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Topoisomerase II is able to break and rejoin double-strand DNA. It controls the topo-
logical state and forms and resolves knots and catenanes. Not much is known about the
relation between the chromosome segregation and condensation defects as found in yeast
top2 mutants and the role of topoisomerase II in meiosis. We studied meiosis in a
heat-sensitive top2 mutant of Schizosaccharomyces pombe. Topoisomerase II is not required
until shortly before meiosis I. The enzyme is necessary for condensation shortly before
the first meiotic division but not for early meiotic prophase condensation. DNA replica-
tion, prophase morphology, and dynamics of the linear elements are normal in the top2
mutant. The top2 cells are not able to perform meiosis I. Arrested cells have four spindle
pole bodies and two spindles but only one nucleus, suggesting that the arrest is non-
regulatory. Finally, we show that the arrest is partly solved in a top2 rec7 double mutant,
indicating that topoisomerase II functions in the segregation of recombined chromo-
somes. We suggest that the inability to decatenate the replicated DNA is the primary
defect in top2. This leads to a loss of chromatin condensation shortly before meiosis I,
failure of sister chromatid separation, and a nonregulatory arrest.

INTRODUCTION

In meiosis one round of DNA replication is followed
by two nuclear divisions. The chromosome number is
halved, and four daughter cells are formed. In meiotic
prophase, after DNA replication, the homologous
chromosomes pair and recombine. In the following
two nuclear divisions the homologous chromosomes
(meiosis I) and the sister chromatids (meiosis II) are
segregated. In the great majority of sexually reproduc-
ing eukaryotes a meiosis-specific tripartite structure is
formed during meiotic prophase: the synaptonemal
complex (for review, see von Wettstein et al., 1984).
The fission yeast Schizosaccharomyces pombe is an ex-
ception; no synaptonemal complex is formed. During
meiotic prophase so-called linear elements appear,
which resemble the axial elements of other eukaryotes.
These elements are formed discontinuously along the
chromosomes and never form a tripartite structure

(Olson et al., 1978; Hirata and Tanaka, 1982; Bähler et
al., 1993). In meiotic prophase the nuclei become elon-
gated and are called horse tail nuclei (Robinow, 1977).
A striking nuclear movement takes place during this
time, which is led by the spindle pole body with
attached telomeres (Chikashige et al., 1994).

Topoisomerase II is an enzyme that is able to break
and rejoin double-strand DNA molecules. In this way,
it can control the topological state of the DNA and
form and resolve knots and catenanes in duplex DNA.
Several results suggest that topoisomerase II is re-
quired for segregation of replicated circular and linear
DNA sister molecules. It has also been shown that
topoisomerase II is necessary for mitotic chromosome
condensation. Other roles for topoisomerase II have
also been suggested (for review, see Watt and Hick-
son, 1994; Koshland and Strunnikov, 1996).

For mitosis, the phenotypes as seen in Saccharomyces
cerevisiae and S. pombe temperature-sensitive (ts)1 top2
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mutants can be explained by defects in segregation
and chromosome condensation. In both yeasts topo-
isomerase II is essential for viability (DiNardo et al.,
1984; Goto and Wang, 1984; Uemura and Yanagida,
1984). Synchronously dividing cells of ts top2 mutants
become inviable, when shifted to restrictive tempera-
ture, at the time of mitotic division (Holm et al., 1985;
Uemura and Yanagida, 1986). Different studies in S.
cerevisiae and S. pombe suggest a role for topoisomerase
II in the separation of sister chromatids. In ts top2
mutants the cells arrest at the mitotic nuclear division.
In these arrested cells plasmids are found in the form
of catenated dimers (DiNardo et al., 1984; Uemura and
Yanagida, 1986). The mitotic arrest is nonregulatory in
both yeasts. It was shown in S. cerevisiae that the lack
of topoisomerase II activity leads to nondisjunction
and chromosome breakage in mitosis (Holm et al.,
1989; Spell and Holm, 1994). In S. pombe a mitotic
spindle is formed and tries to separate the sister chro-
matids. Then the septum appears and cuts the nucleus
across (cut phenotype; Uemura and Yanagida, 1984,
1986). The stabilization of normally unstable large cir-
cular minichromosomes in S. pombe by overexpression
of topoisomerase II is also consistent with a role of
topoisomerase II in the segregation of replicated DNA
daughter molecules (Murakami et al., 1995). Uemura et
al. (1987) showed that topoisomerase II is necessary for
proper chromosome condensation in mitosis of S. pombe.

