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Summary 

Kinetoplast DNA (kDNA), the trypanosomatid mito- 
chondrial DNA, is a network containing several thou- 
sand interlocked mlnicircles. During kDNA synthesis, 
minicircles dissociate from the network, and after rep- 
lication their progeny reattach to the network periph- 
ery. Using electron microscopy autoradiography, we 
found that newly synthesized 3H-labeled minicircles, 
after short labeling periods, are concentrated in Wo 
peripheral zones on opposite sides of the network. 
These must be mlnicircle attachment sites, adjacent 
to the two diametrically opposed complexes of replica- 
tion proteins observed previously. From the pattern 
of radiolabeling during longer pulses, we reached the 
unexpected conclusion that minicircle attachment 
around the entire network periphery may be due to 
a relative movement of the kinetoplast and the two 
complexes. The kinetoplast probably rotates between 
two fixed complexes. 

Introduction 

Kinetoplast DNA(kDNA) is the unusual mitochondrial DNA 
found in t rypanosomes and related protozoan parasites 
(for reviews see Simpson, 1987; Ryan et al., 1988; Stuart 
and Feagin, 1992). In the insect trypanosomatid Crithidia 
fasciculata, kDNA consists of about 5000 minicircles (2.5 
kb) and about 25 maxicircles (37 kb) that are all topologi- 
caky interlocked into a giant network. As visualized by 
electron microscopy (EM), the isolated network appears 
as an elliptical sheet of interlocked rings, about 15 grn long 
and 10 urn wide. Inside the cell’s single mitochondrion, the 
network is condensed into a disk-like structure about 1 
pm in diameter and about 0.3 urn thick (Ferguson et al., 
1992). 

kDNA has unusual genetic properties. Although maxicir- 
cles are conventional in that they encode ribosomal RNAs 
and proteins (such as subunits of cytochrome oxidase and 
NADH dehydrogenase) that are essential for mitochon- 
drial function, most maxicircle transcripts are processed 
by editing. Editing involves addition or deletion of uridine 
residues at multiple specific sites within the transcript, cre- 
ating a functional open reading frame. The specificity of 
editing is controlled by guide RNAs that are encoded in 
both the maxicircles and the minicircles (for reviews, see 

*Present address: Universitd Libre de Bruxelles, Wpartement de Bio- 
logie Moleculaire, rue des Chevaux 67, 1640 Rhode-Saint-Genese, 
Belgium. 

Benne, 1990; Simpson, 1990; Feagin, 1990; Stuart and 
Feagin, 1992). 

Because of its network structure, kDNA requires a novel 
mechanism of replication (reviewed by Ray, 1987; Ryan 
et al., 1988). kDNA replication occurs at about the same 
time as replication of nuclear DNA, during a discrete S 
phase (Cosgrove and Skeen, 1970). Prior to replication, 
all 5000 C. fasciculata minicircles are covalently closed, 
and the network is termed form I. During the S phase, 
minicircles are released from the network by a topoisomer- 
ase II, and the free minicircles replicate as 8 structures. 
The progeny minicircles, which are nicked or gapped, are 
then attached to the periphery of the replicating network 
in another topoisomerase reaction. Because attachment 
is restricted to the periphery, the replicating network devel- 
ops two zones. The central zone contains covalently 
closed minicircles that have not replicated, and the periph- 
eral zone contains nicked or gapped minicircles that have 
already undergone replication. When the S phase is com- 
plete, the network has about 10,000 minicircles. This dou- 
ble-sized network, termed form II, contains minicircles that 
are all nicked or gapped. These are repaired, and then 
the network splits in two. The progeny networks, each 
identical to the parent, segregate into the daughter cells 
during cell division. 

Recent studies, involving f luorescence in situ hybridiza- 
tion with minicircle probes and immunolocalization using 
antibodies against replication proteins, have further clari- 
fied kDNA replication (Ferguson et al., 1992). These stud- 
ies provide information about the structural organization of 
the kDNA network in situ, and they also reveal two protein 
complexes, situated in antipodal positions on the periph- 
ery of the kinetoplast disk. These complexes contain topo- 
isomerase II (Melendy et al., 1988), DNA polymerase, and 
minicircles that are probably the free minicircle replication 
intermediates (Ferguson et al., 1992). These two protein 
complexes are the likely sites of minicircle replication. 
After replication in these complexes, the progeny minicir- 
cles are attached to the network periphery. 

