(TbPIF2) and a primase (PRI1) (17, 27). Thus far, the main max-
icircle replicase has not been described.

In the cell’s single mitochondrion, the kDNA is positioned
within the mitochondrial matrix near the flagellar bb. kDNA S
phase occurs almost in synchrony with bb duplication. Addition-
ally, kKDNA segregation and positioning are dependent on bb
movement and separation. Failure to segregate the bb results in
impaired network segregation, providing additional evidence for
the link between bb segregation and kDNA division (16, 40). A
filament system called the tripartite attachment complex (TAC)
physically links the bb and the kDNA (38, 41). The disruption of
the two known TAC proteins by the depletion of p166 and over-
expression of a dominant-negative form of AEP-1 causes im-
paired kDNA segregation (37, 52). The kinetoplast duplication
cycle is characterized by morphological differences that can be
divided into five distinct stages (14). At stage I, cells contain 1
kDNA disk, no visible antipodal sites, and 1 basal body/probasal
body (bb/pro-bb) pair. During stages II and III, the kDNA tran-
sitions from a bilobed to a V-shaped structure, and both stages
contain 2 bb/pro-bb pairs as well as antipodal sites. The segrega-
tion of the replicated kDNA network initiates during stage IV.
Networks remain connected by a thread of maxicircles that is re-
solved in stage V when both networks are morphologically the
same as in stage I. In both stages (IV and V), 2 bb/pro-bb pairs are
observed and antipodal sites are not detected.

The spatial and temporal localization of KkDNA replication
proteins likely is important for their participation in this highly
coordinated and dynamic process. So far, a majority of kDNA
replication proteins localize mainly to the KFZ and the antipodal
sites. Since the discovery of the first antipodal kDNA replication
protein, Topo II,, (32), many more proteins share a pattern of
antipodal localization. It has been proposed that the composition
of proteins at the antipodal sites is dynamic, and the localization of
some of these proteins to the antipodal sites seems to be periodic
(20, 46). Initial localization studies of the three essential mito-
chondrial DNA polymerases indicated that TbPOLIB and
TbPOLIC localized to the KFZ, while TbPOLID was distrib-
uted throughout the mitochondrial matrix (22). The matrix lo-
calization of TbPOLID suggests that this protein redistributes
close to the kDNA network or is needed in very low abundance to
perform its role in KDNA replication. Using a POLID-PTP-tagged
single expressor cell line (PTP stands for protein C-tobacco etch
virus-protein A) and immunofluorescence microscopy (IF), we
characterized in detail the dynamic localization of TbPOLID dur-
ing the T. brucei cell cycle. Here, we describe a detailed localization
pattern for TbPOLID in which the protein accumulates as foci
during stages II and III of the kDNA S phase and becomes dis-
persed throughout the mitochondrial matrix at all other cell cycle
stages. We provide evidence that TbPOLID changes in localiza-
tion occur through a mechanism that involves the redistribution
of the mitochondrial matrix fraction to the antipodal sites. Taken
together, these data demonstrate that TbPOLID is spatially and
temporally available to perform its essential role in kDNA repli-
cation.

MATERIALS AND METHODS

Chromosomal tagging and single-allele deletion. (i) pPOLID-PTP-
NEO. TbPOLID C-terminal coding sequence (1,635 bp) was PCR ampli-
fied from T. brucei 927 genomic DNA using forward (5'-ATA ATA GGG
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CCCTGCTCGTCAAGA GGT GCG-3") and reverse (5'-ATA ATA CGG
CCGCAGTGT CTCCTCAAT GAC AAC G-3") primers containing Apal
and Eagl sites, respectively. The PCR-amplified fragment was ligated into
Apal and Notl restriction sites of pC-PTP-NEO (44) to create the
pPOLID-PTP-NEO vector.

(i) POLID knockout construct pPKOPOLID®"*°, pKO""™° is a deriv-
ative of the pKONFO'MYG geries (24) and was a gift from Paul Englund
(34). A 629-bp TbPOLID 5’-untranslated region (UTR) fragment was
PCR amplified using forward (5'-CTC GAG CAG GGA AAG ATA GCG
CCT-3") and reverse (5'-ATC GAT AAA AAG AAG GAT GCG-3') prim-
ers containing Xhol and Clal sites, respectively, and ligated into pKO""™°.
Subsequently, a 483-bp TbPOLID 3" UTR fragment was PCR amplified
using forward (5'-ACT AGT GTG TCC TAT AGC AGT AAC G-3") and
reverse (5'-GCG GCC GCA GCA ATT TTC CGC AC-3') primers con-
taining Spel and Notl sites, respectively, and ligated into Spel and NotI
sites in the downstream polylinker portion of the pKO""™ vector to gen-
erate the pKOPOLID""™ construct. After digestion with Xhol and Notl,
the 3,359-bp fragment containing the puromycin resistance marker
flanked by the POLID UTRs was used for transfection into parasites.

(iii) Myc tagging of TbPIF2. The original pPIF2-myc construct (27) (a
generous gift from Paul Englund) was modified to create the pPIF2-Myc-
BLA construct. Briefly, we modified this vector by replacing the neomycin
resistance marker with the blasticidin resistance marker from the
pMOtag2H vector (36) using HindIIT and BamHI digestion.