In meiosis, cold-sensitive (cs) top2 cells of S. cerevi-
siae arrest at the first meiotic division at restrictive
temperature. Premeiotic DNA replication, chromo-
some condensation during prophase, and recombina-
tion are not affected. Complementary temperature
shift experiments suggest that the enzyme is only
required at the time of the nuclear divisions (Rose et
al., 1990). The arrest has been interpreted to be regu-
latory. The spindle pole bodies do not separate, and no
spindle is formed; the arrested cells are able to return
to mitotic growth. The cs top2 cells seem to be delayed
in the exit from pachytene (Rose and Holm, 1993). In
a top2 rad50 double mutant, in which recombination is
blocked and no synaptonemal complex is formed, the
cells are able to perform the first but not the second
meiotic division (Rose et al., 1990). Because of the dual
phenotype of rad50, two hypotheses about the nature
of the arrest were put forward. The first one is that
topoisomerase II is needed for the segregation of re-
combined chromosomes (Rose et al., 1990). The second
one is that topoisomerase II functions in the resolution
of interlocks that occur during the course of homolo-
gous chromosome pairing. The synaptonemal com-
plex might play a role in detecting the unresolved
interlocks and triggering the regulatory arrest (Rose
and Holm, 1993).

A number of questions still remain to be answered
about the role of topoisomerase II in segregation and
chromosome condensation. It is not clear whether or

how the defects in chromosome segregation and con-
densation are related. Especially about the role of topo-
isomerase II in meiosis not much is known. Therefore we
studied meiosis in topoisomerase II deficient fission
yeast, a widely used eukaryotic model organism.

MATERIALS AND METHODS

Strains
The diploid strains used in this study are h1/h2 ade6-M216/ade6-
149 (Bähler et al., 1993; in this paper referred to as wild type), h1/h2

top2-191/top2-191 leu1-32/leu1-32 ade6-M216/ade6-M210 (referred
to as top2), and h1/h2 top2-191/top2-191 rec7-102/rec7-102 leu1-32/
leu1-32 ade6-M210/ade6-M210 (referred to as top2 rec7). The top2-191
allele was isolated by Uemura and Yanagida (1984). The rec7-102
allele was isolated by Ponticelli and Smith (1989). For strain con-
struction, standard genetic methods were used (Gutz et al., 1974).

Culture Conditions and Meiotic Time Courses
The cells were cultured and shifted to meiosis-inducing medium as
described by Bähler et al. (1993). Permissive and restrictive tempera-
tures of 24 and 34°C, respectively, were used for meiotic time courses.
Because after shift to meiotic medium the cells first have to perform a
mitotic division (which is lethal at restrictive temperature for the top2
and top2 rec7 strains), the cultures were first incubated for 2.5 h at 24°C
and then divided in two cultures, which were incubated at 24 and
34°C, respectively, for the rest of the time course (but not for the
complementary temperature shift experiment; see below). At different
time points after shift to meiosis-inducing conditions samples were
taken and processed for spreading and 49,6-diamino-2-phenylindole
(DAPI) staining as described below. Samples for immunofluorescence
were taken and processed as described below.

Complementary Temperature Shift Experiments
In the first experiment (see Figure 1A) top2 and wild-type diploid cells
were shifted to meiotic conditions and incubated at restrictive temper-
ature. At hourly intervals aliquots were removed and shifted to per-
missive temperature. At the same time cells were fixed for DAPI
staining, and the percentage of cells that completed the first meiotic
division was determined. Sporulation efficiency was determined the
next day. In the second experiment (Figure 1B), after shift to meiotic
conditions, cells were incubated at permissive temperature, and every
hour an aliquot was removed and shifted to restrictive temperature.
The rest of the experiment was performed as described for the first
experiment. For both experiments, at least 100 cells were counted from
every time point for determination of the sporulation efficiency and
percentage of cells that performed the first meiotic division.

Nuclear Spreading, DAPI Staining, and
Immunofluorescence
Nuclear spreading and DAPI staining were performed as described
by Bähler et al. (1993). After staining with silver nitrate and transfer
to grids, nuclear spreads were examined by electron microscopy
with a Philips EM300 at 60 kV (Bähler et al., 1993). For each time
point at least 100 nuclei were analyzed. DAPI staining was per-
formed as described by Bähler et al. (1993), and at least 100 cells per
time point were analyzed by fluorescence microscopy. For immu-
nofluorescence double staining the two primary antibodies were
incubated simultaneously, as were the secondary antibodies. The
rabbit polyclonal SAD1 antibody against the spindle pole body
(Hagan and Yanagida, 1995) was isolated and generously provided
by I. Hagan (University of Manchester, United Kingdom). The
monoclonal rabbit TAT1 antibody against microtubules (Woods et
al., 1989) was generously provided by K. Gull (University of
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Manchester). For immunofluorescence we used the protocol as de-
scribed by Hagan and Hyams (1988), with some alterations as
described by Svoboda et al. (1995). As secondary antibodies affinity-
isolated goat anti-mouse immunoglobulin G TRITC conjugate (Fab
specific, Sigma T-6528) and affinity-isolated goat anti-rabbit immu-
noglobulin G FITC conjugate (whole molecule, Sigma F-0382) were
used.

