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Summary

During vegetative growth of the fission yeast
Schizosaccharomyces pombmicrotubules nucleate from
multiple microtubule organising centres (MTOCS) close to
the nucleus, polymerising until they reach the end of the
cell and then shrinking back to the cell centre. In response
to mating pheromone,S. pombeaindergoes a morphological
switch from a vegetative to a shmooing growth pattern. The
switch in growth mode is paralleled by a switch in
microtubular dynamics. Microtubules nucleate mostly

important to ensure correct chromosome pairing,
recombination and segregation during meiosis. Here we
show that Ssmdp, a pl50-Glued protein, is induced
specifically in response to pheromone and is required for
this nuclear movement. Ssmdp is associated with the
cytoplasmic dynein complex and together with the CLIP-
170 homologue Tiplp regulates dynein heavy chain
localisation. We also show that Ssm4p collaborates with
Tiplp in establishing the shmooing microtubular array.

from a single MTOC and pull on the ends of the cell to
move the nucleus back and forth. This movement continues
after cellular and nuclear fusion in the zygote and is
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Introduction equivalent to the centrosome in higher eukaryotes, driving the

The microtubular cytoskeleton and the regulation of itgiucleus back and forth, in an oscillatory ‘horsetail movement’
organisation are important for many cellular functions. SuciChikashige et al., 1994). A limited oscillatory nuclear
regulation is executed mainly through microtubule-associate@iovement has also been observed during shmooing growth
proteins (MAPs) and microtubule motors (Desai andChikashige et al., 1997) and the shmooing microtubular array
Mitchison, 1997; Hunter and Wordeman, 2000). ExternalS very similar to that of meiotic prophase (Niccoli and Nurse,
signals inducing cell shape changes or differentiation can aéf02).
via these factors to influence the dynamics of the microtubule During the horsetail period, telomeres cluster close to the
cytoskeleton (Chausovsky et al., 2000; Hollenbeck, 2001$PB, which is located at the leading edge of the migrating
Spencer et al., 2000). The well-defined cell shape anducleus (Chikashige et al., 1994). The telomere clustering and
microtubular organisation of the genetically amenable fissioihe nuclear movement are thought to facilitate pairing of
yeast makes this organism very suitable for the study dfomologous chromosomes and recombination (Ding et al.,
microtubular dynamics. 2004; Niwa et al., 2000; Yamamoto et al., 1999). The horsetail
In fission yeast cells growing vegetatively, microtubules aréuclear movement requires the cytoplasmic dynein heavy chain
arranged in three to five bundles that align along the long ax[8hclp (encoded by theéhclgene) (Yamamoto and Hiraoka,
of the cell, extending from the centre to the ends of the ceB003; Yamamoto et al., 1999). In the absence of Dhclp, the
(Drummond and Cross, 2000; Hagan and Hyams, 1988wucleus does not display oscillatory movement. Thel
Hagan, 1998). In response to the mating pheromone, fissionutant fails in efficient pairing of homologous chromosomal
yeast cells switch their growth mode from vegetative toegions and results in reduced frequencies of meiotic
shmooing (Fukui et al., 1986). Shmooing cells are often bentgcombination (Yamamoto et al., 1999). During the horsetail
with microtubules curving round the non-growing end andoeriod, Dhclp localises to microtubules, the SPB and the point
terminating at the shmooing end (Petersen et al., 1998). Celighere microtubule plus ends contact the cell cortex (Yamamoto
then undergo cellular and nuclear fusion to form zygotesgt al., 1999). Dhclp attached to the cell cortex could haul the
which subsequently enter meiosis. During meiotic prophasmicrotubules, generating a force pulling on the SPB to drive the
there are thicker but fewer microtubule bundles, which oftemuclear oscillation (Yamamoto et al., 2001). Dhclp might also
curl round one cell end and terminate at the opposite cell emntribute to the pulling force at the cortex by regulating the
(Ding et al., 1998; Petersen et al., 1998). The microtubules pullynamics of microtubule disassembly (Yamamoto et al., 2001).
on the nuclear located spindle pole body (SPB), which igurthermore, Dhclp is suggested to play some role in
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karyogamy (Miki et al., 2002; Troxell et al., 2001; YamamotoFactors regulating vegetative microtubular dynamics are shut

et al.,, 1999). We have observed that karyogamy is delayetbwn and not required during shmooing growth (Niccoli and

significantly in the absence of Dhclp, although it can eventualldurse, 2002), suggesting that different factors regulate

take place (A.Y. and M.Y., unpublished). microtubular dynamics during shmooing. One candidate is the
Cytoplasmic dynein, a conserved minus-ended directedynein-dynactin complex. Therefore, we analysed the role of

motor required for the organisation of microtubular arrays ir6sm4p in the regulation of microtubular dynamics during

higher eukaryotes (Clark and Meyer, 1999; Ma et al., 1999), imating. Here we show that Ssm4p collaborates with the CLIP-

a multisubunit complex essential for vesicular transportl70 homologue Tipl in generating the shmooing microtubular

spindle organisation and nuclear migration (Karki andarray.

Holzbaur, 1999; King, 2000). Cytoplasmic dynein is composed

of heavy, intermediate, light-intermediate and light chains, aan/I .

is associated with another protein complex called dynacti .at.erlals and M.ethods , .

which is required for most dynein-mediated activities. The-ission yeast strains, genetic procedures and media

dynactin complex includes Glued, a coiled-coil protein with a>- Pombestrains used in this study are shown in Table 1. General
CAP-Gly microtubule-binding motif. Glued interacts with genetic procedures f&. pombevere as published (Gutz et al., 1974).
.Complete medium YE, minimal medium SD, minimal medium MM

microtubules and cytoplasmic dynein (Gill et al., 1991, j . .
; . . (Moreno et al., 1991), synthetic sporulation medium SSA (Egel and

1554 Waterman-Storer- and Holzbatr, 1996) Vi a dreciocs A 174) 10 Sonaton medur 5P (Guz et 1974
interaction with the dynein intermediate chain (Karki andokazaki et al., 1990). To monitor subcellular localisation of Ssm4p
Holzbaur, 1995; Vaughan and Vallee, 1995). CLIP-170and Dhclp, we constructe. pombestrains JW290 and JW785.
another protein containing a CAP-Gly motif, has also beedW290 carried a fusion of thesm4and green fluorescent protein
implicated in the stabilisation of microtubules (Berlin et al.,(GFP) ORFs controlled by the authenssm4promoter, and JW785
1990; Brunner and Nurse, 2000) and in directing thearried a fusion of theGFP and dhcl ORFs controlled by the
localisation of the dynein-dynactin complex (Coquelle et a|_:[hlamlne-reprgssmlemtlpromoter (Maundrell, 1990). These fu.5|on
2002; Tai et al., 2002; Valetti et al., 1999; Vaughan et al., 1099yenes were integrated at the chromososwh4 and dhcl loci,

We previously identified thesmagene, which encodes a espectively, according to standard protocols (Bahler et al., 1998).