Trypanosome growth and transfection. Procyclic T. brucei strain
Lister 427 was cultured at 27°C in SDM-79 containing 15% heat-inacti-
vated serum and was transfected by electroporation with SnaBI-linearized
pPOLID-PTP-NEO (10 pg). A stable population was first selected with 50
pg/ml G418, followed by limiting dilution as described previously (4, 6),
resulting in a plating efficiency of 70%. Clonal cell line TbID-PTP P2B7
then was transfected with Xhol/NotI-digested pPKOPOLID"* vector (15
pg/ml), and the population was selected with 50 wg/ml G418 and 1 pg/ml
puromycin (Puro). Following limiting dilution cloning, a plating effi-
ciency of 44% was obtained, and clonal cell lines were analyzed for
POLID-PTP expression and proper chromosomal integration by Western
and Southern blot analyses, respectively. Three individual clones were
analyzed for growth rate and potential defects in kDNA morphology. For
each clone, the doubling time was ~9 h, which is similar to the 427 pa-
rental cell line, and no detectable defects in kDNA morphology were ob-
served following DAPI staining. The data presented in this study corre-
spond to clonal cell line POLID-PTP/IDKOY™° P2H7, which we named
TbID-PTP. For the cycloheximide (CHX) experiments (see below),
TbID-PTP was transfected with the pPIF2-Myc-BLA construct to gener-
ate a coexpressing cell line.

Immunofluorescence. TbID-PTP cells were harvested for 5 min at
1,000 X g, resuspended in cytomix, and adhered to poly-L-lysine (1:10)-
coated slides for 5 min. Cells were fixed for 5 min using 4% paraformal-
dehyde and washed three times (5 min each) in phosphate-buffered saline
(PBS) containing 0.1 M glycine (pH 7.4) followed by methanol permea-
bilization (overnight, —20°C). Cells then were washed in PBS 3 times for
5 min, followed by incubation with anti-protein A serum (Sigma) and rat
monoclonal antibody YL1/2 (Abcam) together for 90 min and diluted
1:5,000 and 1:400, respectively, in PBS containing 1% bovine serum albu-
min (BSA). Cells then were washed 3 times in PBS containing 0.1% Tween
20 and incubated with the secondary antibodies (60 min) Alexa Fluor 594
goat anti-rabbit and Alexa Fluor 488 goat anti-rat, both diluted 1:250 in
PBS containing 1% BSA. DNA was stained with 3 pug/ml4’-6’-diamidino-
2-phenylindole (DAPI), and slides were washed 3 times in PBS prior to
mounting in Vectashield (Vector Laboratories). The immunolabeling of
exclusion zone filaments using monoclonal antibody (MAb) 22 was per-
formed as described in reference 3.

In situ TAT labeling. Cells were fixed in paraformaldehyde, permeab-
ilized in methanol, and labeled with terminal deoxynucleotidyl trans-
ferase (TdT) as previously described (20, 26). Briefly, cells were rehy-
drated in PBS and incubated for 20 min at room temperature in 25 pl of
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1 X TdT reaction buffer (Roche Applied Science) containing 2 mM CoCl,.
Cells then were labeled for 60 min at room temperature in a 25-pl reaction
solution (1X TdT reaction buffer,2 mM CoCl,, 10 uM dATP, 5 uM Alexa
Fluor 488-dUTP, and 40 U of TdT). The reaction was stopped by the
addition of 2X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate).
Slides were processed for the immunolocalization of PTP-tagged protein
as described above.

Immunofluorescence microscopy of detergent-extracted and
DNase-treated cells. (i) Detergent extraction. Cells were adhered to
poly-L-lysine-coated slides (5 min), extracted for 5 min in NP-40 buffer
(0.25% NP-40, 10 mM Tris-HCI, 1 mM MgCL,, pH 7.4), fixed in 4%
paraformaldehyde, and then processed with our standard TdT labeling
and immunofluorescence protocol as described above. To confirm
POLID-PTP foci resistance to detergent extraction, we also performed
extractions using 1% NP-40 (5 min) and observed the presence or absence
of POLID-PTP foci by IF.

(ii) DNase and RNase treatment. Detergent-extracted cells were in-
cubated for 60 min with 10 U of DNase I (NEB), washed 3 times in 1X
PBS, and fixed in 4% paraformaldehyde. Slides then were processed for
the immunolocalization of PTP-tagged protein as described above. For
RNase treatment, detergent-extracted cells were incubated with 60 pg of
RNase A (Invitrogen) for 20 min prior to fixation and immunodetection.

Image analysis and quantification. (i) Microscope and software. Im-
ages were acquired with a Nikon Eclipse E600 microscope using a cooled
charge-coupled-device Spot-RT digital camera (Diagnostic Instruments)
and a 100X Plan Fluor 1.30-numeric-aperture (oil) objective. Brightness
and contrast were adjusted for all images using Adobe Photoshop CS4.

(ii) Measurements of basal body distance. Cells were labeled with
YL1/2 and anti-protein A for bb and POLID-PTP detection, respectively.
The distance between bb was measured in 149 cells from randomly se-
lected fields using the Spot Imaging Solution software (Diagnostic Instru-
ments). These cells were classified based on their kDNA morphology and
the presence or absence of POLID-PTP foci.

(iii) FI calculation. Fluorescence intensity (FI) was determined using
Image J software (http://imagej.nih.gov/ij/). The freehand selection tool
was used to determine the total FI of whole cells that were focus positive
(WCQ). The oval selection tool was used to measure the FI of independent
foci (see Fig. S2 in the supplemental material for examples). To determine
the net FI of the mitochondrial matrix (MM), we subtracted the FI of the
foci from the FI of WC (equation 1, numerator). The same principle was
used to determine the net area of the mitochondrial matrix (equation 1,
denominator). Therefore, equation 1 shows the net FI of the MM.

n
Flyc — 2 Flfoei
NetFlypy = ——+-4+—— 1)
Areayc — 2 Areagy
i=1

To obtain the fold increase within an individual focus, we calculated
the ratio of focus FI to net FI of the MM. Background subtraction was
performed on all images using the Spot Imaging Solution software (Diag-
nostic Instruments). Standard errors of the means (SEM) were deter-
mined by analyzing the FI from 10 different cells. Analysis of SEM was
performed using GraphPad Prism version 5.00 for Mac OS X (GraphPad
Software, San Diego, CA).

