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Abstract. Meiotic recombination requires pairing of
homologous chromosomes, the mechanisms of which
remain largely unknown. When pairing occurs during
meiotic prophase in fission yeast, the nucleus oscillates
between the cell poles driven by astral microtubules.
During these oscillations, the telomeres are clustered at
the spindle pole body (SPB), located at the leading
edge of the moving nucleus and the rest of each chro-
mosome dangles behind. Here, we show that the oscil-
latory nuclear movement of meiotic prophase is depen-
dent on cytoplasmic dynein. We have cloned the gene
encoding a cytoplasmic dynein heavy chain of fission
yeast. Most of the cells disrupted for the gene show no
gross defect during mitosis and complete meiosis to
form four viable spores, but they lack the nuclear
movements of meiotic prophase. Thus, the dynein
heavy chain is required for these oscillatory move-
ments. Consistent with its essential role in such nuclear
movement, dynein heavy chain tagged with green fluo-

rescent protein (GFP) is localized at astral microtu-
bules and the SPB during the movements. In dynein-
disrupted cells, meiotic recombination is significantly
reduced, indicating that the dynein function is also re-
quired for efficient meiotic recombination. In accor-
dance with the reduced recombination, which leads to
reduced crossing over, chromosome missegregation is
increased in the mutant. Moreover, both the formation
of a single cluster of centromeres and the colocalization
of homologous regions on a pair of homologous chro-
mosomes are significantly inhibited in the mutant.
These results strongly suggest that the dynein-driven
nuclear movements of meiotic prophase are necessary
for efficient pairing of homologous chromosomes in fis-
sion yeast, which in turn promotes efficient meiotic re-
combination.
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in genetic information of eukaryotic cells. This

event requires a physical association of homolo-
gous regions on each pair of homologous chromosomes. It
occurs during meiotic prophase. In most organisms, the
pairing takes place along the entire length of homologous
chromosomes, and is followed by the formation of the syn-
aptonemal complex (SC)!, a tripartite structure that ap-
pears to link the chromosomes. To accomplish successful
chromosome pairing, cells possess a mechanism(s) that al-
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lows an efficient encounter of the homologous regions fol-
lowed by their association without chromosome entan-
gling. How cells accomplish proper pairing of homologous
chromosomes remains an unsolved problem.

Cytological observations in many organisms have dem-
onstrated that during meiotic prophase chromosomes form
a characteristic bouquet-like arrangement by clustering
their telomeres (Chikashige et al., 1994; Scherthan et al.,
1996; Bass et al., 1997; Trelles-Sticken et al., 1999; re-
viewed in Fussell, 1987; John, 1990; Loidl, 1990; Therman
and Susman, 1992; Dernburg et al., 1995). It is frequently
observed that the centrosome is located near the cluster of
telomeres (Trelles-Sticken et al., 1999; reviewed in Loidl,
1990; Therman and Susman, 1992; Dernburg et al., 1995).
In addition to the clustering of telomeres, a specific pat-
tern of nuclear movement has been observed during mei-
otic prophase in some organisms. For example, the nu-
cleus rotates and oscillates during the bouquet stage in
rodent spermatocytes (Yao and Ellingson, 1969; Parvinen
and Soderstrom, 1976; Salonen et al., 1982). Some plant
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cells may have similar nuclear movements, since their nu-
clei have been observed at positions away from the center
of the cell during this stage (Hiraoka, 1941, 1952a,b). Since
these nuclear dynamics are observed around the time
when homologous chromosome pairing occurs, it has been
inferred that they play some role in the pairing. However,
this has not been directly demonstrated.

Studies in the fission yeast, Schizosaccharomyces pombe,
have presented one of the most striking examples of the
bouquet structure and nuclear movement. In these cells,
the whole nucleus, which is extensively elongated, mi-
grates back and forth between the two poles of the cell
during meiotic prophase (Chikashige et al., 1994). This
movement continues for some hours through the entire
meiotic period preceding chromosome segregation. This
motion is driven by astral microtubules radiating from
the spindle pole body (SPB; a centrosome-equivalent in
fungi); these microtubules interact with the cell cortex
(Svoboda et al., 1995; Ding et al., 1998). During move-
ments, all the telomeres remain clustered near the SPB,
which is located at the leading edge of the moving nucleus
(Chikashige et al., 1994). It has been speculated that nu-
clear movement, in conjunction with telomere clustering,
facilitates the spatial alignment of homologous chromo-
somes required for their proper pairing during meiotic
prophase (Chikashige et al., 1994, 1997; Kohli, 1994; Ding
et al., 1998).

Recent studies have provided evidence showing an im-
portant role of telomere clustering in the pairing of homol-
ogous chromosomes. Meiotic recombination is signifi-
cantly reduced in mutants which fail to form a telomere
cluster due to aberrant telomere structure (Cooper et al.,
1998; Nimmo et al., 1998). However, these mutants still
show nuclear movement (Nimmo et al., 1998; A. Yama-
moto and Y. Hiraoka, unpublished observation), suggest-
ing that telomere clustering and the nuclear movement are
distinct biological events. Specific inhibition of the nuclear
movement without affecting telomere clustering would
provide direct evidence for the role of this process in ho-
mologous chromosome pairing. To achieve specific inhibi-
tion, we have initiated a search for microtubule motor
proteins that are involved in the microtubule-mediated
nuclear movement. Cytoplasmic dynein is a likely candi-
date for such a motor, since it is required for microtubule-
mediated nuclear movement in other fungi (Eshel et al.,
1993; Li et al., 1993; Plamann et al., 1994; Xiang et al.,
1994, 1995; Inoue et al., 1998). The dynein holoenzyme is a
complex of several molecules with an ATP-dependent mo-
tility towards the minus end of microtubules. The largest
subunit, cytoplasmic dynein heavy chain (DHC), contains
the motor domain with ATPase activity (reviewed in
Holzbaur and Vallee, 1994).

In this study, we have identified a cytoplasmic DHC as a
motor that is necessary for the nuclear movement of mei-
otic prophase in fission yeast. Cells disrupted for the gene
encoding a cytoplasmic DHC lacked the meiotic oscilla-
tory nuclear movement, but most of them completed mei-
osis successfully to form four viable spores. In the cells
lacking the nuclear movement, meiotic recombination was
significantly reduced. Moreover, the colocalization of ho-
mologous regions on a pair of homologous chromosomes
were significantly inhibited in the meiotic stage preceding
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chromosome segregation, strongly suggesting that the mu-
tant cells failed to achieve efficient pairing of homologous
chromosomes. Our study provides the first evidence that
the nuclear movement of meiotic prophase, together with
telomere clustering, facilitates the homologous chromo-
some pairing that is required for meiotic recombination.

Materials and Methods

Strains, Media, and Basic Technique

The strains used in this study are listed in Table | and were created in this
study. Media were prepared as previously described (Moreno et al., 1991),
except that YE medium containing adenine sulfate at the concentration of
75 pg/ml (YEA medium) was used for routine growth of cells. furl muta-
tion was tested by the growth on the YEA medium containing 5-fluoro-
uracil (Sigma Chemical Co.) at the concentration of 100 wg/ml. Genetic
manipulations were carried out as described by Moreno et al. (1991).

Cloning and Sequencing of Dynein Heavy Chain Gene

A portion of the DHC was isolated by PCR using degenerated primers
based on regions of highly conserved amino acid sequence that lie in the
neighborhood of the P-loop ATP-binding site lying nearest to the NH,
terminus of the DHC (Vaisberg et al., 1993). A 320-bp genomic DNA
fragment encoding a partial open reading frame (ORF) was obtained
which had ~52% identity to the DHC sequence of Dictyostelium (Koonce

Tablel. Srain List

Strain Genotype
AY122-1A h~ ade6-M210 leul

AY122-1C h* his2 ura4

AY122-11C  h~ leul urad

AY126-1B h*
AY141-3D h*
AY1491-1A h*
AY1491-1B  h~
AY1491-1C  h~
AY1491-1D h*
AY153-19B h*

his2 leul lys3 ural
ade6-M210 leul dhcl-d3
ade6-M216 his2 ura4 dhcl-d4
ade6-M210 lysl urad dhcl-d4
ade6-M216 urad

ade6-M210 his2 lysl urad
ade6-469 his2

AY154-12A  h~ ade6-M375 urad
AY155-3A  h~ ade6-M26 leul ura4 dhcl-d3
AY156-1B  h~ ade6-M375 leul urad dhcl-d3

AY157-3C h*
AY160-30A h*®

ade6-469 leul his2 dhcl-d3
leul lysl ura4 dhcl-d4

AY161-2C  h~ ade6-M26 urad
AY177-14A  h* ade8 leul
AY179-8A  h~ leul trpl
AY180-1B h~ ade6-M210 furl leul

AY180-1C h*
AY180-2C h*

his2 leul dhc1-d3
his2 leul

AY180-2D  h~ ade6-M210 furl leul dhcl-d3
AY181-8C h* ade8 leul dhcl-d3
AY182-1A h~ leul trpl dhcl-d3

CRL152 h% leul lysl urad

CRL1521 he°
CRL1522 h%
CRL1526 h%
DHC102 h%
DHC105 h*

leul lysl ura4 dhcl-d2

leul lysl ura4 dhcl-d3

leul lysl ura4 dhcl::GFP-LEU2
ade6-M216 leul ura4 dhcl-d1
his2 ura4 dhcl-d2

DHC106 h~ leul ura4 dhcl-d2

DHC110 h~ his2 leul lys3 ural dhcl-d3

GT1521 h*% leul urad lysl”::pnmt1-GFP-atb2* dhcl-d2
GT160-30A  h%® leul ura4 lysl”::pnmt1-GFP-atb2* dhcl-d4

Y'Y 105 h% leul urad lysl”::pnmt1-GFP-atb2*

AY 162 h*/h~ ade6-M210/ade6-M216 his2/his2* leul*/leul
AY163 h*/h=  his2/his2* leul*/leul urad/ura4 dhcl-d2/dhcl-d2
1234
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Figure 1. Cloning and disruption of dhc gene. (A) Restriction
map and cloned genomic DNA fragments of dhcl*. Arrow, posi-
tion of the ORF for Dhclp; white boxes on the arrow, sites corre-
sponding to four P-loops; shaded bar, the original 2.7-kb genomic
DNA clone isolated from genomic DNA libraries; solid bars,
clones obtained by recovering plasmids from the genome that
had been integrated at the dhcl locus. Names of clones are shown
on the right. B, BamHI; C, Clal; EV, EcoRV; Sc, Sacl; SI, Sall;
Sm, Smal; Xb, Xbal; Xh, Xhol. (B) A diagram of the disruption
schemes used for the dhcl” gene. Solid arrows, ORF; dotted
lines, overlapping regions; open boxes, integrated markers; thin
lines, plasmid DNA. Allele names of each disruption are shown
on the left. Sp, Sphl; RI, EcoRI.

et al., 1992). A genomic DNA library (Barbet et al., 1992) was screened
using the PCR-amplified DNA fragment as a probe, and a 2.7-kb genomic
clone (pDHC1-1) was obtained (Fig. 1 A). This cloned fragment was
mapped between the mei2* and leu2* loci on the right arm of chromo-
some | from two different cosmid libraries (Hoheisel et al., 1993, Mi-
zukami et al., 1993).