. : . . - . .~ GFP-tagged Ssmdp and Dhclp appeared to be fully functional, as
coiled-coil protein carrying a CAP-Gly microtubule-binding judged by their ability to produce normal asci. For shmooing cells,

domain (Yamashita et al., 1997). Ssm4p has a similar domag\z454,"pPN3785, PN3783, PN4431 and PN4445 were constructed
structure to Glued. Fission yeast has another coiled-coil protegimilarly. Tagged Ssm4 and Dhcl were created by fusing the C-
carrying a CAP-Gly domain, named Tiplp (Brunner anderminus of the endogenous genes to GFP, MYC or HA according to
Nurse, 2000; Jannatipour and Rokeach, 1998). Tiplp is @ublished methods (Bahler, 1998).

member of the CLIP-170 protein family and has been shown

to regulate the stability of interphase microtubules (Brunner. _ _
%lve analysis of nuclear dynamics

o visualise nuclei, JY450, JW652 and JW327 were transformed with
plasmid that expressed a GST-NLS-GFP fusion protein from the

and Nurse, 2000). Tiplp has a carboxy-terminal metal bindin
motif, which is absent in Ssm4p. Based on their molecula

d_eSIgn, we suspected that Ssm4p and Tiplp mlght belong eaknmtlpromoter (Basi et al., 1993). They were cultured in MM
different subclasses, the former to the Glued family and the . iim at 3eC up to mid-log phase, washed, shifted to MM-N

latter to the CLIP-170 family. ) ) medium and incubated for 3-5 hours. These cells were then mounted
We aimed to prove that Ssm4p is a functional homologue @y a thin layer of 1% agarose containing MM-N medium, which was

Glued and we also examined whether Ssm4p is involved ifttached to a glass slide, to induce mating and meiosis. Live images

switching of the growth mode from vegetative to shmooingwere taken at room temperature (24Qf using a chilled CCD

Table 1.Saccharomyces pomistrains used

JW290 h%° ssm4GFR<karl ade6-M216 leul

Jw327 h% dhcl:ura4* ade6-M216 leul ura4-D18

JwW612 h* ssm4:ura4” ade6-M210 his2

JW652 h% ssm4: karl ade6-M216 leul

JW695 h%° ssmé4: karl dhcl:ura4® ade6-M216 leul ura4-D18

JW785 h%0 karf>>nmt1-GFP-dhcl ade6-M216 leul

JX528 h~ ssm4:ura4” ade6-M216 leul ura4-D18

JIX648 h?° tipl::ura4 ade6-M216 leul ura4-D18

JX650 h90 ssm4:.ura4* tipl::ura4* ade6-M216 leul ura4-D18

JY245 h* ade6-M210 his2

JY333 h~ ade6-M216 leul

JY450 h% ade6-M216 leul

PN3454 h~ cyrl:urad" sxa2:ura* dhclGFR<LEU2 ura4-D18 leul
PN3783 h~ cyrl:urad® sxa2:ura4" ssm4HA<kan ura4-D18 leul

PN3785 h~ cyrl:urad" sxa2:ura4" ssm4GFR<kar ura4-D18 leul

PN3855 h~ cyrl:urad® sxa2:ura4" tipl::karl ssm4:karl ura4-D18 leul
PN3864 h~ cyrl:urad" sxa2:ura4" tipl::karl ura4-D18 leul

PN4429 h~ cyrl:urad® sxa2:ura4" nmt1l-GFP-ath2 ura4-D18 leul
PN4430 h~ cyrl:urad® sxa2:ura4" nmtl-GFP-atb2 ssm&kar ura4-D18leul
PN4431 h~ cyrl:urad® sxa2:urad" ssm4HA<kan" dhclMYG<karlura4-D18 leul

PN4445 h~ cyrl:urad® sxa2:ura4" dhclGFR< LEU2 tiplYFR<karlura4-D18 leul
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camera (Photometrics, Quantix) attached to a fluorescendenmunoprecipitation

microscope (Carl Zeiss, Axioplan 2) and the MetaMorph softwargyative cell extracts were made as described (Yamaguchi et al., 2000)
(Universal Imaging Corporation). in HB buffer (25 mM MOPS pH 7.2, 15 mM MggIL5 mM EGTA,

1% Triton X100) with the protease inhibitor set (Roche) and

. S phosphatase inhibitors. Anti-HA (1:200) antibody or anti-MYC
Observation 9f Ssm4p-GFP and GFP-Dhclp in living cells. antibody (1:200) was pre-bound to protein G beads for 1 hour.
JW290 carrying pREP8CFP-atb2 and JW785 were grown in MM Extracts were incubated with the beads for 2 hours. The beads were
medium at 360C to the mid-log phase, washed and spotted onto SPAyashed three times and then boiled in the presence of loading buffer
medium. After incubation for 6-8 hours at°8) cells were observed o release the bound complex. Boiled samples were then separated by
as described above. For shmooing cells, PN3785 and PN3454 were;, |ow-bis SDS-PAGE. Western blot analysis and detection were
induced with 3ug/l P factor for 5 hours. The cells were then placedcarried out as previously described (Yamaguchi et al., 2000). For

on a slide and monitored with a fluorescence microscope mountefétection, both anti-HA (12CA5) and anti-MYC (9E10) were used at
with a CCD camera. YFP-GFP double-labelled strain PN4445 was:1000.