(iv) TdT labeling quantification. Only intact cells identified by differ-
ential interference contrast (DIC) were included in the analysis. More
than 300 cells were scored from three separated experiments (~ 1,000 total
cells). Early and late TdT-positive cells were classified as IN1K;, cells, and
TdT-negative cells were classified based on the kDNA morphology ob-
served by DAPI staining. The numbers of POLID-PTP foci were distin-
guished by focusing up and down through several focal planes. Cells with
three foci were hard to distinguish from 2-foci cells due to the distance
between each focus, and therefore they may be underrepresented in this
analysis.

Western blotting. Parasites were harvested at 3,500 X g for 10 min
(4°C), and cell pellets were washed once in PBS supplemented with pro-
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tease inhibitor cocktail set III (1:100) (CalBioChem). Cells were lysed in
4X SDS sample buffer containing 5% beta-mercaptoethanol and incu-
bated at 94°C for 4 min. Proteins were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membrane overnight at 90
mA in transfer buffer containing 0.1% methanol. The membrane was
incubated in 1% Roche blocking reagent (60 min) followed by incubation
with antibodies diluted in 0.5% blocking reagent (60 min). PTP-tagged
protein was detected with 1:2,000 peroxidase-anti-peroxidase soluble
complex (PAP) reagent (Sigma), which recognizes the protein A domain
of the PTP tag. For additional antibody detections, the membrane was
stripped for 15 min with 0.1 M glycine (pH 2.5), washed in Tris-buffered
saline (TBS) with 0.1% Tween 20, blocked, and reprobed with Crithidia
fasciculata-specific Hsp70 antibody (1:10,000) (11) followed by secondary
chicken anti-rabbit IgG-horseradish peroxidase (HRP) (1:10,000) or T.
brucei anti-Pol B (1:1,000) (43), followed by anti-rat antibody (1:5,000).
The detection of PIF2-Myc was done using anti-Myc (1:1,000) from Santa
Cruz followed by secondary goat anti-mouse (1:1,000). BM chemilumi-
nescence Western blotting substrate (POD) from Roche was used for
protein detection.

CHX treatment. A cell line coexpressing POLID-PTP and PIF2-Myc
was incubated for 6 h with 100 pg/ml CHX. Cells were harvested every
hour and processed for Western blot analysis or processed for the immu-
nolocalization of PTP-tagged protein as described above.

RESULTS

POLID is detected as discrete foci. The majority of KDNA repli-
cation proteins studied localize to specific regions surrounding
the KDNA, mainly the antipodal sites and the KFZ (17, 18, 28, 29,
45). Previously, we demonstrated that TbPOLID is one of three
mitochondrial DNA polymerases that are essential for parasite
survival and the maintenance of the KkDNA network (6). However,
the initial localization of TbPOLID using a peptide antibody
showed that it was distributed throughout the mitochondrial ma-
trix (22), suggesting that POLID would need to redistribute to the
kDNA disk to perform its essential role in kDNA replication. To
investigate the localization of TbPOLID in detail, we generated an
exclusive expresser cell line, TbID-PTP, in which one TbPOLID
allele was deleted and the remaining allele was fused to the PTP
sequence by the targeted integration of the construct pPOLID-
PTP-NEO (Fig. 1A). The expected-size product of POLID-PTP
(~200 kDa) was detected in all 17 clonal cell lines by Western
blotting using PAP antibody (data not shown). The integration of
both events was confirmed by Southern blot analysis (data not
shown), and three of the clones with proper integration were se-
lected for detailed characterization. The PTP tag was detected only
in TbID-PTP whole-cell extracts with no cross-reactivity observed
in 427 wild-type (WT) whole-cell extracts (Fig. 1B). The growth
rate was analyzed in the three TbID-PTP clones, and each cell line
had a doubling time of ~9 h, which is similar to that of the 427
parental cell line, and had no detectable defects in kDNA mor-
phology, as shown by DAPI staining (Fig. 1C). TbPOLID is essen-
tial for cell growth and kDNA replication, thus our data indicate
that the PTP tag does not impair the essential function of this
protein. The fluorescence microscopy of TbID-PTP clonal cell
lines revealed localization throughout the mitochondrial matrix
as previously described. In addition, we detected a new localiza-
tion pattern in a subpopulation of the cells, where POLID-PTP
was present as discrete fluorescent spots at regular positions, al-
ways in close proximity with the kDNA disk (Fig. 1C). Cells con-
taining POLID-PTP foci displayed decreased mitochondrial ma-
trix fluorescent signal. The results obtained were very similar for
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FIG 1 POLID-PTP exclusive expressing cell line. (A) Diagrammatic representation (not to scale) of the TbPOLID gene locus in clonal cell line TbID-PTP. The
TbPOLID coding region (green) was replaced in one allele by a puromycin resistance gene (PURO), and in the second allele the PTP sequence was fused to the
3" end of the coding region by the targeted insertion of the pPOLID-PTP-NEO construct. Coding regions of selectable marker genes are indicated by a gray box
(PURO) and blue box (NEO). The PTP sequence is indicated by a black box and introduced gene-flanking regions by small orange boxes. (B) Immunoblot
analysis of whole-cell extracts of wild-type (WT) and TbID-PTP cells. A total of 5 X 10° cells were loaded per lane, and tagged protein was detected with PAP
reagent (top panel). The same blot was stripped and reprobed with Hsp70 antibody as a loading control. (C) Localization of POLID-PTP in an unsynchronized
population. POLID-PTP was detected using anti-protein A (red), and DNA was stained with DAPI (blue). Panels in the merge column are enlargements of the
area indicated by the white square. Scale bar sizes are 10 and 1 pm, respectively.

all three clones (data not shown), and only the data for clone P2H7
are shown in this study.