The presence of two complexes of replication proteins 
explains the light microscope autoradiographic studies of 
Simpson and Simpson (1976). These investigators found 
that in networks isolated from C. fasciculata cells that had 
been pulse labeled with [3H]thymidine for 1 min, radioac- 
tive minicircles were localized in two peripheral sites on 
opposite sides of the network. It is now clear that these 
newly synthesized minicircles must have attached to the 
network adjacent to the two complexes of replication pro- 
teins. In other studies, longer pulses of 5 or 10 min labeled 
the entire network periphery (Simpson et al., 1974; Stein- 
er-t et al., 1978). Furthermore, during a subsequent chase 
with nonradioactive thymidine, the peripheral ring of la- 
beled minicircles moved toward the center of the network 
(Simpson et al., 1974). The apparent centripetal move- 
ment during the chase can be explained by the removal 
of covalently closed minicircles from inside the ring and 
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attachment of nonradioactive progeny minicircles at the 
periphery. 

We have used an autoradiographic technique, similar 
to that of Simpson and Simpson, to investigate the pattern 
of minicircle attachment. However,  our studies were at the 
EM level, allowing a more detailed analysis of this process. 
Using EM, we can easily distinguish networks from differ- 
ent stages of replication, and we can precisely determine 
the location on the network of newly synthesized minicir- 
cles. Our  studies address the question of how newly repli- 
cated minicircles, after attachment adjacent to the two 
complexes of replication proteins, can become uniformly 
distributed around the network periphery. Our  unexpected 
conclusion is that this distribution is due to relative move- 
ment of the kinetoplast disk and the two complexes. 

Results 

EM Autoradiography of Networks Labeled with 
rH]Thymidine 
In these studies, we labeled exponentially growing C. fas- 
ciculata with extremely high levels of [3H]thymidine (about 
110 Cilmmol, 1 mCi/ml). We then isolated kDNA networks, 

spread samples on EM grids, and coated the grids with 
photographic emulsion. The grids were exposed, devel- 
oped, and examined by EM. Figure 1 shows examples of 
networks from cells labeled for various times. In the 3 min 
labeling (Figure IA), most of the silver grains were concen- 
trated in two peripheral zones 180“ apart, as previously 
observed by Simpson and Simpson (1976). In the 6 min 
labeling (Figure 1 S), silver grains were also in two opposite 
peripheral zones, and the length of these zones was 
roughly double that from the 3 min labeling. In the 6 min 
labeling, silver grains covered nearly the entire network 
circumference. After 30 min of labeling, the zone of periph- 
eral silver grains was much thicker (Figure lC), and after 
60 min, more than half of the network was covered with 
silver grains (Figure 1 D). In other experiments, networks 
completely covered with silver grains were detected after 
135 min of labeling (data not shown). 

Since the C. fasciculata culture used in this experiment 
was asynchronous, radiolabeled networks observed after 
longer labeling periods (e.g., 60 or 135 min) included ex- 
tensively labeled forms (like those in Figure lD, which 
initiated during the earlier stages of the labeling period) 
as well as briefly labeled forms (like those in Figures 1A 

Figure 1. EM Autoradiographs of kDNA Net- 
works Labeled In Vivo with [%f]Thymidine 

Labeling periods were: (A), 3 min; (B), 6 min; 
(C), 30 min; (D), 60 min. Propidium diiodide, 
used to distinguish nicked or gapped minicir- 
cles from colvalently closed minicircles, was 
present in the hypophase and spreading solu- 
tion at 10 pa/ml. Autoradiographic exposure 
times were: (A and B), 11 weeks; (C and D), 
40 hr. Bars, 3 pm. 



$;tthment of Minicircles to Kinetoplast DNA 

and 16, which initiated near the end of the labeling period). 
There were also radiolabeled networks in the process of 
division and some that had divided during the labeling 
period. A complete description of these forms will be pub- 
lished separately. 