monitored (Niccoli and Nurse, 2002). The brightness of Ssm4p-GFP

dots was measured with NIH Image, subtracting the background for

every time point. Two-hybrid system

Two-hybrid screening was carried out using a commercially supplied

. . . . S. pombecDNA library (Clontech) and a meiotic cDNA library
Live analysis of microtubular dynamics constructed from S. pombe patldiploid cells undergoing

Live microtubules were visualised withmt1-GFP-atb2integrated  synchronised meiosis (Y. Akiyoshi and M.Y., unpublished). Bait
into the genome (Ding et al., 1998) in the wild type ssmh4\ cells,  plasmids that expressed a full-length Ssmdp, fused to either the Gal4
PN4429 and PN4430, respectively. tiplA cells andtipld ssm&  DNA-binding domain on pGBT9 or the LexA DNA-binding domain
cells, PN3864 and PN3855, microtubules were visualised byn pBTM116, were used for each screening. Diclp was isolated as a
transforming the pDQ105 plasmid carryingt1-GFP-atbZDing et positive clone from both libraries. Fd3-galactosidase assa.

al., 1998). Cells were grown in MM medium with low thiamine (0.06 cerevisiae L40 (Mata ade2 his3 leu2 trpl LYS2:lexA-HIS3
Hg/ml) to partially induce themtlpromoter, mounted on a soybean URA3::lexA-lac was used.

lectin (25pg/ml; Calbiochem)-coated glass bottom dish and imaged

with a Zeiss LSM150 confocal microscopénplA microtubules,

which were not bright enough to be monitored with a confocalReagylts

microscope, were monitored with a fluorescence microscope. . . .
The lengths of live microtubules were measured in LSM 5 Imag§5m4p IS (_asgentlal for the oscillatory nuclear movement

Browser. The length of a microtubule bundle at each time point wadUfing meiotic prophase

compared to the previous time point, if the length was increasing thf8sm4p is a microtubule-binding protein produced under

dynamics was marked as polymerising), (if decreasing, as nutrient starvation (Yamashita et al., 1997) and has a similar

depolymerising (-), and if staying the same, as stalling (0). Thgjomain arrangement to Glued-type proteins (Fig. 1), with a

dynamics of the microtubules were calculated for each time point and Ap-Gly domain at its N terminus followed by a coiled-coil

then the dynamics of all microtubule bundles at the same end we retch (Brunner and Nurse, 2000) (Fig. 1). CLIP-170-like

compared. In 80% of cases, the majority of microtubules at a sing oteins, including Tip1p, ha\'/e a similar domain structure to

end displayed the same dynamics, which we called consens : . e L
dynamics. We then compared the consensus dynamics of both en ed-type proteins, but they have in addition a metal binding

for each time point to verify whether they were the same or differenfnOtif at their C-terminus (Fig. 1). To test whether Ssm4p is a
In the comparison between opposite ends, time points that presenfedued-type protein, acting as part of the putative dynein-
stalling consensus dynamics, which occurred 9% of the time, wefdynactin complex, we analysed the role of Ssm4p during the
not taken into account. meiotic horsetail movement. We investigated whether it played
a similar function to the dynein heavy chain Dhclp, which is
Bleaching of microtubules re_quired for the ngclear movement and the regulation of
) ) microtubular dynamics (Yamamoto et al., 2001).

Colls ere prepared s abowe and flimed on an nverted conocalo yisualse the nucleus i fving cells, GFP was fused to a

; ﬁ%clear localisation signal and expressed in the wild type and

selected each time and bleached with 600 nm laser on 75% power an A strain. In wild-t lls. th | tarted lati
using as many iterations as needed; these had to be determined ev&qﬁ? strain. In wiid-type celis, Iné nucieus started oscillating
ween the cell ends immediately after karyogamy

time because of laser variability, and then the cells were monitored€ | . )
for recovery of fluorescence. To depolymerise microtubules, 1 ml prdChikashige et al., 1994; Ding et al., 1998; Yamamoto et al.,
conditioned medium with MBC (Carbendazim) (@§/ml from a5 1999) (Fig. 2A). In contrast, irssm4 cells the nucleus
mg/ml stock in DMSO) was added to the dish with the cells afteremained in the middle of the cell, similardbclA cells (Fig.
bleaching, rapid adjustments to the focus were sometimes need&h\). This indicates that both Ssm4p and Dhclp are required
Cells were continuously filmed throughout the experiment. for horsetail nuclear movement. Comparison of meiotic
divisions in the wild type anslsm4 strain showed thatsm4
Immunofluorescence cells proceeded through the meiotic divisions with the same

Cells were fixed in —8@ methanol and processed according to'“mIng as wild-type cells (Fig. 2B,C), suggesting that Ssmp,

published methods (Mata and Nurse, 1997). Tubulin was visualiséH<e Dhclp, i,s r]ot required for meiotic nuclear divisions.
using TATL monocional antibody (a gift from Prof. K. Gull,  During meiotic prophase, telomeres cluster close to the SPB,

University of Manchester, UK) (Woods et al., 1989) and Sad1p withhich is located at the leading edge of the oscillating nucleus
anti-Sad1l (Hagan and Yanagida, 1995). The secondary antibodiéghikashige et al., 1994). To examine telomere clustering in
were goat anti-mouse Alexa546 and goat anti-rabbit Cy5. Imagethie ssm4 cells, we induced meiosis in those cells expressing
were taken with a Zeiss LSM 510 laser scanning confocal microscopg@az1-GFP, which serves as a marker for telomeres (Cooper et
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Fig. 1. Domain arrangement of Ssm4pSaccharomyces pombead

al., 1997; Jin et al., 2002). Cells were fixed and stained with
anti-GFP monoclonal antibody and anti-Sad1 antibody (Hagan
and Yanagida, 1995). Clustering of telomeres at the SPB was
observed to occur normally in thesm4 mutant (data not
shown).