Analysis of DNA Replication and Chromatin
Condensation
Cultures of wild type and top2 were shifted to meiosis as described
above. Cells were cultured for 2.5 h at 24°C and then shifted to 34°C.

For the analysis of DNA replication, every hour 1 ml of each
meiotic culture was briefly centrifuged, resuspended in 1 ml 70%
ethanol, and stored at 4°C. After staining the cells with propidium
iodide, the DNA content of the cells was determined by flow cy-
tometry (Beach et al., 1985).

For the analysis of chromatin condensation, every hour a sample
was taken and prepared for DAPI staining (see above). From each
time point pictures were taken with a digital charge-coupled device
camera on a fluorescence microscope and stored for further analy-
sis. Exposure settings of the camera were identical throughout the
experiment. For each time point, from at least 200 cells containing
one nucleus the nuclear area and the total nuclear fluorescence
(giving a measure of DNA content) were determined with the
University of Texas Health Science Center (San Antonio, TX) Im-
ageTool program (http://ddsdx.uthscsa.edu/dig/itdesc.html) us-
ing the same threshold settings throughout to define the outline of
the nuclei. The total fluorescence as determined with this method is
roughly linear to the DNA content of the nucleus, as suggested by
the fact that G2 nuclei give twice the fluorescence intensity of G1
nuclei (our unpublished results). In the top2 mutant, cells that
showed the cut phenotype (see INTRODUCTION) were left out of
the analysis. For each nucleus, the nuclear fluorescence was divided
by the nuclear area, giving a measure of nuclear condensation.

RESULTS

Topoisomerase II Is Not Required during Meiotic
Prophase but at the Time of the Meiotic Divisions
To determine at which time topoisomerase II is
needed during meiosis, we performed two comple-
mentary temperature shift experiments (Rose et al.,
1990; also see Materials and Methods). The first exper-
iment revealed from which time on topoisomerase II
was needed for sporulation (Figure 1A). The sporula-
tion efficiency of the wild-type strain stayed constant
over time. However, the top2 strain showed a strong
decrease immediately after shift to restrictive temper-
ature. This first decrease reflected that the majority of
the cells had to perform a mitotic division, which was
fatal at restrictive temperature, before they could start
meiosis from G1. Accordingly, cells with two nuclei
showing the cut phenotype were apparent during this
time (our unpublished results). Therefore, we inter-
preted this decrease as a result of mitotic inviability.
After 2 h, the sporulation efficiency reached a plateau.
As can be seen in Figure 1C, this corresponds to an
increase in the amount of horse tail nuclei, typical for
meiotic prophase, in wild type. A second decrease in
sporulation efficiency took place after 5 h. This coin-
cided with an increase in the number of wild-type

cells that completed the first meiotic division and a
decrease in the number of horse tail nuclei. Data about
top2 horse tail nuclei could not be presented in Figure
1C, because the high abundance of mitotic cells with
an elongated nucleus attributable to the cut phenotype
made an objective estimation impossible. The low per-
centage of top2 cells containing more than one nucleus
at later time points (Figure 1A) suggests that the cells
arrest before the first meiotic division (also see below).
A repetition of this experiment gave similar results
(our unpublished results). From these experiments we
concluded that topoisomerase II is first needed at the
premeiotic division, and again at the time of the first
meiotic division, but not during meiotic prophase.

The complementary experiment (see MATERIALS
AND METHODS) showed from which time on topo-
isomerase II was no longer needed for sporulation
(Figure 1B). Again the sporulation efficiency of the
wild-type strain stayed constant over time. The top2
strain showed an increase in sporulation efficiency at
;8 h. This coincided with an increase in the number of
top2 cells that performed a meiotic division and a
decrease in the number of horse tail nuclei. From this
experiment we concluded that topoisomerase II is not
required for sporulation after the meiotic divisions.

DNA Replication and Chromatin Condensation
In S. pombe topoisomerase II is necessary for mitotic
chromosome condensation (Uemura et al., 1987; see
INTRODUCTION). We studied DNA replication and
meiotic chromatin condensation in wild-type and top2
strains in a meiotic time course at 34°C. To compare
meiotic DNA replication between wild-type and top2
cells at restrictive temperature, we determined the
DNA content of the cells by flow cytometry (see MA-
TERIALS AND METHODS). For every hour the per-
centage of cells in G2 was determined (Figure 2A).
Beginning at 1 h there was a decrease in the percent-
age of G2 cells, reflecting the mitotic division before
the start of meiosis (see Figure 2E). After 6 h the
percentage of G2 cells increased again, reflecting mei-
otic DNA replication. The kinetics of DNA replication
between wild type and top2 was similar. At the end of
meiosis the percentage of G2 cells was somewhat
lower in the top2 mutant. This was probably because
the analysis of DNA replication in the top2 mutant was
obscured by the contribution of arrested dead cells
showing a G1 DNA content (cut phenotype; see IN-
TRODUCTION). The DNA content of the arrested
top2 cells (11 h) was similar to the mitotic G2 DNA
content (0 h), indicating that DNA replication is nor-
mal in top2 (Figure 2C).