The complete coding sequence was obtained by recovering plasmids
that had been integrated at the dhcl locus. Plasmids containing different
portions of the DHC coding region were integrated at the dhcl locus of
strain CRL152. The genomic DNA of the integrant was isolated, digested
with a restriction enzyme, and ligated. The ligated DNA was transformed
into Escherichia coli strain STBL2 for subsequent analysis (GIBCO
BRL). Cloned genomic DNA fragments on the recovered plasmids are
schematically shown in Fig. 1 A.

Integration plasmids and restriction enzymes used for obtaining dynein
clones are as follows: Plasmids of pAY119, pAY123, pAY120, pAY131,
and pAY130 were used for the integration to obtain pDHC1-Sac,
pDHC1-Sal, pDHC1-Bam, pDHC1-Cla, and pAY142, respectively. pAY-
119 was constructed by deleting a 1.2-kb Clal fragment containing arsl
from pDHC1-1. pAY123 was constructed by inserting an Ecl13611-
BamHI fragment of pDHC1-Sac between the Smal and BamHI sites of
pRS405 (Stratagene). pAY120 was constructed by moving an EcoRV
fragment of pDHC1-1 into the Smal site of pRS405. pAY131 was con-
structed by inserting an Xbal fragment of pDHC1-Sal, of which ends were
filled in by Klenow fragments, into the Smal site of pRS306 (Sikorski and
Hieter, 1989). pAY 130 was constructed by inserting a BamHI-Smal frag-
ment of pDHC1-Bam between the Ecl13611 and BamHI sites of pRS-
306. Restriction enzymes used for obtaining pDHC1-Sac, pDHC1-Sal,
pDHC1-Bam, pDHC1-Cla, and pAY142 were Sacl, Sall, BamHlI, Clal,
and Smal, respectively. DNA sequences of the cloned fragments were de-
termined by the method recommended by Applied Biosystems Inc., using
synthetic DNA primers complementary to the sequence.
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Disruption of Dynein Heavy Chain Gene

The dhcl-d1 disruption allele was generated as follows: a 1.8 kb DNA
fragment bearing the ura4* gene was inserted at an EcoRYV site located
between the BamHI and Xhol sites in the DHC coding region of pDHC1-1.
A linear DNA fragment of the heavy chain coding region between the
BamHI and EcoRYV (located between Xhol and Smal) sites bearing the
urad® gene was integrated at the dhcl” locus of a diploid strain (h*/h~
ade6-210/ade6-216 leul/leul urad/urad) by one-step gene replacement
(Moreno et al., 1991). The diploid integrants were sporulated and one of
the ura™ progenies of integrants was further crossed with an h® homothal-
lic strain to obtain a dhcl-d1 homothallic strain (DHC102). Homologous
integration was confirmed by Southern blot and PCR analyses.

To construct strains bearing the dhcl-d2 and the dhcl-d3 mutant al-
leles, pAY119 and pAY120 were integrated at the dhcl locus in a haploid
strain. Strains bearing dhcl-d2 (CRL1521) and dhcl-d3 (CRL1522) were
used for most of the phenotypic analyses. The dhcl-d4 allele was created
as follows: a BamHI-EcoRI DNA fragment of pDHC1-Cla was inserted
between EcoRI and BamHI sites of an integration vector, which was con-
structed by deleting the Clal fragment containing arsl from pUR19 (Bar-
bet et al., 1992). Then, a BamHI-SphI DNA fragment of pDHCI-Bam
was inserted between BamHI and Sphl sites. The resulting plasmid,
pAY144, was linearized by digesting with BamHI and then integrated at
dhcl gene in a diploid strain (h*/h~ ade6-M210/ade6-M216 his2/his2™ lysl/
lysl* ura4/ura4) by one-step gene replacement. The diploid integrants
were sporulated and one of the ura™ progenies of integrants was further
crossed with an A% homothallic strain to create a dhcl-d4 homothallic
strain (AY160-30A). Homologous integration was confirmed by Southern
blot analysis.

Synchronization of Mitotic Cell Cycle

Cells were grown in YEA medium at 30°C at the cell density of 4 to 6 X
10° cells/ml. They were arrested in S phase by incubating for 3 h in the
presence of 15 mM hydroxyurea at 30°C. After washing twice with YEA
medium, arrested cells were resuspended in fresh YEA medium at the cell
density of 2 X 10° cells/ml and further incubated at 30°C to synchronously
resume mitotic cell cycle. A portion of the culture was taken at intervals
and cells were fixed by adding 1/10 vol of 37% formaldehyde. Progression
of mitosis was monitored by analyzing chromosomal DNA of fixed cells
stained with 4’,6-diamidino-2-phenylindole (DAPI; Sigma Chemical Co.).

Analysis of Microtubule Morphology and Dynamics of
Mitotic Spindles in Living Cells

To examine microtubule morphology, cells were transformed with
pDQI105, a multicopy plasmid which carries a green fluorescent protein
(GFP)—a-tubulin fusion gene (GFP-arb2*) placed under the nmtl pro-
moter (Ding et al., 1998). The transformed cells were grown or sporulated
in the medium containing 5 uM thiamine for the repression of the GFP-
tubulin expression at low levels. The GFP-labeled microtubules were ex-
amined under a microscope as described by Ding et al. (1998). To examine
dynamics of the mitotic spindle, cells were used which express the GFP-
a-tubulin from the fusion gene integrated at the lys! * locus. To integrate
the fusion gene, PstI-Sacl fragment of pDQ105, which contains the GFP-
a-tubulin gene placed under the nmtl promoter, was moved into pYC36,
an integration plasmid containing a partial lys/* gene. The resultant plas-
mid was introduced into strains CRL152, CRL1521, and AY160-30A to
produce strains YY105, GT1521, and GT160-30A, respectively. Integra-
tion was confirmed by Southern analysis. Cells of these strains were grown
in YEA medium containing 5 pM thiamine at the cell density of 2 to 4 X
10° cells/ml and examined for spindle dynamics at 30°C.

Live Cell Analysis of Chromosome Dynamics

Live cell analysis of chromosome dynamics was carried out using a com-
puter-operated microscope system, previously described by Chikashige
et al. (1994 and 1997).

Synchronization of the Meiotic Process

Wild-type (AY162) and dhcl (AY163) diploid strains were grown in lig-
uid YEA medium at 33°C to 5 X 107 cells/ml. We found that sporulation
efficiency was high when meiosis was induced in cells at late log or early
stationary phase. The cells were then washed twice and resuspended in
EMM medium lacking a source of nitrogen (EMM — N). Meiosis was syn-
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chronously induced by incubating the culture at 26°C with shaking. Pro-
gression of meiosis was monitored as described in Synchronization of Mi-
totic Cell Cycle.

Chromosome Missegregation Assay

Chromosome III missegregation was examined using intragenic comple-
mentation of two alleles of the ade6 gene on chromosome 111, ade6-M210
and ade6-M216, previously described in Molnar et al. (1995). Strains
AY1491-1A and AY1491-1B, or AY1491-1C and AY1491-1D, were
mated and sporulated on ME plates at 26°C for 3 d. Sporulated cells were
suspended in 400 pl of water containing 2 pl of Glusulase (Sigma Chemi-
cal Co.) and incubated for 16 to 18 h at 30°C to liberate spores and kill
vegetative cells. Liberated spores were washed twice with water and
plated on YEA and EMM plates supplemented with appropriate amino
acids for selecting ade” progenies. More than 100 ade® progenies were
tested for disomic chromosome III by streaking on YE plates after grow-
ing for several generations on YEA plates. Cells disomic for chromosome
IIT give rise to red colonies on YE plates, since they frequently generate
offspring monosomic for chromosome III (Niwa and Yanagida, 1985).
Frequency of spores disomic for chromosome III was determined by the
frequency of ade™” progenies and the ratio of the disomic progenies.

Construction of a Strain Bearing GFP-DHC
Fusion Gene

The coding sequence of GFP-S65T (Heim et al., 1995) cloned in pRSET-B
vector (Invitrogen Corp.; a gift from Dr. Tsien, University of California,
San Diego, CA) was amplified by PCR using primers, CGCGGATCCAT-
GAGTAAAGGAGAAGAACTT and GAAGGCCTATTTGTATAG-
TTCATCCATGCC. The PCR product was digested with BamHI and
Stul and then inserted between the BamHI and Smal sites of pREP1 vec-
tor (Maundrell, 1993) to form pEG3. A BamHI-Sacl fragment of pEG3
containing GFP-S65T with a nmtl-polyadenylation sequence was cloned
into the corresponding polylinker sites of pRS405 to form pAY147. A
DNA fragment encoding a COOH-terminal portion of DHC was ampli-
fied by PCR using pAY142 as a template and synthetic oligonucleotides,
TGGATGCCCTAAGAGATTT and CGGGATCCAATGCACATAC-
TAAAATAAATATC. The PCR product was digested with Nsil and
BamHI and inserted between the Pstl and BamHI sites of pAY147 to
form pAY150, which encodes the COOH-terminal portion of the DHC
protein fused with GFP. pAY150 was integrated at the dhcl locus of
CRL152 to make strain CRL1526, replacing the wild-type dhcl gene with
the GFP-fused dhcl gene.