The time of autoradiographic exposure required for the 
30 and 60 min labeling (Figures 1C and 1 D) was only 40 hr. 
In contrast, the time needed for the 3 and 6 min labelings 
(Figures 1A and 1 B) was 11 weeks. The difference is due to 
the changing specific radioactivity of PH]thymidine during 
this experiment. As exogenous radiolabel mixed with the 
endogenous pool of intracellular DNA precursors, there 
was a gradual but very substantial increase in specific 
radioactivity. This point will be discussed further below. 

Most of the radioactivity in all networks studied in these 
experiments was located in the peripheral region. How- 
ever, we sometimes detected a few percent of the silver 
grains in the central region (e.g., Figures 1D and 4A). 
These centrally located grains may represent PH]thymi- 
dine-labeled maxicircles, which also replicate during the 
S phase while remaining attached to the network (Hajduk 
et al., 1964). In another experiment (data not shown), we 

attempted to investigate that possibility by removing the 
maxicircles with Pstl (an enzyme that cleaves maxicircles 
but only a small fraction of minicircles) prior to autoradiog- 
raphy. However, Pstl treatment did not consistently re- 
move the centrally located silver grains, possibly because 
the linearized maxicircles sometimes remain threaded 
through the network. 

Analysis of Networks Radlolabslsd for 3 Mln 
As mentioned above, a 3 min labeling with [3H]thymidine 
resulted in labeling of two zones on opposite sides of the 
network. Examination of 76 networks revealed that these 
zones of radiolabeling were randomly distributed relative 
to the major and minor axes of the elliptically shaped net- 
work. In theexamplesshown, thetwozonesof silver grains 
are located either centered near the points where the ma- 
jor axis intersects the network periphery (Figure 2A), near 
the intersection points of the minor axis (Figure 1 A), or 
slightly displaced from the intersection points of the minor 
axis (Figure 28). 

We could frequently identify the stage of network replica- 
tion by observing the locations of covalently closed (unrep- 

Figure 2. EM Autoradiographs of kDNA Net- 
works Labeled In Vivo with PH]Thymidine for 
3 Min 
These networks are from the same labeling ex- 
periment as Figure 1. Propidium diiodide con- 
centration during the spreading for EM was 250 
pglml. Autoradiographic exposure time was 11 
weeks. Arrows indicate the border between the 
zone of nonreplicated covalently closed mini- 
circles in the center and that of replicated 
nicked or gapped minicircles on the periphery; 
these borders show up most clearly in the pres- 
ence of higher concentrations of intercalating 
dye, because the covalently closed minicircles 
are more tightly condensed (Rauch et al., 
1993). Bars, 3 urn. 



licated) and nicked or gapped (replicated) minicircles. We 
could distinguish these two forms of minicircle because 
the networks were spread for EM in the presence of the 
propidium diiodide. This intercalating dye twists the cova- 
lently closed minicircles, but those that were nicked or 
gapped appeared relaxed. In the networks shown in Fig- 
ures 2A and 2B, the boundary between these two zones 
is marked by arrows. Both of these networks are past the 
halfway point in the replication cycle; the one in Figure 
28, with a smaller central zone, is the more advanced. In 
contrast, the network in Figure 1 A, also labeled for 3 min, 
is in a very early stage of replication, with only a very 
thin ring of nicked or gapped circles around the periphery. 
Using this criterion for identifying networks at different 
stages of replication, we found no correlation between the 
orientation of the peripheral silver grains and the stage of 
replication. 

During replication, the network grows, as reflected by 
an increase in circumference. For a sample of 27 networks 
labeled for 3 min with 13H]thymidine, we mapped the loca- 
tion of the labeled zones on the circumference, starting 
at a point where the major axis intersects the periphery. 
Figure 3 shows a histogram of these data. Each horizontal 
line represents a network circumference, and the bars rep- 
resent regions with silver grains. The radiolabeled zones 
are usually diametrically opposed. The circumference var- 
ies among these networks, ranging from about 16 urn, on 
a network in an early stage of replication, to 69 urn, on a 
network from the latest stage. The large range of the net- 
work circumference lengths is due to the fact that the 
smaller networks consist predominantly of covalently 
closed circles; these networks are highly condensed by 
propidium diiodide (Rauch et al., 1993), reducing their ap- 
parent size. The length of the zones of silver grains, rela- 
tive to the circumference, is comparable in all of these 
networks. It is 0.25 * 0.09 that of the network circumfer- 
ence, a value independent of the stage of replication (Fig- 
ure 3). As mentioned above, the position of those zones 
relative to the major axis of the network appears random. 