The size of a nucleus is determined both by its DNA
content and its degree of chromatin condensation. To
get a measure of the degree of chromatin condensa-
tion, we determined for every time point the nuclear
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area and total nuclear fluorescence (measure of DNA
content) of at least 200 cells with only one nucleus. A
repetition of this time course experiment with formal-
dehyde-fixed cells gave similar results (our unpub-
lished results). For details see MATERIALS AND
METHODS. This method permits the quantitative
analysis of large numbers of nuclei in a meiotic time
course experiment. The preparation of the cells is sim-
ple and requires only a few steps. No harsh treatment,
possibly creating artifacts, is needed, which is an ad-

vantage compared with studying condensation with
in situ hybridization methods.

Determination of the nuclear area is shown in Figure
2B. The average values were standardized to the av-
erage nuclear area at 0 h (100%). At 2 h, for both wild
type and top2, there was a sharp dip in the average
relative area because of the mitotic division, which
took place at 1 h (see Figure 2E) and reduced the DNA
content of the cells. Then, for both strains, there was a
remarkable increase in average relative area at 3 h.

Figure 1. Complementary temperature shift experiment. For details see MATERIALS AND METHODS. (A) In the first experiment top2 and
wild-type (wt) cells were shifted to meiotic conditions and incubated at restrictive temperature. At hourly intervals aliquots were removed
and shifted to permissive temperature. (B) In the second experiment, after shift to meiotic conditions, cells were incubated at permissive
temperature, and every hour an aliquot was removed and shifted to restrictive temperature. (C) The percentage of horse tail nuclei for the
experiment presented in A is shown for wild type. Data about horse tail nuclei in top2 could not be included, because the high abundance
of mitotic cells with an elongated nucleus caused by the cut phenotype made an objective estimation impossible. (D) Data about horse tail
nuclei in top2 as well as in wild type for the experiment presented in B are shown. In this experiment the first meiotic division was delayed
in the top2 strain compared with wild type at permissive temperature. The top2 mutation has a slow growth phenotype at permissive
temperature, probably because the cells have a problem with the mitotic division. The same problem probably delayed meiosis I in the top2
mutant at permissive temperature. Spor., sporulation efficiency; .1 nucl., percentage of cells that performed the first meiotic division.
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This cannot be explained by an increase in DNA con-
tent (Figure 2, A and C). Then the average relative area
decreased again to a level somewhat lower than at 2 h.
Starting at 5 (top2) and 6 h (wild type) the average
relative area started to increase slowly as a result of
DNA replication (see Figure 2A). In wild type the
average relative area reached a plateau at ;8 h. This
was because the effect of DNA replication on the av-
erage relative nuclear area was counteracted by mei-
otic chromatin condensation shortly before the first
meiotic division (see below; Robinow, 1977). In top2
the average relative area increased at the end of the
meiotic time course to a level somewhat higher than
the mitotic average relative area at 0 h.

We also determined the total nuclear fluorescence of each
of the cells, giving a measure of the DNA content (Figure
2C). Again the average values were standardized to the
average nuclear fluorescence at 0 h (100%). At 2 h there was
a sharp decrease in average relative fluorescence as a result
of the transition of the cells from G2 to G1 because of the
mitotic division (Figure 2, A and E). Starting at 5 (top2) and
6 h (wild type) the average relative fluorescence increased
again, in top2 to a level similar to mitotic (G2) cells. In wild
type the increase in DNA content was underestimated
because of the progression of the replicated meiotic
prophase cells into cells with two and four nuclei, which
were left out of the analysis.

To get a measure of the degree of chromatin con-
densation, for each nucleus the nuclear fluorescence
was divided by its nuclear area (Figure 2D). For each
time point the average condensation was standard-
ized to the average condensation at 0 h (100%). A
sharp decrease in the average relative condensation
was seen at 3 h. At 4 h the average relative condensa-
tion increased again to a level somewhat lower than at
0 h. At 11 h the average relative condensation in wild
type increased, whereas it decreased in top2.