Chromosome pairing is suppressed and meiotic
recombination is reduced in the ssm4 mutant

Meiotic recombination is significantly reduced in tdbcl
mutant (Yamamoto et al.,, 1999). We examined meiotic
recombination inssm4 cells by tetrad analysis, measuring
genetic linkage between theulandhis2loci on chromosome

Il. The results showed that genetic recombination between
these two loci was reduced almost 12-fold ingbm4 strain
(Table 2).

Pairing of chromosomes at homologous loci is an apparent
prerequisite for efficient meiotic recombination. It has been
shown that homologous chromosome regions do not colocalise
efficiently in meiotic prophase in ttghclmutant (Yamamoto

Table 2. Tetrad analysis of genetic linkage betwedris2
and leulin the ssmdfission yeast mutant

Number of tetrads

Calculated
Crossed Non-parental genetic distance
strains Tetratype ditype Parental  Total (cM)
wt 20 1 96 117 111
ssm4 2 0 109 111 0.9

JY245 was crossed with JY333 and JW612 was crossed with JX528 on

related proteins. Ssm4p domain structure and related proteins wereSSA medium at 30°C. Produced asci were dissected and the genotype of each

identified in the Pfam database. The protein diagrams are not exact

to scale.
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%
80 —— wt Tnuc
“ -= wt 2nuc 280
'8 60% wt 3&4nuc
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& 4 4 4 & 4 & & &
S S SN

Time
(hrs)

wt

g)ore was tested. The genetic distance was calculated according to the
guation, D=58(T+6NPD)/Total.

ssm4A Fig. 2. Ssm4p is essential for the
horsetail movement in fission yeast.
Nuclei of conjugated cells were
monitored and the fluorescence of the
artificial nuclear marker GST-NLS-GFP
was followed. (A) Nuclear behaviour in
living wild type, dhclA andssm4

strains. Serial images were obtained
from a single cell at meiotic prophase.
The numbers on the left indicate time
span in minutes. (B) Time-lapse
recording of a nucleus in a wild-type
cell and asssm4 cell undergoing
meiosis. The numbers on the left
indicate the time from the nuclear fusion
in minutes. Bars, 1Am. (C) Diploid
wild-type andssm4A cells were cultured
to late log phase, synchronously induced
to meiosis at 3T by depleting nitrogen
from the medium. The number of nuclei
was counted at the times indicated.
More than 200 cells were examined at
each time point. Open circles, open
squares, open triangles indicate
percentage of cells with one nucleus,
two nuclei and three or four nuclei,
respectively.



et al., 1999). Therefore, we investigated pairing of homologc
chromosomal regions in thesm4 mutant. To visualise
homologous regions by GFP fluorescence, a tandem repe:
the Escherichia coli lacoperator sequence was integrated
thehis2locus of the wild type ansism4 strain, which resides
near the centromere of chromosome Il. GFP-tagged Lz
which binds to thdac operator sequence, was expressed
these strains. After mating, 88% of wild-type cells at meio
prophase showed a single GFP dot, indicating the loci w
paired. In contrast, only 42% eém4 cells showed a single
GFP dot at meiotic prophase. These observations indicate -
as in dhclA cells, homologous chromosomes fail to pa
efficiently in thessm4mutant. A failure in chromosome pairing
is a probable cause of missegregation at meiosis |
generation of asci with less than four spores (see belc
Staining of chromosomes sometimes revealed a missegreg
chromosome mass during meiosis Issm4 cells (data not
shown), as has been reported for dhel mutant (Yamamoto
et al., 1999).

Thessm4 strain frequently generated aberrant asci carryi
less than four spores (Yamashita et al., 1997) (Table
Disruption of the dynein heavy chain gettelcaused similar
abnormal sporulation (Yamamoto et al., 1999) (Table 3).
constructed assm4 dhcHouble mutant strain and found the
this strain gave aberrant asci at nearly the same frequenc
each single mutant (Table 3). These observations stror
suggest that Ssm4p and Dhclp are responsible for sirr
subcellular function and are part of the same pathway.

Ssmdp interacts with the dynein complex

Various reports have shown that Glued-type proteins 1
immunoprecipitate with the dynein complex (Karki an
Holzbaur, 1995). We investigated if this was also the case
fission yeast by constructing a strain in which Ssmdp ¢
Dhclp were tagged with different peptides inyalA sxaA
background, which can synchronously switch from vegetat
to shmooing growth in response to exogenously adc
pheromone (Niccoli and Nurse, 2002). Ssm4p-HA and Dhc:
myc were not detectable during vegetative growth but appes
after 6 hours in the presence of pheromone (Fig. 3.
indicating that the proteins are induced during shmooi
growth. Immunoprecipitation of Ssm4p-HA in shmooing cel
brought down Dhclp-myc and vice versa (Fig. 3B), indicati
that Ssm4p and Dhclp are part of the same complex.

Table 3. Number of spores per ascus in thesm4, dhcland
tipl fission yeast mutants*

Number of asci carrying the
following number of spores (%)

Strain 1 2 3 4

wt <0.1 <0.1 1.2 98.8
ssm4 0.5 8.6 7.6 83.3
dhcla 1.2 10.1 9.1 79.6
ssm4 dhclA 1.0 10.5 10.3 78.2
tip1A <0.1 1.4 8.9 89.7
ssm4 tipl1A 1.7 14.1 22.9 61.3
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A P

+P P +P
| Scmdp-HA
Dhetp-myc
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"* Dhec1p-myc
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-
SRR - o == = | Ssmdp-HA
IP Sup IP Sup Total IP Sup IP Sup
anti-MYC  anti-HA anti-HA  anti-MYC
ssmd-H4  dhel-myve dhel-mye ssmd-HA
C
Ras / Fl .
+ y Dictp
Raf i’f -
Ssmdp
+ Ssmdp
Diclp
DNA meged

Ssmdp-GFP CFP-tubulin

Fig. 3. Ssm4p and the dynein complex interact. ¢)1A sxa2A
ssm4-HAandcyrlA sxaA dhcl-mydission yeast cells were grown in
the absence (—P) and in the presen&® 6f pheromone for 6 hours.
Boiled cell extracts were prepared as described and western blots
were probed with anti-HA or anti-MYC antibodies. @)14 sxaA
dhcl-myc ssm4-Heells were induced with pheromone for 6 hours.
Native cell extracts were immunoprecipitated with anti-HA and anti-
MYC antibodies. Western blots of immunoprecipitates (IPs),
supernatants and total cell extracts were carried out as described and
probed with HA and MYC antibodies (right panel). Control IPs with
anti-HA of cyrlA sxa2A dhc1l-mydid not precipitate any Dhclp-myc
(middle panel) and IPs with anti-MYC oyrlA sxa2A ssm4-HAdid

not precipitate any Ssm4p-HA (left panel). (C) Two-hybrid interaction
of Ssm4p with Dlc1pB-galactosidase activity was assayed in
Saccharomyces cerevisiaells expressing proteins as indicated. The
combination of Ras and Raf was used as a positive control.