Analysis of Networks Labeled for 6 Min 
We examined 60 networks labeled in vivo with [3H]thymi- 
dine for 6 min (examples are shown in Figure 4). As with 
networks labeled for 3 min, the radioactivity is localized 
in two peripheral zones 160” apart. Figure 5 shows a histo- 
gram of 35 randomly chosen networks with circumfer- 
ences ranging from 26 urn to 75 urn, representing all 
stages of replication. The histogram shows the location 
of minicircles labeled during the 6 min incubation. As men- 
tioned above, the length of these zones was about twice 
that found after 3 min of labeling (0.50 & 0.06 that of the 
circumference), and nearly the entire periphery of each 
network was covered by silver grains. As with networks 
labeled for 3 min, the regions covered with silver grains 
were randomly distributed relative to the major and minor 
axes of the network. Note that the circumferences of net- 
works in Figure 3 (16-69 pm) differ slightly from those in 
Figure 5 (26-75 pm). This difference was largely due to 
the concentration of propidium diiodide used in spreading 
the DNA for EM (250 pglml in Figure 3 and 10 pglml in 
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Figure 3. The Position of Radiolabeled Zones on kDNA Networks after 
3 Min of Labeling as a Function of the Network Circumference 

The sample of 27 networks was from the experiment shown in Figure 
2. Each horizontal line represents the circumference of a network, 
as determined with a map measurer, starting at a point where the 
circumference intersects the major axis. The boxes show the position 
of zones of silver grains on the circumference. The mean size of the 
silver grain zones was 0.25 f 0.09 of the network circumference. 

Figure 5). The higher propidium concentration more tightly 
condenses the regions of the networks that contain cova- 
lentlyclosed minicircles(Rauch et al., 1993), therebycaus- 
ing greater shrinkage of the network circumference. 

It is striking that in networks radiolabeled for 6 min, there 
was a gradient of density of silver grains in each peripheral 
zone (see Figures 4 and 1 B). For each zone in a network, 
the gradient was always in the same direction, and the 
size and direction of the gradients in 35 of the networks 
labeled for 6 min are shown in the histogram in Figure 5. 
The gradients must have been due to the gradual increase 
in specific radioactivity of the [3H]thymidine that occurred 
during the 6 min labeling period (mentioned above). The 
presence of these gradients indicated that the newly syn- 
thesized minicircles were attached to the network in an 
orderly and sequential manner, progressing around the 
network periphery. The fact that there were two gradients 
indicated that there are two minicircle attachment sites. 
Because the silver grain density is roughly the same on 
opposite sides of the network, the two attachment sites 
must always be diametrically opposed. We assume that 
attachment occurs adjacent to the two complexes of repli- 
cation proteins mentioned earlier. Therefore, there must 

be a relative movement in vivo of the complexes and the 



;;czhment of Minicircles to Kinetoplast DNA 

Figure 4. EM Autoradiographs of kDNA Net- 
works Labeled In Vivo with [W]Thymidine for 
6 Min 
These networks are from the same experiment 
as Figures 1 and 2. Propidium diiodide concen- 
tration during the spreading for EM was 10 pg/ 
ml. Autoradiographic exposure time was 11 
weeks. Bars, 3 pm. 

kinetoplast disk, allowing minicircles to be attached 
around the entire periphery. One cycle, in which newly 
synthesized minicircles fill the entire network periphery, 
must take roughly 6 min. 

How Many Rows of Minicircles Are Attached 
to the Network during Each Cycle? 
We next attempted to determine how many rows of minicir- 
cles are attached during each cycle, by examining net- 
works at an early stage of replication. We used EM to 
compare these networks with form I prereplication net- 
works. We distinguished the nicked or gapped minicircles 
that had undergone replication from the covalently closed 
nonreplicated minicircles by adding the intercalating dye 
ethidium bromide. As shown in Figure 6A, virtually all of 
the minicircles in a form I network are twisted by the dye, 
whether they are on the periphery or in the interior of the 
network (examples indicated by closed arrows). In con- 
trast, the replicating network shown in Figure 6B appears 
to have a single row of peripheral minicircles that are re- 

laxed (examples indicated by open arrows), whereas all 
those on the interior are twisted (closed arrows). This indi- 
cates that in the earliest stage of network replication, at- 
tachment of progeny minicircles probably occurs one row 
at a time. Because the density of peripheral silver grains 
in autoradiographs of networks radiolabeled for 3 or 6 min 
is independent of stage of replication, the same conclusion 
probably applies to all stages of replication. 