POLID-PTP foci are stable. The appearance of POLID-PTP
fociin a subpopulation of the cells suggests that POLID undergoes
redistribution from the mitochondrial matrix to the kDNA disk.
Alternatively, changes in protein abundance also could account
for this variation in POLID-PTP localization. The only mitochon-
drial protease that has been shown to regulate kDNA replication is
TbHsIVU (25). This bacterial-like protease regulates maxicircle
replication through the degradation of the helicase TbPIF2 (27).
To determine if proteolytic degradation plays a role in the regula-
tion of POLID-PTP localization patterns, we inhibited protein
synthesis using 100 p.g/ml of CHX during a time course of 6 h. For
this experiment we generated a cell line coexpressing POLID-PTP
and PIF2-Myc, and we monitored protein levels by immunoblot-
ting.

Additionally, POLID-PTP foci formation was monitored by
immunofluorescence. As expected, PIF2-Myc levels decreased to
undetectable levels after 2 h of CHX treatment (Fig. 2A). However,
POLID-PTP protein levels remained unchanged during CHX
treatment, which is similar to results of treatment with Pol B,
which is not regulated by proteolytic degradation (Fig. 2A, first
and third panels). These data suggest that POLID is a stable pro-
tein and is not regulated by proteolytic degradation. We next in-
vestigated whether the accumulation of POLID-PTP foci was de-
pendent upon new protein synthesis. After 2, 4, and 6 h of CHX
treatment, cells were fixed and analyzed for POLID-PTP localiza-
tion (Fig. 2B). At each time point, we detected POLID-PTP foci in
a subpopulation of the cells, demonstrating that the foci are stable
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and that their formation was not dependent on newly synthesized
protein.

POLID-PTP has a dynamic localization during the cell cycle.
bb duplication occurs almost simultaneously with the initiation of
kDNA S phase (51). Importantly, multiple studies have demon-
strated that bb duplication and positioning are tightly linked with
kinetoplast replication and segregation (14, 41, 42). bb duplica-
tion events and inter-bb distance are easily monitored by light
microscopy, providing a marker for early and late events of the T.
brucei kDNA S phase. To precisely determine if the appearance of
POLID-PTP foci is coordinated with cell cycle progression, we
monitored POLID-PTP localization in relation to bb duplication
events. Basal bodies were labeled using the monoclonal antibody
YL1/2, which detects the tyrosinated form of the alpha-tubulin
subunit. Cells with one kDNA network had a single bb/pro-bb
pair, and the localization of POLID-PTP was dispersed through-
out the mitochondrial matrix (Fig. 3A, 1N1K cells). When cells
transition from IN1K to IN1Ky;, (cells undergoing kDNA repli-
cation), an additional signal corresponding to the new bb was
detected and POLID-PTP is observed as discrete foci close to the
kDNA disk in a majority of the IN1Ky;, cells (Fig. 3A, 1IN1Kg;,,
focus positive and negative). The IN1Ky;, cells with bb position-
ing farther apart (indicating a later stage in cell cycle progression)
had POLID-PTP localized throughout the mitochondrial matrix
(Fig. 3A, IN1K;,, focus negative). The matrix localization pattern
persisted in cells with two bb signals associated with two newly
segregated KDNA networks (1N2K) and cells that were undergo-
ing cytokinesis (2N2K). These data demonstrate that POLID-PTP
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accumulates as foci during KDNA S phase and redistributes to the
mitochondrial matrix at other cell cycle stages.

To determine if total POLID-PTP fluorescence intensity (FI)
changed during cell cycle progression, we quantified and com-
pared the FI from individual cells at different cell cycle stages. A
small increase in FI was detected in 1N1K;, focus-positive cells
(Fig. 3B, red bar). However, the increase was not statistically sig-
nificant compared with IN1K, IN1Ky, focus-negative, IN2K,
and 2N2K cells. To further support this finding, we monitored
POLID-PTP protein levels at 60-min intervals following hy-
droxyurea synchronization (see Fig. S1 in the supplemental mate-
rial). POLID-PTP protein levels remained constant with no sig-
nificant differences detected at 1 h after hydroxyurea release when
62% of the population had completed kDNA segregation (1N2K)
or at 5 to 7 h when 40% of the population was undergoing KkDNA
replication, as detected by DAPI staining (see Fig. S1, 1 h).

To confirm the accumulation of POLID-PTP fluorescence
within a focus, we quantified the signal ratio of the focus to the
mitochondrial matrix from 10 independent cells. To obtain the
net FI of the mitochondrial matrix, we subtracted the FI of each
focus from the FI of the whole cell (equation 1). The focus FI then
was calculated and normalized to the mean FI of the mitochon-
drial matrix, which revealed that the FI within an individual fluo-
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FIG 2 POLID-PTP protein levels and foci formation after CHX treatment. (A) Western blot detection of POLID-PTP, PIF2-Myc, Pol 8, and Hsp70 protein levels
following CHX treatment. Cells were harvested every hour, and 5 X 10° cells were loaded into each well. (B) Immunofluorescence detection of POLID-PTP foci
following CHX treatment. Cells were fixed at 2-, 4-, and 6-h intervals and stained/labeled with DAPI (blue) and anti-protein A (red). POLID-PTP foci are
indicated by arrows. Scale bar, 10 pm.

rescent focus increased 4-fold compared to the mitochondrial ma-
trix signal (Fig. 3C). Taken together, these data demonstrate that
POLID-PTP focus accumulation results from a redistribution of
matrix protein to the KkDNA disk and not from a dramatic increase
in POLID protein abundance.