(D) Localisation of Ssm4p-GFP in meiotic cells. Homothallic haploid
cells that carried thesm4-GFHusion gene and theFP-atb2fusion
gene encoding CFP-tubulin were subjected to nitrogen starvation to
induce mating and subsequent meiosis in zygotes. They were
monitored by fluorescence microscopy for localisation of Ssm4p and
microtubules. Nuclear DNA was stained with Hoechst 33342. Merged
images are shown in the right panels. Green, GFP; red, CFP; blue,

*Sporulation was induced in each strain on SSA medium at 30°C. Spores DNA. The arrowheads and the asterisks indicate intense GFP

were scored after 3 days.
More than 500 asci were examined for each strain.

fluorescence at the leading edge of the nucleus and at the microtubular
tip contacting the cell cortex, respectively. Barpho.
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To identify novel factors that might interact directly with A

Ssmdp, we carried out a yeast two-hybrid screen using the fu
length Ssm4p as bait. We isolated Dlclp, a cDNA clone
encoding the dynein light chain, in this screen (Fig. 3C). Dlc1,
is suggested to play Dhclp-independent roles in karyogam
meiotic recombination and sporulation (Miki et al., 2002).

However, Dlclp is required to anchor Dhclp at the cell corte
during the horsetail period and a defectdiol affects the

oscillatory nuclear movement (Miki et al., 2002). Thus, Dlclp \ - \ £y
is likely to be a component of the cytoplasmic dynein complex
at least temporarily. The positive two-hybrid interaction [

between Ssm4p and Dlclp suggests that Ssm4p may medi
the binding between the dynein and putative dynactit B
complexes in fission yeast.

It has been reported that Glued can directly bind to th n-_
dynein intermediate chain in rat (Karki and Holzbaur, 1995
Vaughan and Vallee, 1995). The fission yeast genom
sequencing project has predicted a putative gene encoding i L

possible homologue of the dynein intermediate chain (OR

SPBC855.01c; GenBank accession number AL391016). WFig. 4.Ssm4p is essential for the oscillatory nuclear movement in
cloned this gene and designatedlitl. Disruption ofdicl ~ shmooing fission yeast cells. (A,ByrlA sxaA cells (A) andcyrlA
resulted in the same phenotype asstrm4anddhclmutants, Sxal ssm4 cells (B) carrying a nuclear GFP marker were treated
i.e., lack of horsetail nuclear movement and production gWith pheromone for 6 hours, placed on a slide, and filmed under a
aberrant asci. No positive interaction of Ssm4p and Dic1g!Uorescent microscope. Images were taken every minute. Bar, 3
however, has been observed in two-hybrid assays (data not

shown).
mechanisms, if not completely the same, were likely to be
responsible for nuclear oscillation during the shmooing and
Ssm4p is localised to the SPB, microtubules and the horsetail periods.
point where microtubule plus ends contact the cell We then investigated localisation of Ssmdp-GFP in
cortex in meiotic cells shmooing cells. Ssm4p-GFP became visible in response to

We previously reported that Ssmd4p colocalised withpheromone, arranged in linear arrays that colocalised with
microtubules in both mitotic and meiotic cells when expressethicrotubules, and dispersed when the cells were treated with
ectopically (Yamashita et al., 1997). To examine localisatiorarbendazim or MBC (a microtubule-depolymerising drug)
of Ssm4p under natural conditions, we tagged endogenoud(fig. 5A,B). This suggests that the protein is localised along
expressed Ssm4p with GFP. Ssm4p-GFP fluorescence was natrotubules. Ssm4p-GFP also appeared as bright dots (Fig.
detectable during vegetative growth (data not shown). Gree€sA,C). One dot coincided with the SPB marker Sad1lp (Hagan
fluorescence could be observed during meiotic prophasand Yanagida, 1995), whereas the others localised to a point
which indicated colocalisation of Ssmd4p-GFP withwhere the microtubule plus ends touched the cortex (Fig. 5A,
microtubules (Fig. 3D). Localisation of Ssm4p-GFP to thearrows and arrowheads, respectively). To verify if Ssmdp
leading edge of the horsetail nucleus, where the SPB residespved within the cell, we analysed the behaviour of the protein
was also evident. In addition, Ssm4p-GFP was detected at thg time-lapse fluorescence microscopy of Ssm4p-GFP in
site where microtubule plus ends contacted the cell cortex ahmooing cells. Ssm4p-GFP fluorescence along microtubules
the cell tips. These localisations of Ssm4p-GFP coincide withad a dotted pattern but none of these dots displayed a clear
those of Dhclp (Yamamoto et al., 1999). Altogether, Ssm4pattern of movement (Fig. 5C). The bright dot at the SPB
appears to act in the same pathway as Dhclp, to interact witthoved in the cell as expected (Fig. 5C, yellow arrowhead). The
Dhclp and Dlclp, and localises in a similar manner to Dhclpgluorescence at the tips of the microtubules increased when
indicating that Ssm4p is a functional homologue of Glued-typenicrotubules stalled or depolymerised (Fig. 5C, white arrow
proteins. and 5D), suggesting that Ssm4p can bind to depolymerising or
stalling ends.