Indirect Immunofluorescence Microscopy

Cells induced into meiosis on solid ME medium were fixed in methanol
for 8 min at —30°C. The fixed cells were washed once with 0.1 M potas-
sium phosphate buffer, pH 6.5, and resuspended in the same buffer con-
taining 1 M sorbitol (spheroplast buffer). They were spheroplasted by
adding 100 pg/ml of Zymolyase 100T (Seikagaku Kogyo) and 0.1%
2-mercaptoethanol. The spheroplasted cells were washed twice with
spheroplast buffer and permeabilized with 1% Triton X-100 in sphero-
plast buffer. After permeabilization, the cells were washed twice with the
phosphate buffer and resuspended in solution F (10 mM potassium phos-
phate buffer, pH 7.0, 150 mM NaCl, and 1% BSA). Antibody reactions
with permeabilized cells were carried out in a microtube at 23°C as de-
scribed in Hagan and Hyams (1988) using solution F for antibody incuba-
tions. a-Tubulin and GFP were stained using TAT1 mouse monoclonal
anti—a-tubulin antibody (Woods et al., 1989) and rabbit polyclonal anti-
GFP antibody (1:2,000 dilution, CLONTECH Laboratories, Inc.), respec-
tively. FITC-conjugated goat polyclonal anti-mouse antibody (1:100
dilution, Jackson ImmunoResearch Laboratories, Inc.) and rhodamine-
conjugated goat polyclonal anti-rabbit antibody (1:100 dilution, Cappel
Laboratories/Organon Teknika Corp.) were used for secondary antibod-
ies. DNA was stained with 100 ng/ml DAPI.

Analysis of Recombination Frequency

To examine the frequency of meiotic recombination, two strains bearing
appropriate genetic markers were grown on the solid YEA medium at
33°C, mated, and then sporulated on the solid ME or EMM — N medium
at 26°C (zygotic meiosis). Alternatively, after mating, diploid cells were
selected on the solid EMM medium supplemented with appropriate
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amino acids. The diploid cells were grown on the solid YEA medium at
33°C and then sporulated on the solid ME medium at 26°C (azygotic mei-
osis). The frequency of intergenic recombination was examined by tetrad
analysis. The frequency of intragenic recombination at the ade6 locus was
analyzed, previously described by Ponticelli and Smith (1989). An approx-
imate map of genetic markers used in this study is shown in Fig. 9.

Fluorescence In Situ Hybridization Analysis of
Centromere and Telomere Positions

Fluorescence in situ hybridization (FISH) analysis was performed as de-
scribed (Chikashige et al., 1994) with the following modifications. Cells
grown on the YEA agar medium were transferred on the ME agar me-
dium to induce meiosis. After incubation at 23°C for 12 to 13 h, they were
fixed in 3% paraformaldehyde and 0.2% glutaraldehyde in PEM buffer
(100 mM Pipes-KOH, pH 6.9, 1 mM EGTA, 1 mM MgCl,) for 30 min at
23°C. After fixation, the cells were permeabilized and treated with RNase
A as described (Funabiki et al., 1993). The RNase A-treated cells were
then processed for FISH. For simultaneous staining of the SPB and telo-
meres, the cells were immunostained for the SPB before being processed for
FISH. The cells were reacted with rabbit polyclonal anti—y-tubulin anti-
body (1:10,000 dilution; a gift from Dr. Masuda, The Institute of Physical
and Chemical Research, Wako, Saitama, Japan) and then with Cy5-conju-
gated anti-rabbit antibody (1:100 dilution, Nycomed Amersham). After
antibody reactions, the cells were postfixed with 3% paraformaldehyde in
PEM buffer for 10 min at room temperature and then washed twice with
PEM bulffer.

For FISH, the cells were suspended in 2X SSC and incubated for 10
min at 23°C. Next, they were resuspended in 2X SSC containing 10% form-
amide and incubated for another 10 min at 23°C. The concentration of
formamide was increased to 20% and then to 40%, step-wise with 10 min
incubations at each step. After incubating cells in a 40% formamide solu-
tion, they were suspended in hybridization buffer (50% formamide, 5X
Denhardt’s solution, and 5% dextran sulfate in 2X SSC) containing fluo-
rescent-labeled probes. Fluorescent-labeled probes were prepared as fol-
lows: Ribosomal RNA genes, which hybridize to both ends of chromo-
some III (Uzawa and Yanagida, 1992), were used for telomere probes.
Alternatively, cosmid cos212 was used; this hybridizes to both ends of
chromosome I and II (Funabiki et al., 1993). Plasmid pRS140, which con-
tains centromeric repeats common to all three chromosomes, was used to
hybridize to the centromeres (Chikashige et al., 1989). Cosmids, cos256,
cos146, cos1228 (from Dr. Yanagida, Kyoto University, Kyoto, Japan) and
ICRFc60D0727 (from Resource Center of the German Human Genome
Project at the Max-Planck-Institut for Molecular Genetics) were used to
hybridize to regions on the chromosome arms (Hoheisel et al., 1993, Mi-
zukami et al., 1993). Approximate position of the chromosome regions to
which the probes hybridize are shown in Fig. 9. The DNA used for telo-
mere and chromosome-arm probes was fragmented with Rsal, Taql, Alul,
Sau3Al and Haelll, and then labeled with Cy3- or Cy5-dUTP (Nycomed
Amersham Inc.) using an oligonucleotide tailing kit containing a terminal
deoxynucleotidyl transferase (Boehringer Mannheim Co.). Similarly, the
DNA used for centromere probes was digested with Rsal, Taql, and Alul
and labeled with Cy3-dUTP. Concentrations of the fluorescent-labeled
DNA probes in the hybridization buffer were ~15 pg/ml for telomere
probes and 30 pg/ml for centromere and chromosome-arm probes. Before
the hybridization step the cell suspension containing fluorescent probes
was preheated to 70°C for 5 min to denature the DNA. Hybridization was
carried out at 37°C for 16 h. After hybridization, the formamide concen-
tration in the hybridization buffer was decreased to 40, 25, 15, and finally
7.5% by step-wise dilution with 2X SSC. For each dilution step, the cell
suspension was incubated for 10 min at 23°C. After the concentration was
decreased to 7.5%, the cells were resuspended in fresh 2X SSC and incu-
bated for another 10 min at 23°C. Lastly, the cells were washed twice with
2X SSC and then stained for DNA with DAPI.

Results

Cloning and Sequence Analysis of the dhc Gene

Since the meiotic oscillatory nuclear movement is driven
by the dynamic activity of microtubules (Svoboda et al.,
1995; Ding et al., 1998), microtubule-dependent motor en-
zymes seemed to be involved. As a first step in examining
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1761 TGIADCCLDAVFNFINDGISSLVLLADENELSIKKKVTLMFNELLHFKETVGLLCKNSPNNYFWSREVKAFYREDHDDEA
1841 VVIKMFSLEFIYAFEYSELDDPIVYTDLTRNCFSVLLHSIASNLGGSP! TVKAVSAYLGKNVFVFNCDNAF

B . S. pombe

" 1k 2oy R Joeny
L AT RO T

oo
i

g7
s

A. nidulans
2
!
-

3000

Joiy

YT T

T T

C.

1821 NYKTIQRILEGLAQIGTYICFDE'“RLDSGTLSAISYDIQRIQSLVSHSDGLCQSPILLDAPTIWMPGYWRFKLPS is sit

2001 NLEKLFRPI! KICEILFLSFGF LSQVLDSFFLCCSGSLSNCLHYDFGLRAMKVVIKAAKRIKGFLKKK

2081 NTICOELETLWYAIREVLYPSLIYQDIPLFFKAEESYFNF IDPDNFEVNI ¥ LKLKIMQL S. pombe SVLLESTASNLGGS PIEPAGTERRETVKAVSAYLGKNVF v
2161 YQMSEAYNGIILIGKTGSGRSRIFRILOSALLNIGIDCIVYVISPKALTKESL FTKLL A. nidulans LTeTQALCQRs»ese¥YsoesssccsSeseLGLOs +RFTL «
2241 YYKRYMFVF: LDDNKTLTL TALQPYVKIFFEADSVASLTRATISRCGLICISNIDDNILSS D. melanogaster LTMIQRLE+RessesFeeccccceoSereLGNQeoRF L
2321 TDKMLSFTIGATNYPL TVFSKVLTDE 1SSCYKFSVDLOBIMNFTKQRFFITFYSLLDQTKLFTRSSN S. cerevisiae AT+TDeLHQKY e ¢CFFeeessecsceeecFGQNe sRVeVe

2401 ITESLSFKELCNYLKKKICYILAWCCTGDTDAKSRERFTHWLMQNASVDLPEIKDFEHVSTLDFDVSLETQSWYPIAGKT

2481 LKSSALKYAGNTVIPTLDTVRYAEFLNFSLTKNRCVIFGPEGSGROMLMLGTLRSRQDVEVIALNFSISTSSKSVVSFL 2nd site

2561 EQSMYRSTGMTIMCPK“HEKVLVLFCDEINLPRSRNCLAEDVICFLWLEHQGMPLHKE’WTIKNIWCGACNPS

2641 TDIGRNDFPERFLRRTVLIFVDYPESYSLVTTYNALLEKSALINQYKTIILNIVKASVKFYQVLRENFKSSTQGYVYTPR §. pombe MQLYQMSEAYNGIILLEKTGSERERTFR-TLSALLNI-G
2721 DUTRWLISFKNYAESYAETNNLSLIKVWYHEACRVLLDRLVSQKECSWGMTELQKVIVTDFGEFEVSVIFEKQIIFTDIL A. nidulans SAWK-+eLQe+QRoE»
2801 KNGLEFLDFASLRPKLESLYKKFYSSHPNNTLVFVDETITHILRFHRILNNSGMAALLQESVELOORAVVEFVCWLNSES D. melanogaster ° *TAWK-T+LKe +ERFE*

2881 LFELQKNQTYSIEDFEDNLKSILILAGTTNCKACLATNESIAGVPGFLDLLNNLL ¥ ETKKNLNKLN S. cerevisiae ¢ *FeY¢QRTQQAL Ve e A+ Co e TATWKTVIDAMAIFD- «

2961 EFQPLKFDSEESVTEIFMNNVFQNLCVVFYVYTSADVDFQTNSLSPALLNRCTIDYYHSWDYHSMLQIANEVLQETISLN

3041 ALDHDNPNLKNIKGSSIYDAVAQAVVNTHTS IVHEFKHLGKTSYFSCLHFIRFLNTFCLIF 1 IENGFK 3rd site

3121 KIKETSQGIDKF! L LF. QCIIT KVYSLQAEASLOKKSFLLNEKKNSVMKEVSYAK

3201 PAVIEARKSVSDIKKAHLIELRSLSRPPMAIRITMEVVCKLLGFSATDWKNVQOLLKRDDFIPKILNYNLEKELSINLRR 8. pombe EFLNFSLTKNRCVIFCEPPGSERMLMLGTLRSRODVEVI