The distance between the new and old bb gradually increases
through cell cycle progression and provides another indicator for
cell cycle stages. Recently, Gull and colleagues provided a detailed
examination that demonstrated the tight link between kDNA
morphogenesis and bb dynamics (15). They defined five stages (I
to V) of the kDNA duplication cycle that differ in kDNA shape, bb
and flagellar pocket duplication status, and the presence of antip-
odal sites. To determine the specific stage during kDNA S phase
when POLID-PTP accumulates as foci, we measured the inter-bb
distance. Cells with discrete POLID-PTP foci had a minimum
distance between the bb of 0.62 wm and a maximum distance of
1.82 wm (Fig. 3D). The mean bb distance for focus-positive cells
was 1.1 pm (1.160 * 0.037; n = 77) and 1.3 pm (1.338 = 0.056;
n = 47) for cells with no detectable foci (Fig. 3D). Once the bb
reached a distance of more than ~2 pm (stage IV), POLID-PTP
always localized throughout the mitochondrial matrix (Fig. 3D).
These data indicate that POLID-PTP foci accumulate close to the
disk only during stages II and III of the kDNA duplication cycle
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FIG 3 Localization of POLID-PTP during the cell cycle. (A) Representative cells from an unsynchronized population. TbID-PTP cells were dually labeled with
anti-protein A that detects POLID-PTP (red) and YL1/2 for the detection of bb (green). DNA was stained with DAPI (blue). Scale bar, 5 um. (B) Mean fluorescent
intensity of POLID-PTP during the cell cycle. The FI was determined in 43 cells at different stages of the cell cycle based on kDNA morphology and bb positioning.
The red bar represents cells with POLID-PTP foci. (C) Fold increase in FI of POLID-PTP foci. The net FI of the mitochondrial matrix (gray bar) was calculated
and normalized to determine the focus FI fold increase (red bar) (SEM, 4.4 = 1.21; n = 10). (D) Distance between bb during the cell cycle. Measurements are from
randomly selected cells (n = 149) containing 2 bb/pro-bb pairs with POLID-PTP foci (red) and without foci (blue).

and are characterized by a domed or bilobed network shape and 2
bb/pro-bb pairs. Taken together, these data demonstrate that the
redistribution of POLID-PTP from the mitochondrial matrix to
foci near the kDNA is tightly coordinated within the IN1Ky;, 7.
brucei cell cycle stages.

POLID-PTP colocalizes with replicating minicircles at the
antipodal sites. Minicircles and maxicircles undergo unidirec-
tional theta replication, and the progeny containing at least one
gap then can be labeled with TdT and a fluorescent deoxynucleo-
side triphosphate (ANTP) (8, 30). Gapped minicircle progeny ac-
cumulate at the antipodal sites during KDNA S phase and can be

July 2012 Volume 11 Number 7

used to distinguish early and late stages of KDNA replication. To
precisely define the region of POLID-PTP foci localization and the
relationship with replicating minicircles, we fluorescently labeled
replicating minicircles and maxicircles using terminal TdT and
fluorescein-conjugated dUTP. We detected the same TdT labeling
patterns as those previously observed and indicated as early, late,
and post-TdT-labeled cells (8). 1IN1K cells contained kDNA net-
works that have not initiated replication and are therefore TdT
negative. In these cells, POLID-PTP was dispersed throughout the
mitochondrial matrix (Fig. 4A, 1N1K). During early stages of
kDNA replication, the antipodal sites are enriched with multiply

ecasm.org 849


http://ec.asm.org

Concepcién-Acevedo et al.

DAPI
IN1K
IN1K gy
IN1K g

anti-Prot A TdT

A

Merge

1N2K
TN2K

vy

TdT| = +

30
20-
10 1
0

+/- -

Percentage of total cells

LI

O

TdT DAPI

anti-
Prot A

Merge

O

Percentage of 1IN1K, cells

20 4

10 -

o
1

0 Foci 1Foci 2Foci 3Foci

FIG 4 POLID-PTP localization in an asynchronous cell population labeled with TdT. (A) Localization of POLID-PTP relative to the localization of replicating
minicircles at the antipodal sites. Scale bar, 5 wm. (B) Distribution of POLID-PTP foci in a population of TdT-labeled cells. Cells were classified based on kDNA
morphology and the presence (red bar) or absence (blue bars) of POLID foci. The IN1K;, category included early and late TdT-positive cells. Others (gray bar)
included cells with abnormal karyotypes, including multinucleated cells and zoids. (C) Representative images of POLID-PTP foci in IN1Ky;, TdT-positive cells.
(1) Early TdT cells with a single POLID-PTP focus. (ii) Early TdT cells with two distinct POLID-PTP foci. (iii) Early TdT cells with three foci (arrowhead). (ivand
v) Late TdT cells with diffuse POLID-PTP signal. Scale bar, 1 pm. (D) The population of 1N1Ky;, cells divided into subcategories based on the number of

independent foci per cell.

gapped minicircle intermediates and progeny, resulting in a
strong TdT signal at the network poles (Fig. 4A, 1IN1K;,, early
TdT). POLID-PTP foci were detected in a subpopulation of the
early TdT-positive cells (Fig. 4A, IN1Ky;,). At later stages of
kDNA replication (IN1Ky;,), the gapped minicircle progeny are
reattached to the network, and the signal corresponding to the
POLID-PTP foci is diffused, with localization mainly distributed
throughout the mitochondrial matrix (Fig. 4A, INI1Ky;,, late
TdT). Upon network segregation, a small percentage of the cells
are still TdT positive (post-TdT) until all minicircles have com-
pleted postreplication gap repair and again become TdT negative.
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POLID foci were never detected in postreplicating networks
(IN2K) or TdT-negative cells.