From the above observations we concluded that
right after the mitotic division, a remarkable decon-
densation and recondensation takes place in both
wild-type and top2 cells. This decondensation and re-
condensation was also seen in wild-type meiosis at
30°C (our unpublished results) and appears to be in-
dependent of topoisomerase II. In wild type, at the
end of meiotic prophase, the nuclei condense again

Figure 2. In a meiotic time course, DNA content, nuclear area,
nuclear fluorescence, and chromatin condensation were determined
in wild type and top2 at 34°C. For detailed explanation see text and
MATERIALS AND METHODS. (A) For every hour the percentage
of cells that are in G2 is shown. (B and C) The average relative
nuclear area (B) and the average relative nuclear fluorescence (C)
are shown for every hour. (D) The nuclear area divided by the DNA
content gives a measure of chromatin condensation. (E) The timing
of meiotic events in this particular time course is shown. wt, wild
type; .1 nucleus, percentage of cells that performed the first meiotic
division; Horse tail, percentage of cells that show the typical
prophase nuclear morphology after DAPI staining.
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Figure 3. Illustration of the changes in chromatin condensation during meiotic time courses in wild-type and top2 cells at 34°C. Quantitative
data on these time courses are presented in Figure 2. At 0 h the majority of the still mitotic cells are in G2 (also see Figure 2A) and show a
dense nuclear staining. At 2 h the cells have performed a mitotic division (see Figure 2E), are smaller, and have a lower DNA content. The
nuclei are densely stained, and the level of chromatin condensation is similar to that at 0 h (see Figure 2D). At 3 h the cells still have a DNA

E. Hartsuiker et al.

Molecular Biology of the Cell2744



(also see Robinow, 1977). This wild-type condensation
was underestimated in the time course experiment,
because it was immediately followed by meiosis I
(cells with two or four nuclei were left out of the
analysis). In top2-arrested cells (see below) the nuclei
were not condensed at the end of the meiotic time
course. Thus the condensation shortly before the first
meiotic division is topoisomerase II dependent. These
changes in chromatin condensation are illustrated in
Figure 3. For explanation see figure legend.

Nuclear Structures in Meiotic Prophase Are Normal
in top2 Cells at Restrictive Temperature
We performed three meiotic time course experiments in
which we compared different characteristics between the
top2 and wild-type strains. In nuclear spread prepara-
tions no obvious differences in morphology of the linear
elements were visible between the two strains at 24 and
34°C (our unpublished results). Also, the dynamics of
appearance and disappearance of the linear elements
was similar between the two strains at 24 and 34°C
(Figure 4). An interesting observation, beyond the scope
of this study, is that for both the wild-type and top2
strains the percentage of linear-element containing cells
was reduced at 34°C compared with 24°C. Because the
sporulation efficiencies (.1 nucleus) of the wild-type
strain were similar at 24 and 34°C, the decrease of linear
elements might reflect the reduction in recombination
frequency at 34°C compared with 25°C (Bähler et al.,
1991). Also the percentage of horse tail nuclei was re-
duced at 34°C compared with 24°C (Figure 4). By DAPI
staining no obvious differences in morphology of the
prophase nuclei (horse tail nuclei; see INTRODUC-
TION) were visible between the two strains at 24 and
34°C (our unpublished results).

The top2 Cells Arrest before the First Meiotic
Division, but the Spindle Pole Body Cycle Continues
Although DNA replication was normal, and no clear
phenotype was visible in meiotic prophase of the top2
strain at restrictive temperature, the cells were not able to
perform the first meiotic division. As can be seen in
Figure 4D, the percentage of cells that contained more
than one nucleus stayed close to zero at later time points.

In spread preparations of the arrested top2 cells, often
four spindle pole bodies were visible in one nucleus
(Figure 5). As much as 27% of the nuclei showed this
morphology at 7 h (Figure 6), but afterward the percent-
age decreased again. This was probably due to an over-

representation of early cells late in the time course be-
cause of the poor spreading of advanced cells. At later
time points at restrictive temperature, DAPI-stained top2
cells were found with chromatin fibers stretched cross-
wise out of the nucleus (Figure 7, a and b). Because this
suggested that the cells were actively trying to separate
the chromatin, we also did a double-staining immuno-
fluorescence experiment in whole cells with antibodies
that recognize the spindle and spindle pole body, respec-
tively. At 7 h a small portion of the meiotic cells showed
two spindles and four spindle pole bodies (Figure 7c–e).
The cell shown has four spindle pole bodies (Figure 7c)
and two spindles (Figure 7d), probably representing
both spindles of the second meiotic division. Only one
nucleus is visible, with chromatin fibers stretching out
along the spindle (Figure 7e). This striking morphology
was never observed at permissive temperature or in the
wild-type strain. The final arrest stage was also observed
during 2 h in several living cells with video fluorescence
microscopy. During this time the spindle attempted to
segregate the chromosomes, because transient protru-
sions from opposite sides of the nucleus were observed
(our unpublished results). Thus at restrictive tempera-
ture the spindle pole body cycle continues in the top2
mutant, although the first meiotic division was not com-
pleted.