The nucleus oscillates in shmooing cells in an Ssm4p-

dependent manner Ssmdp and Tiplp are required to localise Dhclp in

A limited nuclear movement has been observed in cells undéhmooing and meiotic cells

shmooing growth (Chikashige et al., 1997). We investigatetlVe analysed if the absence of Ssm4p had any effect on Dhclp
this movement in cells of @/rlA sxa2A background, in which localisation and vice versa. In the absence of Dhclp, Ssm4p
shmooing growth could be induced synchronously in responsmuld no longer accumulate at sites where the microtubule plus
to exogenously added pheromone. Similar to zygotes, thends contacted the cortex in meiotic cells (Fig. 6A compare
nucleus in shmooing cells oscillated back and forth (Fig. 4A)with Fig. 3D). Similarly, Dhclp required Ssm4p to accumulate
However, the oscillatory movement did not occur in theat the site where the microtubule plus ends contacted the cortex
absence of Ssm4p (Fig. 4B). This suggested that similan both meiotic and shmooing cells (Fig. 6B,C). This could
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Fig. 5.Ssm4p is expressed during fission yeast mating and localises to microtubuss1fgxa2A ssm4GFReells were induced for 6 hours
with pheromone, cells were then fixed in methanol and immunostained with anti-tubulin (MT) and anti-Sad1 antibodies. Acedevthiedi
SPB and arrowheads the point where microtubule plus ends contact the cell surfepdABYa2A ssm4GFReells were induced for 6 hours
with pheromone, treated with MBC and imaged on a fluorescent microscope before and after the treattyeld. X320 ssm4GFReells

were induced with pheromone for 6 hours, placed on a slide and filmed with a fluorescence microscope. Frames are 8-10is&bbitds apa
arrows indicate the microtubule tips and yellow arrowheads the fluorescent dot at the SPB, which can be identified asre podné viien

one microtubule originates. The microtubular tip is anchored in a fixed position in a, ¢c and d and the SPB is movingdswiaeds it
microtubule depolymerises. In b, the SPB is not moving and the microtubule is depolymerising back towards jinB4f3) Bluorescence

at the tip of microtubules in C (marked by the white arrow) was measured with NIH image for each frame and plotted.

explain why no pulling force is generated in the absence aind Ssm4p contribute to the formation of spores but probably
Ssm4p. However, both Ssm4p and Dhclp could independentict through independent pathways.
localise to microtubules and the SPB in the absence of each
other (Fig. 6A-E). _ _ ) )

CLIP-170-like proteins have been found to interact with theSsm4p is required for oscillatory microtubular movement
dynactin complex (Coquelle et al., 2002). We next investigatedluring shmooing
if Tiplp also played a role in localising Dhclp and Ssm4pMicrotubules have been implicated in nuclear migration during
Dhclp-GFP and Ssm4p-GFP localisation was similar to that afieiotic prophase, and we therefore tested whether the nuclear
wild-type cells in the absence of Tiplp (Fig. 6A-C), but in theoscillation defect seen in haplogsm4 cells was due to
double mutantssm4 tiplA Dhclp-GFP totally lost its a microtubular cytoskeleton defect by analysing the
microtubular localisation, although it retained its SPBmicrotubules irssm4 responding to pheromone. To generate
localisation (Fig. 6B-E). Dhclp-GFP colocalised with Tip1p-oscillatory movement, microtubular dynamics at opposite ends
YFP at the tips of microtubules in response to pheromone (Figf the cell might be coordinated, with microtubules
6F), suggesting that they might interact. polymerising at one end while depolymerising at the opposite

We investigated if Tiplp was required for the formation ofend. To verify if wild-type microtubules exhibited such
wild-type asci. Thdipl mutant sporulated at a slightly lower coordinated behaviour, we monitored live microtubular
frequency than the wild type (71% versus 82%), and producetinamics during shmooing. Each cell end had one to five
aberrant asci likedhcl or ssm4 mutants, although the microtubule bundles at any given time, and we measured the
deficiency was less severe (Table 3). However, the defect in thength of each of these bundles (Fig. 7A,B) and calculated
ssm4 tiplA mutant was more severe than the single mutantwhether they were polymerising or depolymerising. We
ssm4 ortiplA (Table 3). These results suggest that both Tiplgompared the dynamics of microtubules at the same end for
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Ssmdp-GFP Fig. 6. Tiplp and Ssm4p collaborate to localise Dhclp.
A dhelA tiplA (A) Localisation of Ssm4p-GFP in tlithclandtipl

= _ mutant zygotes. (B) Localisation of GFP-Dhclp in the

ssm4, tiplA andssm4 tiplA mutant zygotes. (QyrlA

sxaA dhc1GFP, cyrf sxa2d ssm4 dhc1GFP, cyriA

sxaA tiplA dhclGFP, cyrd sxaA tiplA ssm4 dhclGFP
cells were grown in pheromone for 6 hours and then
imaged with a fluorescence microscope. The white arrows
indicate the microtubule tips and the yellow arrowheads the
SPB. (D)cyrlA sxad ssm4 dhc1GFP, cyrdd sxaA tiplA
ssm4 dhc1GFPcells were grown in pheromone for 6

hours and then fixed and stained for tubulin.q&h4
dhc1GFP, tiph ssm4 dhc1GFPzygotes were fixed and
stained for tubulin. (F) Colocalisation of Tiplp and Dhclp.
cyrlA sxaA tiplYFP dhcl1GFRells were treated with
pheromone for 5 hours. Cells were visualised with a
confocal microscope using a CFP-YFP filter set which
allows to separate the YFP and GFP signals. A single plane
through the centre of the cells was taken. Arrows indicate
fluorescence at the SPB and arrowheads indicate
fluorescence at the microtubular tip. Barsuib® (A,B);

3um (in C for C and D; F); fim (E).

B GFP-Dhclp
wild type ssmdA ssmdA tipIA

E

P Dhelp-GFP

Dhelp-GFP

Microtubules

merged

o -

ssmdA ssmdA tipl A

merged

point and analysed if they exhibited coordinated behaviour. In

80% of cases microtubules at opposite cell ends displayed
SsmA st HpIA opposite dynamics (Fig. 7A,B; see Materials and Methods for

details): as microtubules polymerised at one end they

depolymerised at the other. Bleaching experiments showed that
fluorescence in the microtubules always recovered from the
SPB sidert=16, Fig. 7C), suggesting that nascent microtubules

were polymerising from the SPB, and that the plus ends of

microtubules were located at the cell tips whereas the minus
ends were at the SPB. This is in accordance with results with
zygotes (Yamamoto et al., 2001).