Discussion 

Using EM autoradiography, we have identified the sites 
on a kDNA network where newly replicated minicircles 
have attached. After a 3 min incubation of an exponentially 
growing asynchronous culture of C. fasciculata with 
[3H]thymidine, the radiolabeled minicircles are concen- 
trated in two peripheral zones, on opposite sides of the 
network. This finding agrees with previous light micro- 
scope autoradiography studies by Simpson and Simpson 
(1976). By 6 min, the network periphery is nearly com- 
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Figure 5. The Positions of Radiolabeled Zones on kDNA Networks 
after 6 Min of Labeling with PH]Thymidine 

The sample of 35 networks was from the experiment shown in Figure 
4. Each horizontal line represents the circumference of a network, 
starting at a point of intersection with the major axis (as in Figure 3). 
Each triangle indicates a gradient of silver grain density. The border 
of one of the gradients is marked by an asterisk (see text). The mean 
sizeofthesilvergrainzoneswas0.50 f 0.0601 thenetworkperiphery. 

pletely covered with silver grains. With longer periods of 
labeling, as more minicircles are attached, the peripheral 
zone broadens and the unlabeled central zone shrinks. 
Finally, at some time between 60 and 135 min, silver grains 
cover the entire surface of the network. It is difficult to 
determine this time accurately, especially since the mini- 
circles synthesized early in the labeling period are of very 
low specific radioactivity and are not detected during the 
short autoradiographic exposures used to detect the mini- 
circles synthesized later in the period. Previous studies on 
the C. fasciculata cell cycle indicate that kDNA replication 
takes 59 min at 25% and 239 min at 32% (Cosgrove and 
Skeen, 1970). Our  experiments are not directly compara- 
ble, as they were conducted at 27.5°C-260C with a differ- 
ent culture medium. 

The antipodal location of newly attached minicircles, la- 
beled in vivo during a 3 min incubation with PHJthymidine, 
suggests that they are attached adjacent to the two com- 
plexes of replication proteins previously identified by fluo- 
rescence microscopy (Ferguson et al., 1992). Presumably, 
the topoisomerase II (Melendy et al., 1968) present in this 
complex is responsible for attachment. The location of the 

two zones of radiolabeling is randomly oriented relative 
to the major and minor axes of the elliptical network (see 
Figures lA, 2, and 3), and it is independent of the stage 
of replication. Furthermore, the average length of each 
zone of silver grains, relative to the network circumfer- 
ence, is roughly the same in all stages of replication (0.25 
f 0.09 of the circumference) (see Figure 3). 

Similar conclusions apply to networks radiolabeled for 
6 min with 13HJthymidine (see Figure 4). In this case, the 
lengths of the peripheral zones of silver grains are about 
twice those of the zones observed after a 3 min labeling 
(0.50 f 0.06 of the circumference). Together, the two 
zones radiolabeled in the 6 min experiment cover nearly 
the entire network periphery. It is striking that the density 
of silver grains in the peripheral zones in 6 min labeled 
networks forms a gradient and that the gradient in the two 
zones is always in the same direction. These gradients 
must be due to the rising specific radioactivity of PHJthymi- 
dine during the labeling period as exogenous [3H]nucleo- 
side mixes with the intracellular pool of DNA precursors. 
This rising specific radioactivity also explains the much 
longer autoradiographic exposures needed for the net- 
works labeled for 3 or 6 min than for those labeled for 30 
or 60 min (see Figure 1). The gradients cannot be due to 
an increasing rate of minicircle attachment as replication 
proceeds, as gradients on networks from all stages of repli- 
cation are similar in density. The distribution of silver 
grains on networks labeled for 6 min indicates that regions 
of the same specific radioactivity are always diametrically 
opposed. Therefore, newly synthesized minicircles must 
attach in an orderly and sequential manner around the 
network periphery, with the actual points of attachment 
remaining 1 80° apart throughout the replication process. 