Arrest Is Partly Solved in a top2 rec7 Double
Mutant
It has been proposed that topoisomerase II is required
for the segregation of sister chromatids of recombined
chromosomes during meiosis I (Rose et al., 1990). To test
this hypothesis in S. pombe we studied meiosis in a top2
rec7 double mutant (see MATERIALS AND METH-
ODS). In the rec7-102 mutant, intergenic recombination is
strongly reduced (DeVeaux and Smith, 1994), whereas
the morphology and dynamics of the linear elements is
similar to wild type (Molnar, personal communication).
The morphology and dynamics of appearance and dis-
appearance of the linear elements in the top2 rec7 strain at
permissive and restrictive temperature were also normal
(our unpublished results). In three different time courses
the percentage of cells able to perform the first meiotic
division was determined. Data were collected for strains
carrying only top2 or both top2 and rec7 at permissive
and restrictive temperatures. For comparison, the sporu-
lation efficiencies at restrictive temperature were ad-
justed by dividing them by the sporulation efficiencies of
the parallel cultures at permissive temperature (Table 1).

Figure 3 (facing page). content similar to 0 h but are larger because of chromatin decondensation (see Figure 2D) and show a more open
chromatin structure. At 4 h the cells have recondensed again, showing the dense nuclear staining. At 8 h nuclei are visible, which show the
typical prophase nuclear morphology (horse tail nuclei). During this time DNA replication takes place. In wild type at 11 h, shortly before
the first meiotic division, the nuclei condense again, showing a dense nuclear staining. In the top2 mutant at 11 h the cells do not condense
and show a more open chromatin structure. Bar, 10 mm.
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In the top2 rec7 strain the adjusted average value for
successful meiosis I was approximately four times
higher than in the top2 strain. Thus we concluded that
the top2 arrest is partly solved in the top2 rec7 double
mutant.

DISCUSSION

We studied meiosis in a heat-sensitive top2 mutant of S.
pombe. With a complementary temperature shift experi-
ment we showed that the function of topoisomerase II is
not required during meiotic prophase but at the time of
the meiotic divisions. DNA replication is normal. Topo-

isomerase II is necessary for chromatin condensation
shortly before meiosis I but not for early decondensation
and recondensation. Nuclear morphology and the dy-
namics of the linear elements during meiotic prophase
are normal at restrictive temperature. The cells are
blocked at the first meiotic division, but the spindle pole
body cycle continues. Finally, we showed that the arrest
is partly solved in a top2 rec7 double mutant.

Interlocks
During the process of meiotic chromosome pairing,
chromosomes (or chromosome pairs) can get trapped

Figure 4. Meiotic time courses with the top2 mutant and the wild type (wt) at 24°C (permissive temperature) and 34°C (restrictive
temperature). For details see MATERIALS AND METHODS. The delay in linear element formation in the top2 strain at 24°C (C) was within
the normal variation between the different time courses. In the wild-type cells at 24°C (A, 13 h) and in the top2 cells at 34°C (D, 17 h) the
percentage of linear element containing cells seemed to increase after a while. This was due to a spreading artifact, caused by selection against
cells that were in late stages of meiosis and were not properly protoplasted. This led to an overrepresentation of early cells late in the time
courses. In the top2 strain at 24°C (C) the meiotic divisions were delayed, possibly because the top2 mutant is not completely wild type at
permissive temperature (also see Figure 1 legend). .1 nucleus, percentage of cells that performed the first meiotic division; Horse tail,
percentage of cells that show a nuclear morphology typical of prophase after DAPI staining and fluorescence microscopy; l. elements,
percentage of cells that contain linear elements (electron microscopy).
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between the partners of a homologous chromosome
pair. This is called an interlock. Different mechanisms
have been proposed to prevent the formation of inter-
locks during early prophase. In general, in late

pachytene almost all of the interlocks are resolved
(von Wettstein et al., 1984; Kleckner and Weiner, 1993).
It has been proposed that topoisomerase II might have
a function in the resolution by resolving the DNA
component of the interlock (Rasmussen, 1986). Rose
and Holm (1993) suggested that the regulatory arrest
that they observed in a S. cerevisiae cs top2 mutant at
restrictive temperature could be triggered by the pres-
ence of unresolved interlocks and that the synaptone-
mal complex could play a role in their detection. In
spread preparations of the S. cerevisiae top2 mutant no
interlocks or abnormalities are visible (Rose and
Holm, 1993). This suggests that interlocks are not
formed at a very high frequency in S. cerevisiae and
thus are unlikely to be the basis for the complete
meiosis I arrest. Assuming that the rad50 mutation
does not prevent the formation of interlocks, the result
that the S. cerevisiae top2 rad50 double mutant is able to
perform the first meiotic division (Rose et al., 1990)
indicates that in the double mutant interlocks are not
preventing chromosome separation in S. cerevisiae.