How does this coordinated microtubule behaviour translate
into nuclear movement? It has been proposed that the meiotic
horsetail movement is driven by a pulling force generated on
microtubules at the cell ends (Yamamoto et al., 2001). The
same could be true in shmooing cells and as microtubules do
each time point. When a majority of microtubules at a singl@ot curl around the body of the cell, they must depolymerise
end displayed the same dynamics, we called this ‘consensas they are pulled. To verify this possibility, we bleached a
dynamics’; this occurred in 80% of cases. We then comparesimall area on a microtubule and monitored its dynamics after
the consensus dynamics at opposite cell ends for each tindBC addition, as it depolymerised. After addition of MBC the

Tip1p-YFP hc1p-GFF merged
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bleached area moved towards one end of the cell. Aslways recovered from the SPB side17), suggesting that
microtubules were all depolymerising after the addition of themicrotubule polarity is similar to the wild type. There was also
drug, the movement must be due to a pulling force exerted ar coordination of the dynamics at the opposite ends of the
the shrinking microtubule at the cortex as it depolymerisedell, as only in 35% of cases did microtubules display
(Fig. 7D). coordinated behaviour (Fig. 8B). We bleached a small area on
In contrast, microtubules afsm#4 shmooing cells did not a microtubule bundle issm4 cells, and then depolymerised
appear to oscillate. Microtubule bundles appeared much thickericrotubules with MBC. The bleached area did not move as
than wild-type microtubules, and their length did not changenicrotubules depolymerised and shrank back to a stud in the
significantly over a filming period (Fig. 8A,B). However, the middle of the cell (Fig. 8E). This indicates that a pulling force
fluorescence intensity along the bundle did change, suggestirggnot generated on shrinking microtubulessm4 cells, and
that individual microtubules might be growing and shrinkingthat microtubules are not anchored at the cortex.
without coordination of the bundle as a whole (Fig. 8C). We conclude that in the absence of Ssm4p, microtubule
Microtubule fluorescence after bleaching recovered with &undles are thicker, presumably because of more microtubules
similar timing to the wild type (Fig. 8D), and the fluorescenceper bundle, that the coordination within the bundle and
between opposite cell ends is lost, and that microtubules
A are no longer anchored or able to generate a pulling force
at the cell cortex.

Tiplp and Ssm4p collaborate to allow the switch to
shmooing microtubular dynamics

Tiplp is required to stabilise microtubules in vegetative
cells (Brunner and Nurse, 2000), whereas Ssm4p
appears to be required to coordinate the dynamics but
not to stabilise microtubules in shmooing cells. Tiplp is
still present during shmooing growth, and so may be

Fig. 7. Microtubular dynamics in wild-type fission yeast cells
are coordinated. (AQyrlA sxa2d nmtlatb2GFReells were
treated with pheromone for 5 hours. Cells were then imaged

B 12 every 6 seconds on a confocal microscope. The panels show
10.5 the first 3.3 minutes of a typical time course. Images shown
N +§:gg} are projections of sections through the whole eedind —

£~ 7.5 ‘iir‘"’"'i._ }‘_,.-“‘"“"—a.“__‘ = side 1 indicate growing and shrinking microtubules respectively.
g § 6 o . side 2 (B) Microtubule lengths for single cells were measured
S ", Soe g distinguishing the side of the cell in which they lie. The
. : I == diagram describes the dynamics of the microtubules of the
- L cell shown in A over the total filming period of 4.5 minutes.
005 1 15 2 25 3 35 4 45 The concordance of dynamics at each cell end and between
Time (min) opposite cell ends was then calculated as a percentage of

N total time points, where eight cells were scored for a total
coordination at 0% imaging time of 45 minutes. (@yr1A sxa2A nmtlatb2GFP
opposite cell ends were induced with pheromone for 5-6 hours, placed on a
lectin-coated glass bottom dish, bleached with a
localised laser beam and then filmed every 6 seconds to
monitor the pattern of recovery. Images show a single
plane through the middle of the cell. The yellow arrows
indicate the position of the SPB, from which more than
one microtubule originates. The grey lines mark the
initial bleached area. The bleached area moves in the
same direction as the SPB, with the distance between
the SPB and the further boundary of the bleached area
remaining the same, as indicated by a green bar in two
panels, and the fluorescence recovers from the boundary
closer to the SPB. (yrlA sxa2Ad nmtlath2GFReells

were induced with pheromone for 6 hours. Microtubules

D were bleached with a pulse of laser light;

MBC was then added to depolymerise the
microtubules, which were filmed with a
confocal microscope (see Materials and
Methods for details). Images shown are
single planes through a cell. The red
arrow marks the initial bleaching

position. Bar, 3um.
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able to partially substitute for the absence of Ssm4p. To tesases microtubules appeared similar to the wild type (Fig. 9C).
this possibility we monitored microtubular dynamics inThe SPB oscillated in the former cases, suggesting that a
shmooindip1A andssm4 tip1A cells. Microtubular dynamics pulling force was still generated (Fig. 9A, yellow arrow).
in atiplA strain varied from cell to cell. Some microtubules Overall, the coordination between opposite ends was 73%,
did not behave in a coordinated manner in certain cases (Figimilar to that in the wild type. The microtubule growth rate
9A,B, light blue and orange microtubules), whereas in othewas not significantly different from the wild-type growth rate
(Tables 4, 5), although the shrinkage rate was a little slower.
This confirms that Tiplp does not play a major role in the
regulation of microtubular dynamics during shmooing.

In contrast, the double mutasgm4 tip1A shmooing cells
displayed a dramatically different microtubular pattern to that
in wild-type shmooing cells. Microtubule bundles spanned the
whole cell length, terminating at the cell end and they no longer
displayed coordinated dynamics at opposite cell ends (Fig.
9D,E). This is similar to that of wild-type vegetative cells. Both
growth and shrinkage rates were slower than in the wild type
(Tables 4, 5). The phenotype of the double mutant was also
different from that of thessm4\ single mutant, in which
microtubule bundles were thick and did not show much
apparent oscillation, as stated above. Microtubule dynamics in
ssm#4 were difficult to determine because of this trait.