From these data, we reach the surprising conclusion 
that there must be a relative movement of the kinetoplast 
and the two complexes of replication proteins during the C. 
fasciculata S phase. In one possible model, the kinetoplast 
disk could rotate between two fixed complexes of replica- 
tion proteins, allowing uniform distribution of minicircles 
around the network periphery (Figure 7). In another, the 
two complexes could move around a fixed kinetoplast. 
Support for these models is provided not only by the gradi- 
ents of silver grain density but also by the finding that the 
location of the two zones of silver grains, after a 3 or 8 
min incubation with PHJthymidine, is random relative to 
the major and minor axes of the elliptical network. Simi- 
larly, we had previously found, using f luorescence in situ 
hybridization with minicircle probes, that the two com- 
plexes of replication proteins are randomly located relative 
to the major and minor axes of the elongated kinetoplast 
disk in vivo (Ferguson et al., 1992). The putative movement 
required in either model was unexpected, because the 
structures involved are so large. As visualized by fluores- 
cence microscopy, the kinetoplast is a disk about 1 urn 
in diameter and about 0.3 pm thick. The two complexes are 
each roughly 0.3 urn in diameter (Ferguson et al., 1992). 

In another, less likely model, the kinetoplast and the two 
complexes of replication proteins would be fixed within 
the cell. As newly synthesized minicircles were released 
from the replication complexes, they would be attached to 



Attachment of Minicircles to Kinetoplast DNA 
709 

Figure 6. Electron Micrographs Showing the 
Edges of a Prereplication Form I Network and 
a Very Earfy Replicative Form 
(A) Prereplication form I network. (B) Very early 
replicative form. Networks were spread in the 
presence of ethidium bromide as described 
(Englund, 1978). Closed arrows indicate 
twisted minicircles; open arrowheads indicate 
relaxed minicircles. 

-04 
Figure 7. Model for the Attachment of Newly Replicated Minicircles 
to the Kinetoplast In Vivo 
The kDNA network is condensed inside the cell into a disk about 1 
pm in diameter and 0.3 pm thick, and the periphery of the network is 
located at the periphery of the disk (Ferguson et al., 1992). The flat 
surface of the disk is perpendicular to the parasite’s flagellum. The 
disk is depicted as an ellipse and the two complexes of replication 
proteins as small circles. The bold, curved lines represent rows of 
newly replicated minicircles. Small arrows indicate the direction of 
rotation of kinetoplast between fixed replication complexes. The four 
stages shown represent intermediates in one nearly complete cycle 
of minicircle attachment. See Discussion for further explanation. 

the network periphery. SUb86qUWItly, as other minicircles 
were replicated and their progeny attached, the earlier 
progeny would move along the network periphery. The 
movement would be in a fixed direction and would require 
repeated cycles of decatenation and recatenation. To ex- 
plain the gradient of silver grain density, the order of the 
newly synthesized minicircles around the periphery would 
be the same as the order in which they had been repli- 
cated. It is difficult to imagine how this process could be 
controlled. In addition, the random location of the two 
zones of newly attached minicircles relative to the major 
and minor axes of the network does not support this model. 

Assuming relative movement of the kinetoplast disk and 
the complexes of replication proteins, we cannot distin- 
guish conclusively whether there is a spinning kinetoplast 
disk or moving replication complexes. However, there is 
an indication that the replication complexes are fixed 
within the cell. When visualized by immunofluorescence 
using antibodies against either DNA polymerase or topo- 
isomerase II or by fluorescence in situ hybridization using 
a minicircle probe, the two complexes are always in the 
same focal plane, on opposite sides of the kinetoplast disk 
(Ferguson et al., 1992). We attributed that finding to the 
fact that the C. fasciculata cells have a preferred orienta- 



tion on the microscope slide, perhaps owing to a flattened 
surface. We concluded that the replication complexes are 
in a fixed position relative to the flattened surface. If the 
complexes are fixed, then it is likely that a rotating kineto- 
plast disk is responsible for the orderly and sequential 
attachment of minicircles around the network periphery. 
We assume this to be the case in the discussion that 
follows. 