3281 KIEQDYFSNPIFTFDSVNRASKACGPLLLWIKSICNYSKVLEKLEPLNSEVDRLKLEQKNAEECIQETIAACKDLDEKLL A. nidulans DVeYSWeAEHKPLLLs ¢ ¢ <+« sTeTLFAR® ¢KLPNM-+V
3361 QLQEEYASMISEIHSMELQMDEVKCKMQRSIEVITDLST LNLYP! VGESLMEASFVVYAGNLDPSMR D. melanogaster SLeYTWe AEHKPLVLs **TeTLFSAe «ALPe M+ oV
3441 IFLRNKCEPIISSFGFPISKSAVRTNIERCVQTSIESKYYKNLTDYSLENIYIIQ LIIDPSSQILDILPSLYKG §. cerevisiae KI+YDL*NSKRGIILesesese T+I+NNA++NSSLYD-V
3521 KASDLI IKLALLSGSAIII 1EPLLKPEFFTGSGEVQTTFAKDTITITLPLNI IFFSEVQSN

3601 ELENKASKFMNVVNFTLSISLLETQMLKSVISVQEPGVFKQKDNCFTLKLSIERQIRSLQEQLLKTLCSSNENIVGTDET 4th site

3681 VVLLKNL IRLAYSESQST IRRYKLSIKSFLSVVVVFQHFISLKKSYSFSFNF IWSTFHOMLNVVLEN

3761 RNQDPKSLIMDALRDLIRRCFLYIFPEDRVLFLFLLMFFFFPKETESLRKLLIVNGKTLELEQSYLNFFETCSDSNERGG S. pombe RFHRILNNSGHHALLOESVGLEDKAVVEFVCWLNSFSLFE
3841 LESLFPKTHASNIQNFCTEVLANTHCEEDCLKLLYDLWSSAFKVEFSNIKYDFLKIINDESESRMPTIVYLMENCETDSL 4. nidulans *ID*VFROPQGsLI+I+VSeS«KTTLSRe ¢ AeM+GLKV+Q
3921 LQNAKIPQNIKKLTVSL ADSYLKLA FINNIH KLPSKMSNHLHKNSRIVCLSEIHNQLE D. melanogaster #1IDs s FRQPQGeLe eI+ VSeA+KTTLSR* cAeMeGLeI*Q
4001 HOLLCISRSIVFNKQTSFKNNLLNLLELLETMTHTLPHNRFRLFFFLSWLHATLAEIYCFTCSSWKEPCYFDDSDFYFGT S. cerevigiae °ID*A*KQVQG*MMs I e ASRT+KTILTR® sA+ e ¢ GLKIVQ

408] KILCNILYRNVHL FKDLLLNVVY
4161 AKEVIGQLPDEIPPGWLDIPENSKRKRTDIYFSMCI

FIALDKILKRLIAQFKTQISSNILLTDNFKFILPYEITFSS

Figure 2. Deduced amino acid sequence of the dhcl ™ gene and its comparison to other dhc genes. (A) Deduced amino acid sequence of
Dhclp. The four sites corresponding to the P-loops of other DHCs are shown by boxes. (B) A dot-plot matrix comparing the predicted
DHC of fission yeast with that of A. nidulans with a stringency of 7 in a window of 23. Numbers indicate amino acid numbers. (C) Se-
quence comparison of the four regions containing putative ATP-binding sites from several different organisms. The ATP-binding mo-
tifs are shown by shadowed letters (GXXXXGKS/T). Dots and hyphens indicate identical amino acids and spaces, respectively. Gen-
Bank/EMBL/DDBJ accession numbers of the heavy chain sequences of A. nidulans, Drosophila melanogaster, and S. cerevisiae are

U03904, 123195, and L15626, respectively.

this possibility, we cloned the dhc gene (Fig. 1 A; see Ma-
terials and Methods). A total of 17.3 kb of genomic DNA
from the locus containing a candidate gene was examined.
Sequence analysis of the cloned fragments revealed that
they contained a continuous ORF of 12.6 kb. The ORF en-
codes a predicted protein of 4,196 amino acids with a de-
duced molecular weight of 484 kD (Fig. 2 A; GenBank/
EMBL/DDBIJ accession number AB006784). A compari-
son of the amino acid sequence with the protein sequences
in the SwissProt database using the BLASTP algorithm
(Altschul et al., 1990) revealed a high similarity to the
DHC sequences of other organisms. The cytoplasmic dhc
gene of Aspergillus nidulans was most similar to the fission
yeast sequence (27.4% identity). Dot-plot analysis showed
that they are highly similar in their entire length (Fig. 2 B).
These results indicate that the cloned ORF encodes the
cytoplasmic DHC of fission yeast. Thus, the gene was
named dhcl™*. Southern blot and PCR analyses suggested
that it is the only dhc gene in this organism (data not
shown).

The central motor domain of most DHC molecules

Yamamoto et al. Dynein-dependent Nuclear Movement in Fission Yeast

contains four P-loops, which are putative ATP-binding
sites comprising the consensus sequence, GXXXXKS/T
(Walker et al., 1982; Saraste et al., 1990). Similarly, the fis-
sion yeast DHC contained the consensus sequences at the
first three sites corresponding to other DHCs (Fig. 2 A,
boxed sequences, and C). The fourth site lacked the typi-
cal consensus sequence, although sequence around this
site was similar to those of other DHCs (Fig. 2 C). The ex-
istence of ATP-binding motifs suggests that fission yeast
dynein generates motor activity by ATP hydrolysis, like
other dynein molecules.

Cytoplasmic DHC Is Not Required for Proper
Positioning and Orientation of the Mitotic Spindle

To examine the role of the DHC molecule in fission yeast,
we disrupted the coding sequence by integrating either the
ura4* gene of fission yeast or the LEU2 gene of budding
yeast at the dhcl” locus by homologous recombination
(Fig. 1 B; see Materials and Methods). Cells containing
the integration that truncates the putative motor domain
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Figure 3. Mitotic cell-cycle progression and spindle behavior of
wild-type and the dynein mutant. (A) Cell-cycle progression
of wild-type and the mutant cells synchronized by hydroxyurea.
Wild-type (upper graph) and the dynein mutant (lower graph)
cells grown in YEA medium were arrested in S phase with hy-
droxyurea (Materials and Methods), and synchronously released
from the arrest by removing the drug from the medium. After re-
lease from arrest, a portion of the cells were fixed at intervals and
analyzed for cell types. More than 100 cells were examined at
each time point. Percentage of cells containing one nucleus
(closed diamonds) and those containing two nuclei, with (closed
triangles) or without (open squares) a septum are shown. (B)
Time-lapse series of wild-type (left) and dhcl-d2 (right) cells ex-
pressing GFP-tagged o-tubulin on a multicopy plasmid. Wild-
type (strain CRL152) and mutant (strain CRL1521) cells bearing
a GFP-tubulin plasmid, pDQ105 (Ding et al., 1998), were grown
in EMM medium supplemented with appropriate amino acids for
growth and 5 pM thiamine for the low-level expression of GFP-
tubulin, and examined for spindle dynamics at 30°C. Representa-
tive series from wild-type and mutant cells are shown. Numbers
indicate time in minutes.

(dhcl-dl, dhcl-d2, and dhcl-d3) or a deletion of the NH,-
terminal two-thirds of the heavy chain gene (dhcl-d4)
grew in rich and minimal media at temperatures from 20°C
to 36°C and their doubling times were similar to those of
wild-type cells. Indirect immunofluorescence and living
cell analysis using GFP-tagged a-tubulin (Ding et al.,
1998) revealed that nuclear and microtubule morphology
of all the mutants were similar to those of wild-type cells.
In addition, the number of cytoplasmic microtubules ex-
tending along the cell axis in G2 cells (Hagan and Hyams,
1988) were not significantly different, 2.9 = 0.7 (mean =
SD) for wild-type and 2.7 = 0.7 for the dhcl-d2 mutant
(n = 40). Cytokinesis took place in the middle of the cell,
just as in wild-type cells. In addition, when cells were syn-
chronized in S phase by a DNA synthesis inhibitor, hy-
droxyurea, the mutant cells underwent nuclear division
and cytokinesis with a similar timing to that of wild-type
cells (Fig. 3 A). These results indicated that the DHC is
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not essential for the mitotic growth and the loss of its func-
tion does not cause gross defects in mitosis.

It has been reported that dynein plays an important role
in maintaining proper positioning, orientation, and kinet-
ics of a mitotic spindle through astral microtubules in bud-
ding yeast (Eshel et al., 1993; Li et al., 1993; Yeh et al.,
1995; Carminati and Stearns, 1997; Cottingham and Hoyt,
1997, DeZwaan et al., 1997; Shaw et al., 1997). To seek a
possible role of dynein in dynamics of the mitotic spindle,
we carried out detailed analysis of spindle behavior in
wild-type and the dynein-disrupted cells using GFP-tagged
a-tubulin (Ding et al., 1998). In wild-type cells, the mitotic
spindle was formed at the center of the cell and elongated
to ~1 wm within 2 min (Fig. 3 B, left, 0 and 2 min). During
this early stage of the spindle formation, cytoplasmic mi-
crotubules extending along the cell axis disappeared. The
spindle continuously elongated to ~3 pm and its length
remained constant until further elongation (anaphase B)
begins (Fig. 3 B, left, 2-16 min; Table II), as previously re-
ported by Nabeshima et al., (1998). The spindle was al-
ways located at the middle of the cell and often changed its
orientation (see spindle orientation in Fig. 3 B, left, 2, 10,
and 14 min). In addition, short astral microtubules radiat-
ing from the spindle pole(s) were often observed (Fig. 3 B,
left, 6 and 14 min). The time length of this stage was be-
tween 8 and 26 min, varying among cells. After this stage,
the spindle elongated along the cell axis at the constant
rate to reach its maximum length (anaphase B; Fig. 3 B,
left, 18-26 min; Table IT), and eventually disappeared (Fig.
3 B, left, 28 min). Astral microtubules radiating from the
spindle poles were observed during elongation (Fig. 3 B,
left, 20 and 24 min). When the dhcl-d2 cells were exam-
ined, no significant differences were observed in position-
ing, orientation, or kinetics of the mitotic spindles or in the
behavior of astral-microtubules (Fig. 3 B, right; Table II).
Therefore, we conclude that DHC is not required for
maintaining proper positioning, orientation, or kinetics of
mitotic spindles in fission yeast.