Throughout S. pombe meiotic prophase a chromo-
some bouquet with clustered telomeres and centro-
meres is maintained (Scherthan et al., 1994), making it
unlikely that interlocks are formed at high frequency.
It is hardly conceivable that failure of interlock reso-
lution explains the complete nonregulatory arrest at

Figure 5. Electron micrograph of a spread preparation of an ar-
rested top2 cell. Four spindle pole bodies (arrow) are visible in one
nucleus. The larger dark-staining area represents the nucleolus. Bar,
1 mm.

Figure 6. Quantitation of spindle pole bodies. For different time
points at permissive and restrictive temperatures, the percentage of
top2 cells containing more than two spindle pole bodies is shown.
The data are from the same meiotic time course as presented in
Figure 4. For further explanation see RESULTS.

Figure 7. (a and b) Two examples of DAPI-stained, arrested top2
cells. Chromatin fibers are stretched crosswise out of the nucleus.
Bar, 1 mm. (c–e) Immunofluorescence micrographs of an arrested
top2 cell at restrictive temperature. Spindle pole bodies (c) and
spindles (d) were stained with specific antibodies (for details see
MATERIALS AND METHODS). The nucleus is visualized by DAPI
staining (e). Four spindle pole bodies (c) and two crossed meiosis II
spindles (d) are visible in a cell that contains only one nucleus, of
which DNA fibers are pulled out (e). Bar, 1 mm.
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meiosis I in the top2 mutant, even when topoisomerase
II does resolve interlocks during meiotic prophase.

Untangling of Sister Chromatids and Chromatin
Condensation
In mitosis topoisomerase II is necessary for the segre-
gation of sister chromatids after DNA replication (see
INTRODUCTION). At the first meiotic division the
homologous chromosomes are separated. For separa-
tion of homologous chromosomes having one or more
crossovers the same task has to be fulfilled as in mi-
tosis: separation of sister chromatids that are entan-
gled because of meiotic DNA replication (Rose et al.,
1990). So it is conceivable that the inability of a topo-
isomerase II mutant to separate sister chromatids
leads to arrest at the first meiotic division. This hy-
pothesis is supported by our observation that in a top2
rec7 mutant the arrest is partly solved. We estimate
that the reduction in crossover frequency in the rec7
mutation is ;40-fold (calculated from data of De-
Veaux and Smith, 1994). This means that on average
each cell forms approximately one crossover (45 in
wild type; Munz, 1994). If we assume that the residual
crossovers are distributed according to Poisson, 37%
of the meiocytes gets no crossover at all. This is a
rough estimate of the fraction of cells that are expected
to complete the first meiotic division in the top2 rec7
double mutant. As shown in Table 1, the observed
value is somewhat lower (23%).

In S. pombe topoisomerase II is necessary for mitotic
chromosome condensation (Uemura et al., 1987).
Holm (1994) suggested that chromosome condensa-
tion may provide the directionality for disentangle-
ment of sister chromatids by topoisomerase II. Differ-
ent studies suggest that the processes of chromatid
separation and chromatin condensation are linked (re-
viewed by Yanagida, 1995; Koshland and Strunnikov,
1996). Untangling of sister chromatids possibly takes
place in concert with chromatin condensation, and a
defect in one of these processes could lead to a defect
in the other. If this is true, what could be the primary
meiotic defect in the S. pombe top2 mutant, chromatin
condensation or sister chromatid separation? We have
shown that early in a meiotic time course, before mei-
otic DNA replication (see Figure 2, A and D), topo-
isomerase II is not necessary for decondensation and
recondensation. Because these events happen after the
mitotic division, at a time when meiotic chromosome
pairing begins (Scherthan et al., 1994), we think that
these are early meiotic prophase events. The recon-
densation may be comparable with the leptotene chro-
mosome condensation that marks the beginning of
meiotic prophase in other organisms. Whereas topo-
isomerase II is not needed for early meiotic prophase
chromatin condensation, it is required for condensa-
tion shortly before meiosis I. This is a remarkable

observation and suggests that topoisomerase II is not
primarily responsible for chromatin condensation but
for the separation of sister chromatids. The defect in
decatenating the sister chromatid DNA would then
lead to loss of chromatin condensation shortly before
meiosis I. This interpretation is supported by the ob-
servation that in the top2 mutant of S. cerevisiae no
defect in early meiotic chromosome condensation is
visible (Rose and Holm, 1993). In this organism chro-
mosome condensation takes place in early prophase,
after DNA replication (Padmore et al., 1991; Scherthan
et al., 1992). The observation that in S. pombe vegetative
cells topoisomerase II is not required for prophase
condensation (Uemura et al., 1987) is consistent with
our results. Thus, although chromosome condensation
seems to be necessary for proper segregation (for re-
view, see Yanagida, 1995; Koshland and Strunnikov,
1996), topoisomerase II might not be the enzyme that
is directly responsible for chromatin condensation.