If the kinetoplast disk rotates, it must take about 12 min 
for one complete rotation (since it takes approximately 6 
min for two replication complexes to radiolabel the entire 
periphery). We define this 6 min period as 1 cycle. This 
rate of rotation must be relatively constant throughout the 
S phase, as the length of a cycle is independent of the 
stage of replication (see Figure 5). We speculate that after 
a 6 min cycle, the kinetoplast disk continues rotating in 
the same direction, causing the newly synthesized minicir- 
cles to be attached in a spiral pattern. The possibility that 
the rotation is oscillatory, reversing direction after each 
cycle, is less likely. Oscillatory motion would give charac- 
teristicsilver grain patterns (when rotation reversed during 
the 6 min labeling), which we did not observe. 

If it takes 6 min to cover the entire network periphery 
with newly replicated minicircles, and assuming about 90 
min to finish replicating the entire network, then about 15 
cycles would be required to complete the network replica- 
tion process. The networks analyzed in the histogram in 
Figure 5 provide support for this value. These 35 networks, 
arranged by size, could be considered sequential interme- 
diates in the replication of a single network. Tracing the 
border of one of the gradients (marked with an asterisk 
on each network in Figure 5) from network to network, one 
finds that it takes between 7 and 6 networks to return to 
the starting point. This corresponds to one rotation of the 
network or 2 cycles. Repeating this process to the end of 
the histogram indicates that there are seven rotations or 
about 14 cycles necessary to complete the replication pro- 
cess. From our EM analysis in Figure 6, we believe that 
one row of minicircles is attached in each cycle. 

The data presented in this paper provide strong support 
for the hypothesis that minicircle attachment around the 
entire periphery of the network is due to a relative move- 
ment of the kinetoplast disk and the two antipodal com- 
plexes of replication proteins. We currently favor the possi- 
bility that the kinetoplast disk rotates between two fixed 
replication complexes, although more experiments will be 
needed to prove this point conclusively. Additional experi- 
ments should also begin to clarify the molecular mecha- 
nisms responsible for this movement. 

Experimental Procedures 

Cell Culture and Labellng 
C. fasciculata was grown in brain heart infusion medium (37gA) supple- 
mented with hemin (20 &ml) at 27°C-2SoC, with vigorous shaking, 
until theculture reached mid-logarithmic phase (1 x 10’ to 3 x IO’ 
cells/ml). Five milliliters of the culture was then added to a tube con- 
taining5mCiof[3H]thymidine(10Q-l 15Ci/mmol, dried under nitrogen) 
and incubated at 27.5°C-280C. Samples (1 ml) were collected at the 
indicated time, and the cells were harvested by centrifugation in a 
Fisher Micro-Centrifuge (model 2358) for 1 min. The supernatant frac- 

tion was removed, and the cell pellets were placed in dry ice-ethanol 
for up to 60 min. 

kDNA Isolation 
Since the number of radiolabeled cells from each t ime point was very 
low, we developed a new procedure for small-scale isolation of kDNA 
networks. Labeled cells (about 1 x IO’ to 3 x IO’) were thawed at 
room temperature and resuspended in 636 ul of NET 100 buffer (100 
m M  NaCI, 100 m M  EDTA, 10 m M  Tris-HCI [pH 6.0]). The cells were 
then lysed by addition of 71 pl of 10% SDS and 7 ul of proteinase K  
(20 mg/ml) and incubation for 60 min at 37OC. The lysate was homoge- 
nized by gentle pipetting through a 1 ml  disposable Pipetman tip (10 
strokes), loaded onto a 690 ul cushion of 20% sucrose in NET 100, 
and centrifuged in a Fisher Micro-Centrifuge (5 cm rotor) for 15 min. 
After removing most of the supernatant, the kDNA pellet (plus approxi- 
mately 30 ul of residual supernatant) was resuspended in 660 ul of 
NET 100, loaded on top of a second sucrose cushion, and reprocessed 
as just described. The second pellet was dissolved in about 50 ul of 
supernatant, dialyzed overnight at 4OC against Tris-EDTA buffer (10 
m M  Tris-HCI (pH 6.0],1 m M  EDTA), and concentrated in a Speedvac 
to about IO-20 pl final volume. The specific radioactivities of the re- 
sulting DNA ranged from 2.4 x 105 dpmlug (3 min labeling) to 1.7 x 
10’ dpmlug (60 min labeling). The yield was about 0.25 ug of kDNA 
from 10’ cells. kDNA prepared by this method contained virtually no 
contaminating RNA or nuclear DNA as judged by gel electrophoresis 
or E M  analysis. To obtain larger amounts of kDNA, we could scale 
up the procedure to process lysates from 1.4 x 108 cells in a single 
microfuge tube. 