Cytoplasmic DHC Is Required for Meiotic Prophase
Nuclear Movement

We then examined the phenotype of the dynein-disrupted
cells during meiotic progression. Haploid cells of opposite
mating types are induced to conjugate upon depletion of

Table I1. Dynamic Parameters of the Mitotic Spindle

Short spindle Maximum Anaphase-B Examined
dhcl alele length* spindle length? rated spindles
um wm pm/min
dhc1 T 29+0.2 129+ 1.0 11+01 11
dhcl-d2** 29*+04 128 £ 0.9 11+02 8
dhcl-d4+ 28+ 0.3 129+ 15 11+01 7

Cells were grown in YEA medium containing 5 uM thiamine and examined for the
spindle dynamics at 30°C, as described in Materials and Methods. Average and stan-
dard deviation are shown.

* Maximum length of short spindles preceding anaphase B.

*Maximum spindle length after completion of anaphase B.

$The elongation rate of the spindle during anaphase B.

INumber of spindles examined.

T Strain Y'Y 105.

** Strain GT1521.

HStrain GT160-30A.
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Figure 4. Chromosome dynamics in the dynein mutant cells during meiosis. Chromosomal DNA of conjugated cells was monitored by
staining with Hoechst 33342 (Materials and Methods). (A) Chromosome behavior of wild-type (strain CRL152) and the dhcl-d2 (strain
CRL1521) mutant in single-nuclear zygotes. The left and right columns are time-lapse series of a single wild-type or of the dynein mu-
tant cell, respectively. The numbers indicate time in minutes. (B) Sequential observation of chromosomal DNA in the dhcI-d2 (strain
CRL1521) cell during meiosis. The dynamics of chromosomal DNA in a single cell was followed by time-lapse observation immediately

after nuclear fusion. The numbers indicate time in minutes.

nitrogen from the growth medium. In conjugating cells,
the two haploid nuclei migrate towards each other and
fuse at the site of their SPBs (karyogamy). Cells bearing
the dhcl-d2 mutation in both mating types underwent con-
jugation and nuclear fusion to form a zygotic cell contain-
ing a single chromosomal DNA mass and one SPB (Figs. 4
and 10 C). However, the fraction of conjugated cells with
unfused nuclei was significantly larger in the mutant than
in the wild-type: of 160 conjugated cells in the stage before
meiotic chromosome segregation, unfused nuclei were ob-
served in 21.9% of the mutant cells, whereas only 2.5% of
wild-type cells had this phenotype. When unfused nuclei in
10 conjugated cells of the mutant were followed using a
portion of DNA-polymerase-a tagged with GFP as a nu-
clear marker (D.-Q. Ding and Y. Hiraoka manuscript in
preparation), all of the nuclei eventually fused to form a
single nucleus. These results strongly suggest that nuclear
fusion was delayed to some extent in cells lacking a cyto-
plasmic DHC, but not abolished.

The most striking consequence of the dynein disruption
was observed after nuclear fusion. In wild-type cells, the
fused nucleus immediately started oscillatory movement
between the cell poles (Fig. 4 A, left), as previously re-
ported (Chikashige et al., 1994). In contrast, the fused nu-
cleus of the dynein mutant cells did not show oscillatory
movement and remained in the middle of the cell (Fig. 4

Yamamoto et al. Dynein-dependent Nuclear Movement in Fission Yeast

A, right, and B). These observations indicated that the
DHC is required for the oscillatory nuclear movement.
Despite the lack of oscillatory nuclear movement, many
mutant cells underwent two rounds of meiotic chromo-
some segregation, as observed by the appearance of two
and then four nuclei (Fig. 4 B). In wild-type cells, the
nucleus performs some hours of oscillatory movement
through meiotic prophase and then initiates two rounds of
chromosome segregation (Chikashige et al., 1994). Live
observations of the nuclear behavior in the dynein-dis-
rupted mutant showed that the nucleus remained in the
middle of the cell for ~3 h after nuclear fusion and then
initiated the first chromosome segregation. Unlike wild-
type cells, chromosomes sometimes moved separately and
failed to form two distinct chromosome masses during the
first chromosome segregation (Fig. 4 B, 204 min; compare
to Figure 2 C in Chikashige et al., 1994). Despite this aber-
rant behavior, two rounds of chromosome segregation
were accomplished within 2 h, as in wild-type cells (Fig. 4 B).
Analysis of azygotic diploid cells, which synchronously
entered meiosis without undergoing nuclear fusion, sug-
gest that both wild-type and mutant cells accomplished
meiotic processes with a similar timing. As shown in Fig. 5,
both wild-type and mutant diploid cells showed similar
profiles after nitrogen starvation. Specifically, cells con-
taining a deformed nucleus, which is characteristic of
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Figure 5. Time course changes in a number of different cell types
of azygotic diploid cells after nitrogen starvation. Diploid wild-
type (strain AY162) and dhcl-d2 (strain AY163) cells were syn-
chronously induced into meiosis by depleting nitrogen from the
growth medium and examined at the times indicated. More than
100 cells were examined at each time point. Upper and lower
graphs indicate time course of changes in cell types of wild-type
and mutant cells, respectively. Closed squares, open squares,
open circles, and closed circles indicate percentages of cells con-
taining one round nucleus, two nuclei, deformed nucleus, and
four nuclei, respectively.

the meiotic stage preceding chromosome segregation, in-
creased at ~5 h and decreased at ~8 h. Live observations
confirmed that the deformed nucleus of the mutant lacked
the oscillatory movement, whereas that of wild-type moved
back and forth between cell poles (data not shown). These
results suggested that the mutant cells accomplished the
meiotic process preceding meiotic chromosome segrega-
tion with a timing similar to that of wild-type, despite the
lack of nuclear movement.

After accomplishing two rounds of chromosome segre-
gation, many mutant cells formed four spores (Fig. 6),
most of which were viable like those of wild-type cells (Ta-
ble III), indicating that chromosomes were properly segre-
gated in those cells. The slight increase in the number of
the mutant cells that failed to form four spores, however,
suggested increased chromosome missegregation in the
mutant (Fig. 6). To know if chromosome missegregation is
increased in the mutant, we examined the frequency of
spores disomic for chromosome III. The frequencies of the
disomic spores were 8.0 X 107 for wild-type and 1.1 X
1072 for the mutant. The ~14-fold increase of the diso-
mic spores indicated that chromosome missegregation in-
creased during meiosis I in the mutant. Thus, the dynein
function is required for faithful chromosome segregation.

Meiotic phenotypes similar to those described were ob-
served in cells bearing each of the different mutations in
the dynein gene (Fig. 1 B). In addition, the dynein muta-
tions were recessive for the phenotypes described, since
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Figure 6. Spore formation efficiency of wild-type and dhcl mu-
tant cells. Wild-type (strain CRL152) and dhcl mutant (strains
CRL1521 and CRL1522) cells were sporulated on the ME solid
medium and scored for spore numbers in zygotic cells. More than
100 zygotes were examined for each strain. Bars indicate the pop-
ulation of cells that formed different numbers of spores.

nuclear movement was normal in conjugates of mutant
and wild-type cells. In summary, the DHC is required for
the oscillatory nuclear movement of meiotic prophase and
faithful chromosome segregation during meiosis. More-
over, the successful completion of meiotic processes in the
absence of oscillatory nuclear movement in many mutant
cells indicates that the movement itself is not essential for
the progression of meiosis.

Microtubule Morphology in the Dynein Mutant
during Meiosis

Since the oscillatory nuclear movement is dependent upon
astral microtubules radiating from the SPB (Ding et al.,
1998), it is possible that the lack of the movement in the
dynein mutants is due to a loss of astral microtubules. We
examined microtubule morphology in living meiotic dhcl-
d2 cells using GFP-tagged a-tubulin (Ding et al., 1998). In
a zygote containing a single nucleus, astral microtubules
radiated from the SPB (Fig. 7, c—f), although the oscilla-
tory nuclear movement was not observed. Therefore, the
lack of the oscillatory nuclear movement in the mutant is
not caused by a loss of astral microtubules. The microtu-
bule morphology of the mutant cells was not significantly
different from that observed in wild-type cells during the
remainder of meiosis (Hagan and Yanagida, 1995; Svo-
boda et al., 1995; Ding et al., 1998). During karyogamy, as-
tral microtubules radiated from the SPB as each of two nu-
clei converged to bring the two SPBs together (Fig. 7, a
and b) and the meiotic spindles were normal during mei-
otic chromosome segregation (Fig. 7, g-j).

Cytoplasmic DHC Is Localized at the SPB and
Astral Microtubules

To further understand the functions of the DHC, we ex-
amined its intracellular localization by tagging the COOH
terminus of Dhclp with GFP. The dhcl* gene was re-
placed with the tagged gene by chromosomal integration
of the DNA encoding GFP, resulting in the expression of
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Figure 7. Microtubule morphology in dhcl-d2 mutant during
karyogamy and meiosis. dhcl-d2 (strain CRL1521) cells express-
ing GFP-tagged a-tubulin were induced into meiosis in the
presence of 5 wM thiamine to repress the expression of the tu-
bulin-GFP to low levels, as described by Ding et al. (1998).
Chromosomal DNA was stained with a DNA specific dye,
Hoechst 33342. A two-nuclear zygote in karyogamy (a and b), a
single-nuclear zygote before meiotic division (c-f), and two-
nuclear zygotes in first (g and h) and second (i and j) meiotic divi-
sions are shown. a, ¢, e, g, and i, a-tubulin GFP; and b, d, f, h, and
j» DNA signal of Hoechst 33342.

tagged Dhclp under the endogenous promoter on the
chromosome. The GFP-tagged Dhclp (dynein-GFP) was
functional, since cells expressing solely the tagged protein
showed no aberrant phenotypes in meiosis, particularly in
the oscillatory nuclear movement and intragenic recombi-
nation at the ade6 locus (data not shown).