To determine the percentage of TdT-positive cells that exhib-
ited POLID-PTP foci and confirm that redistribution to the mi-
tochondrial matrix occurred following kDNA replication, we ex-
amined =300 cells from three separate TdT-labeling experiments
and classified them by the presence (red bar) or absence of
POLID-PTP foci (blue bars) and kDNA morphology. Cells with a
single-unit kinetoplast (IN1K and 1N1Ky;,) represented 70% of
the TbID-PTP population, with distributions similar to those pre-
viously reported in other karyotype analyses (14, 16). Cells with a
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FIG 5 Detection of POLID-PTP foci in extracted cells. (

A) Detergent-extracted cells prior to formaldehyde fixation labeled with TdT (green) and anti-protein

A (red). Colocalization of POLID-PTP foci with rephcatlng minicircles at the antipodal sites is represented in yellow (merge; see enlargement). Scale bar, 10 pwm.
(B) Detergent-extracted cells labeled with anti-protein A (red), YL1/2 (green, upper panel), or MAb 22 (green, lower panel). POLID-PTP foci and cytoskeletal
components such as basal bodies and exclusion zone filaments were detected in detergent-extracted cells with (+DNase) or without (—DNase) DNase treatment.

Three foci also were detected after extraction (enlargement). Scale bar, 5 pm.

single-unit kKDNA (IN1K), no TdT signal, and no obvious
POLID-PTP foci (Fig. 4B, IN1K, blue bar) represented 29% of the
total population. TdT-positive cells with a single kinetoplast rep-
resented 41% of the total population (IN1Ky;,, red and blue bars).
POLID-PTP foci were detected mainly in 1N1Ky;, TdT-positive
cells and represented 25% of the total population (Fig. 4B
IN1Ky;,, red bar). Sixteen percent of the total population was
IN1Ky;, TdT positive with no obvious POLID-PTP foci, but they
contained mainly mitochondrial matrix signal (Fig. 4B, IN1Ky;,,
blue bar). POLID-PTP foci were never detected in IN2K (9%) or
2N2K (8%) cells.

By analyzing the 1N1Ky;, TdT-positive fraction of cells more
closely, we also observed that cells undergoing kDNA replication
displayed different numbers of POLID-PTP foci (Fig. 4C and D).
A single focus was observed in 11% of the IN1Ky;, cells, which
could represent labeling through the kDNA network or foci too
closely positioned to be resolved (Fig. 4Ci and D). Most of the
IN1Ky;, cells (44%) contained two independent POLID-PTP foci
that colocalized with replicating minicircles at the antipodal sites
(Fig. 4Cii and D). Additional images were collected using confocal
microscopy, and multiple optical sections were converted to a
movie that shows the precise colocalization of POLID-PTP with
replicating minicircles (see Movie S1 in the supplemental mate-
rial, yellow foci). Confocal images were analyzed, and colocaliza-
tion was confirmed by Pearson’s coefficient. One interesting ob-
servation was that 6% of cells undergoing kDNA replication had a
third focus that accumulated near the center of the network, pos-
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sibly in the KFZ (Fig. 4Ciii, arrowhead). Most of these cells had a
bilobed kDNA, indicating a slightly later stage of kDNA replica-
tion. Lastly, 39% of IN1K;, cells had no discrete foci in proximity
with the kDNA disk; instead, POLID-PTP was detected through-
out the mitochondrial matrix (Fig. 4D) and as a faint and diffuse
signal across the KkDNA network (Fig. 4Civand v). Taken together,
these data demonstrate that POLID-PTP colocalized with repli-
cating minicircles at the antipodal sites specifically during early
stages of KDNA S phase.

POLID-PTP foci associate with cytoskeletal elements. The
extraction of cells using a nonionic detergent removes soluble and
membrane proteins while retaining cytoskeletal elements and
DNA-associated proteins. Extraction followed by immunofluo-
rescence has been extensively used to determine that multiple nu-
clear replication proteins, such as DNA polymerase a and PCNA,
are tightly associated with DNA specifically during S phase (48).
We used this approach to determine if TbPOLID antipodal local-
ization results from transient binding to kDNA. Cells were ex-
tracted with 0.25% NP-40 prior to fixation and then analyzed for
the TdT labeling of newly replicated minicircles, POLID-PTP foci,
and bb staining. POLID-PTP foci were detected in 20% of the cells
following detergent extraction, and these foci colocalized with
TdT-positive minicircles at the antipodal sites (Fig. 5A, merge),
which is similar to the results obtained with unextracted cells (Fig.
4A). However, the portion of POLID-PTP that localized to the
mitochondrial matrix was significantly decreased, suggesting that
this fraction of POLID-PTP was solubilized under the extraction
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conditions (Fig. 5A). After detergent extraction, cells with 3 foci
were also detected (Fig. 5B, —DNase, arrow). POLID-PTP foci are
retained along with cytoskeletal elements such as the bb and the
exclusion zone filaments even under robust extraction conditions
(1% NP-40) (data not shown). To test if the localization of
POLID-PTP as discrete foci was dependent on DNA binding, we
DNase treated the detergent-extracted cells. After 60 min of
DNase treatment, DAPI staining indicated no detectable nuclear
DNA or kKDNA (even after longer exposure times). Digestion with
DNase did not eliminate the POLID-PTP foci, demonstrating that
TbPOLID antipodal localization was not the result of transient
binding to kDNA (Fig. 5B, +DNase). Cytoskeletal components
such as bb and exclusion zone filaments remained intact after
detergent extraction and DNase treatment. These data suggest
that the specific localization of POLID-PTP foci to the antipodal
sites during early stages of KDNA replication is not strictly depen-
dent upon DNA association. Instead, the localization depends
mainly upon interactions with cytoskeletal features that persist
following extraction.