E M  
The 3H-labeled kDNA was spread on grids using a microtechnique 
described elsewhere (Perez-Morga and Englund, 1993). The spread- 
ings were done in the presence of intercalating dye at concentrations 
given in the figures. Four grids were prepared for each sample. For 
autoradiography, we used nickel grids (copper grids interfere with the 
fi lm developer) that were coated on the dull side with a nitrocellulose 
film. After spreading, the grids were rinsed with 90% ethanol for 20 s 
with no staining. They were then single-angle shadowed (6” angle) 
with platinum-palladium (60:20 alloy) and coated homogeneously with 
carbon by standard procedures. The carbon shadowing was light, to 
minimize loss of contrast, but it was sufficiently thick to prevent interac- 
tion of the platinum-palladium with the photographic emulsion. For 
E M  without autoradiography, the standard formamide technique was 
used (Davis et al., 1971; Perez-Morga and Englund, 1993). 

E M  Autoradiography 
The shadowed and carbon coated grids were then coated with a photo- 
graphic emulsion (Souteille, 1976). These operations were conducted 
in a dark room using a safelight provided with an tlford 904 filter (Poly- 
sciences, Inc.). llford L4 emulsion (Polysciences, Inc.) was melted at 
43OC, diluted to 25% in water, and stored in 1 ml  aliquots in a light 
tight container for up to several months at 4°C. The E M  grids, with 
the DNA facing up, were placed on the plastic poles (5 m m  diameter, 
45.6 m m  height) of a clean test tube rack (Endicott-Seymour). Each 
pole had been notched with a file so that the grid could easily be picked 
up with locking tweezers. An aliquot of the 25% emulsion was melted 
at 43OC for at least 15 min and then homogenized by gentle rocking 
of the tube for about 15-20 s. Then 1 O-i 2 grids could be coated before 
the emulsion began to solidify. An oval loop (about 21 m m  by 6 mm,  
made by bending a Gem Clips paper clip) was dipped into the emulsion 
and gently pulled out, forming a fi lm in the loop. Excess emulsion was 
drained on the edge of the tube. The draining was stopped when a 
visible vibration of the emulsion, moving down to the lower end of the 
loop, had disappeared (10-15 s). If the vibration did not stop, the fi lm 
would be too thick, and if there were too long a delay, the fi lm would 
break. Also, if the emulsion cooled too much, the fi lm would be tot 
thick. Therefore, after spreading the grids, it was necessary to rewarm 
the emulsion in the 43OC water bath. 

The fi lm was then transferred to the top of the grid by sliding the loop 
over the plastic pole supporting the grid. We  attached the emulsion to 
the grid by gently breathing on it and repeated this procedure for each 
grid using the same loop. After all the grids were coated, they were 
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dried with warm air from a hair dryer, at its low setting, held about 60 
cm from the grid. This drying procedure takes only a few seconds. 
Grids were then attached to a piece of sticky paper (from the edge of 
a Post-it Note Pad paper, held to the slide by double sticky tape), 
mounted on a glass slide, and stored at 4% in a light tight slide box 
containing de&cant. After exposure times ranging from 40 hr to 11 
weeks, the slides containing the grids were immersed in freshly pre- 
pared Kodak D19 developer (prepared as recommended by the ven- 
dor) for 2 min at 22%, rinsed in water for 1 min, and fixed in 30% 
sodium thiosulfate for 2 min. After a 3-5 min rinse in water, the slides 
were drained and dried with a hair dryer for 5 min as described above. 
These grids were then analyzed with a Zeiss 10 A/B high resolution 
electron microscope. Exact magnifications were determined using a 
diffraction grating replica (2190 lines/mm). 
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