In mitotically growing cells, the dynein-GFP was not de-
tected (data not shown). Meiotic cells, on the other hand,
showed specific intracellular localization. During nuclear
fusion through meiotic prophase, the dynein-GFP was lo-
calized at the SPB (Fig. 8 A, b, d, and {, large arrows, and
B, large arrowheads), and astral microtubules (Fig. 8 A, b,
d, and f, and C, e). The localization of the dynein-GFP to
the SPB was demonstrated by the position of the GFP dot
at the protruding edge of the nucleus (Fig. 8 A, a and b,
and B, large arrowheads) and its colocalization with the
focal point of astral microtubules (Fig. 8 C). This localiza-
tion was apparent until anaphase of the first meiotic divi-
sion (Fig. 8 A, g and h), but was not detected through the
rest of meiosis (Fig. 8 A, i and j). The localization to astral
microtubules was demonstrated by colocalization of the
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GFP line with microtubules (Fig. 8 C, e, f, and h) and fur-
ther confirmed by the disappearance of the GFP lines by
treating the cells with a microtubule-depolymerizing drug,
thiabendazole (data not shown). Interestingly, during the
oscillatory nuclear movement, a dynein-GFP dot was fre-
quently observed on an astral microtubule(s) at a point
where the microtubule(s) contacts the cell cortex in front
of the moving nucleus, and the nucleus moved towards it
(Fig. 8 A, d and f, small arrows, and B, small arrowheads).
The dot appeared during the approach of the SPB to the
cortex (Fig. 8 B, lower, 15 s) and disappeared after the SPB
reached it and reversed the direction of its movement (Fig.
8 B, lower, 90 s). This observation suggests the presence of
a novel structure on the cell cortex that promotes a tran-
sient accumulation of the dynein-GFP and is involved in
the nuclear movement (see Discussion).

Frequencies of Meiotic Recombination Are
Significantly Reduced in the Dynein Mutant

If the oscillatory nuclear movement of meiotic prophase
facilitates homologous chromosome pairing, as postulated
previously (Chikashige et al., 1994, 1997; Kohli, 1994; Ding
et al., 1998), the lack of this movement should affect mei-
otic recombination. To test this idea, we examined meiotic
recombination in the dynein mutant cells. Tetrad analysis
investigating the genetic linkage at four regions on three
chromosomes (Fig. 9) revealed that the frequencies of in-
tergenic recombination at the regions were significantly
reduced by up to fivefold in the mutant (Table III). Thus,
the intergenic recombination was reduced in the dynein
mutant. Interestingly, the recombination frequencies in
meioses initiated from the haploid state through kary-
ogamy (zygotic meiosis) and from the diploid state without
undergoing karyogamy (azygotic meiosis) were signifi-
cantly different. In the dynein-disrupted cells, recombina-
tion occurs more frequently in azygotic meiosis than in zy-
gotic meiosis at almost every locus. In contrast, in wild-
type cells recombination for azygotic meiosis is less fre-
quent. These results indicated that processes of intergenic
recombination in azygotic and zygotic meiosis are distinct.

We then examined the frequency of intragenic recombi-
nation. It has been known that gene conversion occurs at
high frequency at the ade6 locus on chromosome III. That
is, a strain carrying a mutant allele of the ade6 gene, ade6-
M?26 or ade6-M375, spontaneously gives rise to ade™ re-
combinants in high frequency when crossed with a strain
carrying another ade6 allele, ade6-469 (Gutz, 1971; Ponti-
celli et al., 1988; Schuchert and Kohli, 1988; Szankasi et al.,
1988; Mizuno et al., 1997). As shown in Table IV, the fre-
quency of intragenic recombination of both ade6-M26 and
ade6-M375 was reduced by about nine- and fivefold, re-
spectively, through zygotic meiosis in the dynein mutant.
Thus, intragenic recombination was also reduced in the
dynein mutant and this reduction was not allele-specific.
Taken together, these results demonstrated that the dy-
nein function is required for efficient meiotic recombina-
tion. In addition, the reduced frequency of the distinct
types of recombination suggest that the reduced meiotic
recombination results from inefficient pairing of homolo-
gous chromosomes, rather than defects in recombination
machinery in the dynein mutant.
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Homologous Regions on a Pair of homologous
Chromosomes Fail to Colocalize Efficiently in the
Dynein Mutant Cells

To characterize chromosome pairing in the dynein mutant,
we examined the nuclear position of chromosomes by
FISH using probes that hybridize to several different chro-
mosomal regions (Fig. 9). First, we examined the positions
of centromeres and telomeres. It has been shown that cen-
tromeres and telomeres have distinct positions during the
progression of meiosis (Chikashige et al., 1994, 1997).
Centromeres locate away from the SPB forming one clus-
ter in each nucleus during nuclear fusion and one or two
clusters in most of the elongated zygotic nuclei (Fig. 10 A,
a, d, and g). In contrast, telomeres locate near the SPB
forming a single cluster (Fig. 10 A, b, e, and h). It has been
inferred that one or two clusters of centromeres in a nu-
cleus reflect the paired or unpaired state of homologous
centromeres, respectively (Chikashige et al., 1994). Thus,
inefficient pairing of homologous chromosomes should re-
sult in a reduced population of cells containing a single
centromere cluster.

Cells were induced into meiosis and the positions of cen-
tromeres and telomeres were determined in zygotic nuclei
by FISH analysis. When centromeres were examined the
population of cells containing a single centromere cluster
was significantly reduced in the dhcl mutant. The fraction
of single-nuclear cells containing a single centromere clus-
ter was about threefold smaller in mutant than in wild-
type cells (Table V). On the other hand, the fraction of
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Figure 8. Localization of GFP-tagged dynein
during karyogamy and meiosis. (A) Localiza-
tion of dynein-GFP in living cells. Homothallic
cells bearing the dynein-GFP fusion gene
(strain CRL1526) were induced into meiosis
and observed for localization of dynein-GFP.
Chromosomal DNA was stained with Hoechst
33342. Cells undergoing karyogamy (a and b),
the oscillatory nuclear movement (c—f), first
meiotic division (g and h), and second meiotic
division (i and j) are shown. a, c, e, g, and i,
DNA staining; b, d, f, h, and j, GFP signal. The
large arrows indicate the GFP dot at the lead-
ing edge of the moving nucleus where the SPB
is expected. The small arrows indicate a GFP
dot at a point where a GFP line contacts the
cell cortex. (B) Time-lapse series of meiotic
cells expressing dynein-GFP. Two zygotic cells
undergoing the oscillatory nuclear movement
are shown. Red and green indicate DNA stain-
ing and GFP signal, respectively. Numbers indi-
cate time in seconds. Large and small arrow-
heads indicate the GFP dots at the leading edge
of the moving nucleus and at the point where a
GFP line contacts the cell cortex, respectively.
(C) Immunofluorescence staining of dynein-
GFP and microtubules in fixed cells. Cells in-
duced to meiosis, as in A, were fixed and
stained using antibodies against GFP (a and e)
and a-tubulin (b and f). They were also stained
with DAPI (c and g). Merged images are shown
in d and h. Yellow/green, GFP; red, tubulin;
and blue, DNA staining.

those containing dispersed centromeres was significantly
larger in the mutant (Table V; Fig. 10 B, g and j). Dis-
persed centromeres were not observed during karyogamy
in the mutant, as in wild-type. Each of the two nuclei in the
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Figure 9. A chromosome map of genetic markers and hybridiza-
tion sites for DNA probes. Bars and open circles indicate three
chromosomes and centromeres, respectively. The positions of ge-
netic markers and hybridization sites for DNA probes are ap-
proximately indicated according to the maps presented by Kohli
et al. (1977), Gygax and Thuriaux (1984), Hoheishel et al. (1993),
and Mizukami et al. (1993). Open rectangles indicate hybrid-
ization sites for DNA probes. 146, 212, 256, 1228, and 0727
represent cosmids, cos146, cos212, cos256, cosl1228, and
ICRFc60D0727, respectively, used for DNA probes. rDNA indi-
cates chromosomal regions encoding ribosomal RNA genes. A
thin line at the bottom right indicates an approximate chromo-
some length corresponding to 1 Mb of genomic DNA.
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Tablelll. Tetrad Analysis of Genetic Linkagein
Dynein Mutants

Table V. Centromere and Telomere Distribution in
Sngle-nuclear Zygotes of Wild-type and the Dynein Mutant

Number of tetrads )
- @ Genetic Spore
Genetic markers* Genotype T* NPD® PDI Total distance™ viability**
A. Zygotic meiosis cM %
lys3-ural dhcl*® 42 2 66 110 245 91.1
dhcl-d3® 12 0 99 111 54 96.0
leul-his2 dhc1#ll 38 0 69 107 17.8 85.5
dhcl-d2™ 8 0 109 117 34 96.5
trpl-ade8 dhcl**** 39 4 85 128 24.6 94.9
dhcl-d3¥ 10 0 101 111 45 93.8
fur1-ade6 dhcl*$8 38 1 105 144 153 96.7
dhci-d3ll 6 1 119 126 48 945
B. Azygotic meiosis
lys3-ural dhcl*® 33 0 97 130 127 92.2
dhcl-d3® 20 1 109 130 10.0 91.0
leul-his2 dhc1ll 13 2 114 129 97 91.6
dhcl-d2™ 7 0 134 117 25 95.0
trpl-ade8 dhcl**** 23 1 87 111 131 91.9
dhcl-d3®* 18 1 97 116 10.3 93.8
fur1-ade6 dhcl*™® 20 1 80 101 129 89.6
dhc1-d3ll 16 0 106 126 6.3 94,5

Spores formed in zygotic (A) or azygotic (B) diploid cells (see Materials and Meth-
ods) were analyzed for alinkage of two genetic markers.

* Genetic markers: markers examined for genetic distance.

*Tetratype.

SNon-parental ditype.

IParental ditype.

T Genetic distance = 50(T+6NPD)/Total.

** Spore viability = number of viable spores in the dissected tetrads/total number of
sporesin the tetrads.

HAY126-1B X AY122-1A.

$SAY141-3D X DHC110.

llAY 122-1C x AY122-11C.

TMTDHC105 X DHC106.

*** AY179-8A X AY177-14A.

HIAY182-1A X AY181-8C.

S5AY180-1B X AY180-2C.

IAY 180-2D x AY180-1C.

fusion process contained a single centromere signal (Fig.
10 B, a). These results suggest that centromeres fail to
form a single cluster and disperse in many dhcl-d2 cells.
The reduced population of cells containing a single cen-
tromere cluster strongly suggest that the dynein mutant
cells failed to achieve efficient pairing of homologous cen-
tromeres.