DISCUSSION

Trypanosome kDNA is the most complex mitochondrial DNA in
nature. Important properties include a catenated network com-
posed of minicircles and maxicircles, a single disk-shaped nucle-
oid structurally linked to the flagellar bb, and an elaborate topoi-
somerase-mediated release and reattachment mechanism for
minicircle replication. Two distinct regions, the antipodal sites
and the KFZ, have emerged as important sites for the localization
of KDNA replication proteins and minicircle replication interme-
diates. Previously, we demonstrated that three mitochondrial
DNA polymerases (TbPOLIB, TbPOLIC, and TbPOLID) are es-
sential for parasite survival and kDNA replication in both life cycle
stages (4—6, 22). While TbPOLIB and TbPOLIC were detected in
the KFZ, TbPOLID did not specifically localize near the kDNA
disk (22). Given its essential role in KDNA replication, the local-
ization of TbPOLID to the mitochondrial matrix suggested major
differences in the mechanism of how this protein engaged in
kDNA replication. Here, we provide a detailed examination of
TbPOLID localization during the T. brucei cell cycle, and we dem-
onstrate that TbPOLID localizes as discrete foci flanking the
kDNA disk in a subpopulation of cells (Fig. 1C). Consistently with
an essential role in minicircle replication, TbPOLID colocalizes
with replicating (gapped) minicircles at the antipodal sites during
kDNA replication (Fig. 4A). Importantly, we demonstrated that
the major changes in TbPOLID localization occur by the redis-
tribution of this stable protein (Fig. 3C). Because the minicircle
replication stages are spatially and temporally separated, the
redistribution of TbPOLID represents a mechanism for kDNA
replication proteins to participate in this highly coordinated pro-
cess. This study represents the first detailed characterization ofa T.
bruceikDNA replication protein with dynamiclocalization during
the cell cycle.

Originally, the Okazaki fragment-processing proteins, Pol 3
and SSE1, as well as Topoll,,,, were localized to the antipodal sites
(12, 13, 32). A great majority of newly identified essential KDNA
replication proteins with roles in origin binding, priming, and
processive replication also localize to the antipodal sites (p38, p93,
PRI, PRI2, PIF1, and PIF5), suggesting that the role of the antip-
odal sites is not limited to Okazaki fragment processing. Interest-
ingly, several antipodal site proteins appear to transiently associ-
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ate with this region, demonstrating that the protein composition
is dynamic (20, 43, 46). Studies from the related trypanosome
Crithidia fasiculata established that the antipodal localization of
Pol 3 and SSE1 correlated with kDNA synthesis and not other cell
cycle stages (12, 20). Redistribution was proposed as a mechanism
for the localization to the antipodal sites. However, these proteins
were undetectable by IF when not present at the antipodal sites,
even though protein levels remained constant (12, 20). Here, we
provide strong evidence that TbPOLID antipodal localization is
due to dynamic redistribution from the mitochondrial matrix in a
time-dependent manner during kDNA synthesis. Following
kDNA replication, TbPOLID foci disperse from the antipodal
sites back to the mitochondrial matrix. The analysis of total
TbPOLID FI in individual cells or protein levels in a synchronized
population shows that TbPOLID levels remain constant through-
out different stages of the cell cycle (Fig. 3A and B; also see Fig. S1
in the supplemental material). Consistent with these data, we
show that TbPOLID is highly stable (Fig. 2A), indicating that it is
not regulated through proteolytic degradation by the mitochon-
drial protease HsIVU (25). Although POLID levels remained es-
sentially constant, we found a 4-fold increase in FI per TbPOLID
focus and a corresponding decrease in FI within the mitochon-
drial matrix (equation 1). While the majority of TbPOLID is re-
cruited to the antipodal sites and a central focus, approximately
10% remained dispersed in the mitochondrial matrix. It is unclear
why a small fraction of TbPOLID is not recruited to the antipodal
sites.

Moreover, the recruitment of TbPOLID to the center of the
bilobed network was typically associated with stage III of kKDNA
replication. It was recently confirmed by fluorescent in situ hy-
bridization that replicating maxicircles accumulate at the mid-
zone of the network during this stage of KDNA replication (14). It
is tempting to speculate that the fraction of POLID concentrated
at the midzone plays a role in maxicircle replication. Although our
previous data on silencing TbPOLID revealed a role in minicircle
replication, the maxicircle copy number declined more rapidly
and completely than that of minicircles. These data suggested that
POLID also has an important role in maxicircle replication (6). So
far, only two proteins have definitive roles in maxicircle replica-
tion, the primase PRI1 and the helicase PIF2 (17, 27). Significant
questions about maxicircle replication remain unanswered, in-
cluding what is the maxicircle replicase. Importantly, we have
shown that TbPOLID is the first essential mitochondrial DNA
polymerase that localizes to the antipodal sites and to the kDNA
midzone. However, further studies are required to determine if
TbPOLID is a maxicircle replicase or if the central focus represents
other POLID functions, such as replication restart or DNA repair.