Andreassen et al. (1997) found that in (nonmeiotic)
mammalian cells, override of a checkpoint imposed by
VM-26 led to the formation of fully condensed chro-
mosomes, whereas override of an ICRF-193 check-
point arrest only resulted in partially condensed chro-
mosomes. VM-26 blocks the topoisomerase II strand
passing reaction at a step at which the enzyme is
covalently bound to a cleaved DNA double strand,
whereas ICRF-193 locks the enzyme in a closed clamp
formation before DNA cleavage or strand passage.
They proposed that in mammalian cells topoisomer-
ase II not only plays an enzymatic role in decatenation
but also has a nonenzymatic, structural function,
which is necessary for the final steps of chromosome
condensation (Andreassen et al., 1997, and references
cited therein).

VM-26 causes severe fragmentation of the DNA,
ranging from 20 to 800 kb (Roberge et al., 1990). The
double-strand breaks caused by VM-26 possibly re-
lieve catenation between the two sister chromatids,
permitting the final steps of DNA condensation. In
contrast, ICRF-193 does not cause DNA fragmentation
(Andreassen et al, 1997). Thus the differences between
checkpoint-overridden VM-26 and ICRF-193 arrest
could alternatively be explained by the different mech-
anisms in which both drugs act. The partial conden-
sation in the checkpoint-overridden ICRF-193 arrest
suggests that catenation prevents complete chromo-
some condensation.

We suggest that the inability to disentangle sister
chromatid DNA is the primary defect in the top2 mu-
tant causing loss of chromatin condensation and fail-
ure of sister chromatid separation.

DNA Catenation and Sister Chromatid Cohesion
In mitosis a system is needed to keep the sister chroma-
tids together until the mitotic division, to ensure proper
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segregation (for review, see Holm, 1994). Murray and
Szostak (1985) suggested that entangling of the sister
chromatid DNA is the primary force that keeps them
together until mitotic anaphase. However, in vegetative
cells of S. cerevisiae, catenation is resolved immediately
after S phase (Koshland and Hartwell, 1987; Guacci et al.,
1994; for review, see Holm, 1994). From the temperature
shift experiment we concluded that in S. pombe topo-
isomerase II is not needed until the time of the meiotic
divisions. However, it cannot be excluded that normally
in wild type topoisomerase II decatenates the sister chro-
matid DNA earlier, but that decatenation can be post-
poned until shortly before the first meiotic division. Mol-
nar et al. (1995) have shown with fluorescence in situ
hybridization that in a S. pombe rec8 mutant the sister
chromatid cohesion is lost during meiotic prophase.
When in S. pombe catenation is resolved at the end of
meiotic prophase, as suggested by the temperature shift
experiment, this means that catenation is not able to
prevent loss of sister chromatid cohesion in the rec8
mutant. Alternatively, catenation is resolved earlier dur-
ing meiotic prophase (see above). Either way, it suggests
that in S. pombe meiosis, catenation is not necessary for
sister chromatid cohesion.

Nonregulatory Arrest
S. pombe top2 cells arrest before meiosis I. The forma-
tion of two spindles and the stretching of chromatin
fibers out of the undivided nucleus suggest that the
cell tries to perform not only the first but even the
second meiotic division. The small percentage of cells
containing two spindles at later time points suggests
that the spindle formation is transient. Arrested cells
contain four spindle pole bodies. Thus the spindle
pole body cycle continues despite the blocked nuclear
division, indicating that the top2 arrest is nonregula-
tory. Also in mitosis the top2 arrest in S. cerevisiae and
S. pombe is nonregulatory (see INTRODUCTION).
Downes et al (1994) showed that in mammalian cells a

catenation-sensitive checkpoint exists. Rose and Holm
(1993) concluded that in S. cerevisiae the meiotic top2
arrest is regulatory and proposed that the synaptone-
mal complex might play a role in triggering the regu-
latory arrest. The fact that in S. pombe, in which no
synaptonemal complex is formed, the meiotic arrest is
nonregulatory is consistent with this proposal.

Conclusions
It has already been known for some time that topo-
isomerase II has a role in sister chromatid separation
as well as in chromatin condensation (see INTRO-
DUCTION). But, to our knowledge, a link between
these events has not been established. The use of a
meiotic system not only enabled us to study the mei-
otic function of topoisomerase II, but also showed that
topoisomerase II is not necessary for chromatin con-
densation per se, which has implications for the gen-
eral function of topoisomerase II. Based on our results,
we suggest that the primary defect in the top2 mutant
is the inability to disentangle sister chromatid DNA
after replication. This leads to failure of sister chroma-
tid separation, a loss of chromatin condensation
shortly before meiosis I, and a nonregulatory arrest.
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