Table IV. Effect of the dhcl Mutations on Intragenic
Recombination at the ade6 Locus

Cross* dhel allelef ade6 alele® ade” frequency!
X 1074

A dhcl* M26 77.6 (= 4.0)

B dhcl-d3 M26 89 (= 17

c dhel* M375 5.4 (+ 2.7)

D dhc1-d3 M375 1.2 (+ 0.4)

Strains bearing the ade6 mutations, together with or without the dhc1-d3 mutation,
were mated and sporulated on ME plates. Spores were plated on both YEA and EMM
plates and analyzed for recombination frequency at the ade6 locus.

*Cross. A, AY161-2C X AY153-19B; B, AY155-3A X AY157-3C; C, AY154-
12A X AY153-19B; D, AY156-1B X AY 157-3C.

*dhcl allele, dncl alleles of the two strains in the crosses.

Sade6 allele, ade6 mutations analyzed for gene conversion frequency when crossed
with ade6-469 mutation.

lade* Frequency, frequency is expressed as the ratio of ade* recombinants by viable
spores. Shown is the mean of three independent experiments. Numbersin parentheses
indicate the standard deviation.
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Cell types* (%)

&>
tdol 1 2 1 2 Examined
Experiment Genotype cenl 2 2 >2 >2 Others  cellst
1 dhcl* 400 464 00 136 O 0 110
dhcl-d2 164 355 73 336 64 0.9 110
2 dhel* 580 340 20 60 O 0 50
dhcl-d2 102 347 125 367 6.1 0 49

Wild-type (strain CRL152) and the dynein mutant (strain CRL1521) cells, which were
induced for meiosis on ME agar medium, were fixed and processed for FISH analysis
(see Materials and Methods). Centromeres and telomeres were visualized using probes
against centromere repetitive and ribosomal DNA sequences, respectively. Single-
nuclear zygotes were examined. Results obtained from two independent experiments
are shown.

* Cell types. Cellswere classified into six different types according to their numbers of
centromere (cen, open circles) and telomere (telo, closed circles) signals in the nu-
cleus.

*Number of cells examined.

When telomeres were examined the fraction of cells
containing two telomere signals was larger in the mutant
than in wild-type (Table V; Fig. 10 B, k). This mutant phe-
notype may result from delayed SPB fusion in the mutant,
which is likely to be a cause of the delayed nuclear fusion
during karyogamy. Otherwise, telomere behavior in dhcl
cells was not significantly different from that of wild-type
cells; they form a single cluster near the SPB during kary-
ogamy (Fig. 10 B, b and c) and during meiotic prophase
(Fig. 10 C) in most cells.

We then examined four different chromosomal regions
on the arms of chromosome I and II in the mutant (Fig. 9).
Greater than 90% of the single-nuclear cells showed one
or two nuclear FISH signals in both wild-type and the mu-
tant (Fig. 11). However, in the mutant cells the population
of cells containing a single FISH signal, which probably in-
dicates the paired state of the regions, was significantly
smaller than in wild-type cells (Table VI). These results
strongly suggested that the mutant cells failed to achieve
efficient pairing of homologous regions on a pair of ho-
mologous chromosomes. Taken together, these results
support the idea that homologous chromosomes failed to
pair efficiently in the dynein mutant, due to the lack of the
oscillatory nuclear movement.

Discussion

Functions of Cytoplasmic Dynein in Meiotic Prophase
Nuclear Movement of Fission Yeast

We have cloned a fission yeast gene encoding a cytoplas-
mic DHC and demonstrate that it plays an essential role in
the oscillatory nuclear movement of meiotic prophase. In
addition, it is probably important for nuclear fusion during
karyogamy, since nuclear fusion appeared to be delayed in
the dynein mutant cells. Consistent with its role in meio-
sis-specific nuclear movement, dynein was detected at
the SPB and astral microtubules from karyogamy through
anaphase of the first meiotic division. It remains to be de-
termined if localization was only detected during meiosis
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B. dhct

Figure 10. FISH analysis of centromere and telomere position in wild-type and the dynein mutant cells. (A) Centromere and telomere
position in wild-type cells. Wild-type (strain CRL152) cells were induced into meiosis and processed for FISH using DNA probes
against centromeric repetitive DNA sequences (a, d, and g) and a ribosomal DNA sequence, which is located near the telomeres of
chromosome III (b, e, and h). Chromosomal DNA was stained with DAPI (c, f, and i). Single-nuclear zygotes are shown. (B) Cen-
tromere and telomere position in the dynein mutant cells. The dhcl-d2 mutant (strain CRL1521) cells were treated as in A. A two-
nuclear zygote in karyogamy (a—c) and single-nuclear zygotes (d-1) are shown. a, d, g, and j, centromere staining; b, e, h, and k, ribo-
somal DNA staining; c, f, i, and 1, DNA staining. (C) Simultaneous staining of the SPB and telomeres in the dynein mutant cells. The
single-nuclear zygotes of the dynein mutant were processed for indirect immunofluorescence staining of the SPB using anti—+y-tubulin
antibody, followed by FISH staining using DNA probes against telomere-associated sequences on both ends of chromosome I and II.
Chromosomal DNA was stained with DAPI. Staining is shown in merged images: red, y-tubulin; green, telomere; and blue, DNA

staining.

due to a meiosis-specific enhancement of dynein’s expres-
sion or to its meiosis-specific accumulation at the SPB and
microtubules.

Involvement of cytoplasmic dynein in microtubule-
mediated nuclear migration has been reported in other
fungi. In Neurospora crassa, A. nidulans, and Nectria hae-
matococca, dynein is required for the migration of nuclei
in the germ tube (Plamann et al., 1994; Xiang et al., 1994,
1995; Inoue et al., 1998). The budding yeast, Saccharomy-
ces cerevisiae, requires dynein function for nuclear posi-
tioning and migration at the bud neck in mitosis (Eshel et
al., 1993; Li et al., 1993; Yeh et al., 1995; Carminati and
Stearns, 1997; Cottingham and Hoyt, 1997; DeZwaan et al.,
1997; Shaw et al., 1997). Specifically, the nucleus pene-
trates into the bud neck at the onset of anaphase, oscillates
several times at the neck, and then divides into mother and
daughter cells (Yeh et al., 1995; DeZwaan et al., 1997). In
the absence of dynein function, the anaphase nucleus of-
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ten fails to penetrate into the neck and there are no oscil-
lations (Yeh et al., 1995; DeZwaan et al., 1997). In those
cells, the nucleus divides within the mother cell and even-
tually segregates into mother and bud cells. Thus, cyto-
plasmic dynein generates forces required for the nuclear
penetration and oscillation at the bud neck during ana-
phase in budding yeast.

The dynein-dependent nuclear migration in budding
yeast during mitosis and in fission yeast during meiosis
share several features. First, both types of nuclear move-
ment are driven by astral microtubules interacting with the
cell cortex (Palmer et al., 1992; Sullivan and Huffaker,
1992; Svoboda et al., 1995; Carminati and Stearns, 1997;
Shaw et al., 1997; Ding et al., 1998). Second, both are
driven by dynein localized at the SPB and/or astral micro-
tubules (Yeh et al., 1995; Shaw et al., 1997). Finally, both
are oscillatory, though the amplitude of the oscillation is
greater in fission yeast (Yeh et al., 1995; DeZwaan et al.,
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Table VI. Colocalization of Homologous Regionsin
Sngle-nuclear Zygotes

Cells containing asingle FISH signal*

Probe* Genotype Exp. 1 Exp. 2
% %
ICRFc60D dhel” 85.0 (80) 74.0 (50)
0727 dhcl-2 375 (80) 20.0 (50)
€0s256 dhcl* 575 (80) 52.0 (50)
dhcl-2 28.0 (82 30.0 (40)
cosl46 dhcl* 43.8 (80) 48.0 (50)
dhcl-2 15.0 (80) 275 (40)
cos1228 dhel” 47.0 (83) 62.0 (50)
dhcl-2 238 (80) 30.0 (40)

Wild-type (strain CRL152) and the dynein mutant (strain CRL1521) cells were fixed
and processed for FISH analysis, asin Table V. Homologous regions on a pair of ho-
mologous chromosomes were visualized using cosmid DNA probes (see Fig. 9) and
single-nuclear zygotes were examined. Results of two independent experiments are
shown. Figures in parentheses indicate number of cells examined.

* Cosmid DNA probes used for FISH analysis.

*Percentage of cells containing a single FISH signal. Two FISH signals were scored
asasingle FISH signal if the distance between the signal centerswas < 0.5 pm.

1997). These similarities strongly suggest that these nu-
clear movements in two evolutionary divergent organisms
are driven by similar mechanisms.

Despite many similarities, dynein is not required for mi-
totic spindle dynamics in fission yeast, as demonstrated by
the lack of significant defects in spindle behavior of the
mutant. The difference may be due to the different geome-
try of their cell division. In budding yeast, divided nuclei
are segregated into the mother and daughter cells through
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a narrow path at the bud neck. However, the fission yeast
cell is divided by a septum formed at the middle of the cell
after the divided nuclei have been segregated to opposite
ends of the cell. Thus, the positioning of the nucleus in mi-
tosis may be more important to budding yeast. Alterna-
tively, another DHC, which has not been detected by our
analysis, may play a role in mitosis of fission yeast.