The multiplicity and spatial separation of the T. brucei mito-
chondrial DNA polymerases suggests that several protein com-
plexes assemble around the kDNA disk (the KFZ and antipodal
sites). Others have suggested that the antipodal sites are organized
into subdomains populated by different enzyme activities (9, 15).
Multiple lines of evidence support this view. First, Okazaki frag-
ment-processing enzymes Pol B and SSE1 appear to colocalize
(12), while Topoll,,,, and Ligk B do not precisely colocalize (9).
Second, ethanolic-phosphotungstic acid staining showed regions
that differ in staining intensity, indicating the variability of protein
concentration in different regions of the antipodal sites (15). The
spatial separation of proteins within the antipodal sites could fa-
cilitate the formation of functionally different protein complexes.
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IN2K and 2N2K cells POLID remains dispersed throughout the MM.

Currently we do not know if POLID colocalizes with other kDNA
replication proteins or if this polymerase occupies a unique antip-
odal subdomain. To further understand the dynamics among an-
tipodal site subcomplexes, it will be necessary to identify other
components that colocalize with POLID. The existence of sub-
domains at the antipodal sites suggests that the molecular basis
that governs antipodal localization could vary between KDNA
replication proteins. So far, the antipodal localization signal is
completely unknown.

One possible mechanism for the stable association of protein
to the antipodal sites is by a direct or indirect association with
cytoskeletal elements. The KFZ is traversed by structural filaments
that form part of the TAC and link the kDNA disk to the bb to
control network segregation. It is possible that similar structural
elements traverse the antipodal sites to give stability to protein
complexes that localize to subdomains in this region. While no
structural elements have been definitively characterized for the
antipodal sites, differential cytochemical staining and electron mi-
croscopic analyses revealed fibrous structures at the antipodal
sites that stain differently from the inner unilateral filaments of the
TAC, suggesting different cytoskeletal elements (15). Alterna-
tively, these could protect this highly specific region, where repli-
cation intermediates are detected from other processes occurring
in the MM. Intriguingly, we show that the dynamics of TbPOLID
foci were not dependent on membranous structures or other sol-
uble proteins following detergent extraction. TbPOLID and rep-
licating (gapped) minicircles colocalized at the antipodal sites
even following detergent extraction with stringent conditions
(Fig. 5A). These data suggest that cytoskeletal elements play a role
in the stable association of proteins and DNA to the antipodal
sites. Consistent with these findings, we demonstrate that
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TbPOLID antipodal localization was not affected in the absence of
DNA (Fig. 5C). A specialized mitochondrial nucleoid-associated
structure is also present in yeast mitochondria (31). The anchor-
ing of yeast nucleoids to the cytoskeleton through Mgm1p and
Mmmlp is essential not only for segregation and inheritance but
also for replication. Interestingly, the yeast mitochondrial DNA
polymerase Mipl is a stable component of this structure (31).
Additionally, mammalian mtDNA foci are associated with cyto-
skeletal elements, as they remained stable after membranes and
soluble components were extracted (19). This association is main-
tain by KIF5B, the kinesin motor protein implicated in moving
mitochondria along microtubules (19). The identification of the
link between the antipodal sites and a cytoskeletal component will
help us understand how minicircle replication intermediates and
kDNA replication proteins assume such a defined localization
pattern.

The coordination of proteins involved in early and later stages
of KDNA replication is a fundamental yet poorly understood pro-
cess. The intramitochondrial localization of KDNA replication
proteins has provided a framework for the current model of
kDNA replication and has been important for formulating new
hypotheses. Our study represents a significant step toward under-
standing the spatial and temporal coordination of proteins during
kDNA replication stages. All of the changes determined from im-
ages and the quantification of the TbPOLID dynamic redistribu-
tion (Fig. 3 and 4) are summarized schematically in Fig. 6. During
G, phase, cells contain a single bb/pro-bb pair, prereplication
kDNA networks with covalently closed minicircles and max-
icircles that do not label with TdT, and POLID fluorescence that is
detected throughout the mitochondrial matrix (Fig. 6A). Upon
entering KDNA S phase, a small percentage of cells display POLID
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fluorescence throughout the kDNA disk (Fig. 6B), and then
POLID colocalizes at two independent foci with minicircle repli-
cation intermediates (labeled with TdT), as they accumulate
mainly at the antipodal sites, and the kinetoplast is associated with
two bb/pro-bb pairs (Fig. 6C). As KDNA replication progresses
and the network elongates to form a bilobed structure, POLID
remains associated with the antipodal sites while a third focus
accumulates at the center of the stage III kinetoplast (Fig. 6D). At
this time point the gapped minicircles are still associated with the
antipodal sites. Subsequently, the cell enters into a postreplicative
stage, where gapped minicircles are detected throughout the
kDNA disk and the POLID fluorescence is no longer focused in
spots but instead is diffuse throughout the kDNA disk, and it
appears to redistribute to the mitochondrial matrix (Fig. 6E). The
kinetoplast then enters stage IV, where 2-unit-sized disks have
moved apart (1.68 wm) (14) but are still connected by the nabel-
schnur (Fig. 6F). At this stage there are no longer any free
minicircle replication intermediates detected, and POLID has
nearly completed redistribution to the mitochondrial matrix. The
kinetoplasts continue to separate as the cell completes mitosis and
undergoes cell division. During these postreplicative stages,
POLID is always found distributed in the mitochondrial matrix
(Fig. 6G and H) until the next round of KDNA synthesis begins.
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