During the oscillatory nuclear movements, GFP-tagged
dynein is localized to the SPB and astral microtubules. It is
also concentrated at the point where astral microtubules
contact the cell cortex that faces an approaching nucleus.
From analogy with other organisms, astral microtubules in
fission yeast are probably oriented with their plus ends dis-
tal and minus ends proximal to the SPB (Bergen et al.,
1980; Euteneuer and Mclntosh, 1981; McIntosh and Eute-
neuer, 1984; Toriyama et al., 1988; Yamamoto et al., 1990).
Given the localization of dynein and the polarity of the mi-
crotubules, we suggest two models for dynein function in
the nuclear movement. In the first model, dynein immobi-
lized on the cell cortex generates a pulling force by walk-
ing along astral microtubules toward their minus ends. The
accumulation of dynein at the point where microtubules
contact with the cortex facing an approaching nucleus is
consistent with this model. A similar model was proposed
for the function of dynein in budding yeast (Carminati and
Stearns, 1997; Cottingham and Hoyt, 1997; DeZwaan et al.,
1997). However, a cortical accumulation of dynein was not
observed in this organism. In the second model, dynein
motors at the SPB generate a pushing force on the SPB by
walking in the minus end direction on microtubules that
extend rearward. The localization of dynein at the SPB is
consistent with this model. A contribution of pushing
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Figure 11. FISH analysis of nuclear position of chromosome-arm regions in wild-type and the dynein mutant cells. (A) Position of chro-
mosomal regions in single-nuclear zygotes, to which cos146 DNA probe hybridized. a—f, wild-type (strain CRL152) cells; g-1, dhcl-d2
(strain CRL1521) cells; a, d, g, and j, FISH signals; b, e, h, and k, DNA staining; c, f, i, and 1, merged images of FISH signals and DNA
staining. (B) Position of chromosomal regions in single-nuclear zygotes, to which cos1228 DNA probe hybridized. a—f, wild-type (strain

CRL152) cells; g1, dhcl-d2 (strain CRL1521) cells; a, d, g, and j, FISH signals; b, e, h, and k, DNA staining; c, f, i, and 1, merged images
of FISH signals and DNA staining.
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forces to create nuclear movement was previously pro-
posed, since the movement was associated with the elon-
gation of microtubules extending rearward (Ding et al.,
1998). Supporting this model, it has been reported that a
pushing by astral microtubules drives preanaphase nuclear
migration in budding yeast. However, in this case the
pushing force is not generated by dynein (Shaw et al.,
1997). In either model, dynein may also play a role in dy-
namic changes of microtubule length, which are required
for the oscillatory movement. Preliminary results showed
that the rate of microtubule shortening, which occurs
mostly in front of the moving nucleus in wild-type cells,
was significantly altered in the dynein mutant at the mei-
otic stage preceding chromosome segregation (A. Yama-
moto, unpublished results). Future analysis will be re-
quired to clarify the functions of DHC in the oscillatory
nuclear movement.

Biological Significance of the Oscillatory Nuclear
Movement during Meiotic Prophase

Most dynein mutant cells completed meiosis and formed
four viable spores, despite the lack of oscillatory nuclear
movement, and the duration of the meiotic stage preced-
ing chromosome segregation is not obviously different in
those cells. These results indicate that the movement is not
essential for the progression of meiosis, and that the dura-
tion of the stage preceding chromosome segregation is de-
termined independently of nuclear movement. However,
the dynein mutant showed significant reduction in meiotic
recombination suggesting that nuclear movement is re-
quired for efficient meiotic recombination. Our FISH ob-
servations of chromosome positioning strongly suggest
that the reduced recombination results from inefficient
pairing of homologous chromosomes. That is, the forma-
tion of a single cluster of centromeres and the colocaliza-
tion of homologous regions in single-nuclear zygotes,
which likely reflects the paired state of homologous chro-
mosomes, were significantly inhibited in the dynein mu-
tant. Preliminary observations of a centromere-linked lo-
cus in living cells using lac repressor/operator recognition
(Robinett et al., 1996, Straight et al., 1996; Nabeshima et
al., 1998) also support this idea. During oscillatory nuclear
movement, the centromere-proximal loci on a pair of ho-
mologous chromosomes frequently contact each other in
wild-type cells, but rarely in the dynein mutant (A. Yama-
moto, K. Nabeshima, M. Yanagida, and Y. Hiraoka, un-
published observation). In addition to this idea, the fre-
quency of both intergenic and intragenic recombination
was reduced significantly in the mutant. Given the cyto-
plasmic role of dynein in nuclear movement, it is likely
that the lack of the nuclear movement causes inefficient
pairing of homologous chromosomes in the dynein mu-
tant, which brings significant reduction in meiotic recom-
bination.

In the mutant, intergenic recombination occurred more
frequently in azygotic meiosis than in zygotic meiosis (Ta-
ble III). The higher recombination frequencies in azygotic
meiosis could be due to the positioning of homologous
chromosomes in proximity during mitosis of diploid cells
(Scherthan et al., 1994), which may facilitate pairing of ho-
mologous chromosomes in subsequent meiosis. However,
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despite this positioning the recombination frequencies of
wild-type cells were lower in azygotic meiosis than in zy-
gotic. Perhaps, a process(es) during karyogamy, which is
absent in azygotic meiosis, is required for efficient meiotic
recombination in fission yeast.

In addition to reduced frequencies of recombination,
the dynein mutant showed increased missegregation of
chromosomes, probably resulting in the slight increase of
cells that failed to form four spores in the mutant. It is
most likely that the increased missegregation of homolo-
gous chromosomes is caused by reduced crossing over on
pairs of homologous chromosomes as a consequence of re-
duced recombination. The aberrant chromosome behavior
that sometimes was observed during the first meiotic chro-
mosome segregation of the dynein mutant (Fig. 3 B, 204
min) may also result from reduced crossing over. Future
analysis is required to clarify the relation between crossing
over and reductional segregation of homologous chromo-
somes in the dynein mutant.

When the fission yeast nucleus oscillates between the
cell poles, its chromosomes form a bouquet structure, i.e.,
the telomeres remain clustered near the SPB at the lead-
ing edge of the moving nucleus (Chikashige et al., 1994,
1997). The reduction of the recombination frequency in
several mutants of fission yeast in which telomeres failed
to form a cluster suggests that formation of the telomere
cluster is required for proper pairing of homologous chro-
mosomes (Shimanuki et al., 1997; Cooper et al., 1998;
Nimmo et al., 1998). Although the dynein mutants showed
a similar phenotype, the defect was not caused by failure
to form a telomere cluster, since telomeres were clustered
near the SPB in most dhcl cells (Fig. 10 C). Conversely,
mutants defective in telomere clustering still showed nu-
clear movement (Nimmo et al., 1998; A. Yamamoto and
Y. Hiraoka, unpublished observation) indicating that the
lack of the nuclear movement is not a cause of the reduced
recombination in these mutant cells. These results strongly
suggest that telomere clustering and microtubule-medi-
ated nuclear movement are distinct biological events, both
of which are required for proper pairing of homologous
chromosomes.

Requirement of both telomere clustering and nuclear
movement for efficient chromosome pairing is consistent
with a previously published model (Chikashige et al., 1994,
1997; Kohli, 1994; Ding et al., 1998). In this model, the nu-
clear dynamics produce chromosome movement by pull-
ing the clustered telomeres and this chromosome move-
ment aligns homologous chromosomes side by side to
promote their efficient pairing (Fig. 12, a-e). Subse-
quently, pairing of homologous chromosomes leads to
the formation of a single centromere cluster. The nuclear
dynamics also cause an elongation of the nucleus and we
speculate that the constricted intranuclear space contrib-
utes to the chromosome pairing by promoting an efficient
encounter of homologous chromosomes. In this scenario,
when the nuclear movement is abolished, as in the dynein
mutants, homologous chromosomes fail to achieve effi-
cient pairing because they lack the necessary spatial align-
ment and inefficient pairing results in the reduced meiotic
recombination and frequent failure to form a single cen-
tromere cluster (Fig. 12, f and g). The scattering of
centromeres observed in dhcl cells (Fig. 12 g) probably
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Figure 12. Model for a role of the oscillatory nuclear movement
in homologous chromosome pairing. Behaviors of two pairs of
homologous chromosomes (solid and shaded lines), the SPB
(closed circles) and centromeres (open circles), before meiotic
chromosome segregation are shown. During karyogamy, chro-
mosomes are positioned opposite to each other, with telomeres
at the leading edges of the approaching nuclei (a and b). The sub-
sequent SPB-led nuclear movement changes the telomere-cen-
tromere orientation of a homologous set of chromosomes from
an antiparallel to a parallel relationship, thus placing homologous
regions of homologous chromosomes in proximity (c). The cen-
tromeres fall apart transiently before homologous centromeres
pair (d), and then, pairing of centromeres results in the formation
of a single centromere cluster, which may also facilitate pairing of
other homologous regions (e). In the dynein mutant, homologous
chromosomes fail to align properly due to the lack of the nuclear
movement (f) and centromeres disperse as a consequence of inef-
ficient pairing of centromeres (g). The small arrows indicate di-
rection of chromosome movement.

corresponds to the chromosomal state, which transiently
appears in wild-type cells before the formation of a single
centromere cluster (Fig. 12 d), given that a small popula-
tion of wild-type cells contains dispersed centromeres (Ta-
ble V). Similarly, when the telomere clustering is abol-
ished homologous chromosomes fail to pair efficiently and
meiotic recombination is reduced, as observed in the mu-
tants defective in telomere clustering (Shimanuki et al.,
1997; Cooper et al., 1998; Nimmo et al., 1998).

The bouquet configuration of homologous chromo-
somes in meiotic prophase observed in fission yeast has
been described for a wide variety of other organisms, in-
cluding human, mouse, and maize (Scherthan et al., 1996;
Bass et al., 1997; reviewed in Fussell, 1987; John, 1990;
Loidl, 1990; Therman and Susman, 1992; Dernburg et al.,
1995). It also seems likely that some types of nuclear

Yamamoto et al. Dynein-dependent Nuclear Movement in Fission Yeast

movement occur during meiotic prophase in organisms
other than S. pombe (Hiraoka, 1941, 1952a,b; Yao and El-
lingson, 1969; Parvinen and Soderstrom, 1976; Salonen et
al., 1982). In addition, it was recently found that chromo-
somes form the bouquet configuration during meiotic
prophase and a microtubule-dependent motor protein is
required for proper meiotic recombination and the SC for-
mation in the budding yeast, S. cerevisiae (Bascom-Slack
and Dawson, 1997; Trelles-Sticken et al., 1999). These ob-
servations imply the presence of a similar mechanism to
create the spatial alignment of homologous chromosomes
in other organisms. Although other organisms seem likely
to employ a similar mechanism, the tightly clustered telo-
meres and the striking nuclear movement, which are char-
acteristic of fission yeast, have not been observed among
them. Unlike other organisms, fission yeast does not form
the SC during meiotic prophase (Olson et al., 1978; Hirata
and Tanaka, 1982; Bihler et al., 1993). This structure is
thought to promote alignment and intimate association of
homologous chromosomes through their entire length.
Supporting the different mode of the chromosome associ-
ation in fission yeast, FISH analysis of homologous regions
in azygotic diploid cells suggested that fission yeast lacks
the SC-like stage when all chromosomal regions are en-
gaged in pairing (Scherthan et al., 1994). Due to the lack of
the SC, fission yeast may depend more heavily than other
organisms on the mechanism consisting of the bouquet ar-
rangement and the nuclear movement for aligning homol-
ogous chromosomes. To understand the mechanisms of
homologous chromosome pairing, it may be important to
examine nuclear dynamics during meiotic prophase from
this perspective.
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