Fig. 8. Microtubules inssm4 fission yeast mutants are less dynamic

. and do not oscillate. (AQyrlA sxa2d ssm4A nmtlath2GFReells
42 M < ....w’ were treated with pheromone for 5 hours. Cells were then imaged
Em'e”z': ﬂ every 12 seconds on a confocal microscope. Images shown are
g3, ﬁ —=Side 2 projections of sections through the whole cell. (B) The lengths of
14 microtubules for single cells were measured distinguishing on which
0.7 side of the cell they lie. The diagram describes the dynamics of the
microtubules of the cell in A. The coordination of dynamics between

0
0: 06 12:1.8 24,5 5.6.428.8.54 opposite cell ends was then calculated as a percentage of total time

Time (min) points. Four cells were scored for a total imaging time of 20 minutes.
o At least 10 cells were observed for a total imaging time of 50
co-ordination at 359 minutes and they all exhibited a similar behaviour.d@JA sxa\
opposite ends ° ssm#4 nmtlatb2GFReells were induced with

pheromone for 6 hours. Cells were imaged
every 7 seconds on a confocal microscope.
Images shown are projections of sections
through the cell. The yellow arrow indicates
where there is a change of fluorescence along
a bundle. (DxyrlA sxa2d ssm4
nmtlatb2GFReells were induced with
pheromone for 5-6 hours, placed on a lectin-
coated glass bottom dish, bleached with a
localised laser beam and then filmed every 6
seconds to monitor the pattern of recovery.
Images show a single plane through the
middle of the cell. The yellow arrows
indicate the position of the SPB. The grey
lines mark the initial bleached area. The
bleached area recovers from the SPB. The
time taken by fluorescence to recover over a
2.3pum bleached area was 43.3+11.1 seconds
(n=16) for the wild type (from Fig. 7C) and
40.3+11.3 seconds£17) forssm4 cells.

(E) cyrlA sxa2d ssm4 cells were induced
with pheromone for 6 hours. Microtubules
were bleached with a pulse of laser light,
MBC was then added to depolymerise the
microtubules and microtubules were filmed

E with a confocal microscope. Images shown
are single planes through a cell. The yellow
arrowheads mark the stud remaining after
microtubules had depolymerised. Bar in A,C,
3.5um; D,E, 3um.
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(A,B,C) cyrlA sxaA tip1lA nmtlatb2GFP
and (D, E)cyrlA sxaA tiplA ssm4
nmtlatb2GFReells were treated with
pheromone for 5 hours. (A,D) Cells were
then imaged every 6 seconds on a
confocal microscope. Images shown are
E projections of sections through the whole
cell. Yellow arrows mark the position of
o S the SPB+ and — indicate growing and
shrinking microtubules respectively.
(B,C,E) Microtubule lengths for single
cells were measured distinguishing the
side of the cell in which they lie. B
5 describes the dynamics of the
0 06 12 24 3 36 42 48 54 & microtubules of the cell in A, diagram E
Time (min) corresponds to D, and diagram in C
describes a differeniplA cell. The
coordination of dynamics between
opposite cell ends was then calculated as
a percentage of total time points; eight
co-ordination at B cells were scored for a total imaging time
opposite ends 42% of 45 minutes. Bar, Am.
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Altogether, we conclude that Ssm4p and Tiplp collaborate ihomologous chromosomes and efficient recombination, and
the switch of microtubular behaviour from a vegetative to @oth processes are impaired 9am4 cells. This study has
shmooing array. demonstrated that Ssmdp is involved in the same cellular
activities as dynein and that it interacts with the dynein
) ) complex in fission yeast, indicating that Ssm4p is functionally
Discussion equivalent to p150-Glued.
In this paper we show that Ssm4p behaves as a homologue oDuring the oscillatory nuclear movement in shmooing cells,
the Glued family of proteins and that it collaborates with Tiplpmicrotubular dynamics at opposite ends of the cell are
both to allow the switch to shmooing microtubular dynamicscoordinated, with microtubules polymerising at one end as they
and to localise the dynein heavy chain Dhclp. Cells lackingepolymerise at the other, similar to that observed in zygotes
Ssm4p have an almost identical phenotype to cells lackinramamoto et al., 2001). A pulling force is exerted at the cortex
Dhclp and do not show any horsetail nuclear movementn depolymerising microtubules, which drives the nucleus and
This nuclear movement is required for efficient pairing of SPB to one end of the cell (Yamamoto et al., 2001) (this study).
Once the nucleus reaches the cell end, the pulling force at that

Table 4. Parameters of microtubular dynamics end stops and the microtubules at the opposite end start to

Strain Growth (um/minute)* Shrinkage (um/minute) depolymerise and pull on the nucleus in the opposite direction.
wt 2.97+1.23 (=30) 4.47+2.581{=28) . .
tiplA 2.45+1.25 (=38) 2.75+1.111=21) Table 5. Probability values for comparisons of
tip1A ssm4 2.23+1.41 (=39) 3.02+1.411§=37) microtubular dynamics using a two-tailed Student’st-test

*Growth and shrinkage rates were calculatedafprtip1A andtiplAssm4 Strain Growth Shrinkage
cells. Microtubular dynamics could not be calculatessm# because the wtvstiplA 0.10 0.003
bundles were thicker and did not display a dissectible dynamic behaviour in wt vstiplA ssm4a 0.025 0.010

our films. The number of microtubules observed is indicated by tiplA vstiplA ssm4 0.45 0.43
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For this mechanism to work four conditions have to be mefrhe role of dynein-dynactin in nuclear migration is probably

(1) The whole bundle has to depolymerise at the same timbgst understood . cerevisiaeDuring mitosis, the nuclear

(2) A pulling force has to be generated on the microtubulespindle has to align with the mother-daughter neck and then

(3) The microtubules have to be anchored to the cortex as thelongate through the neck. The latter requires microtubule

depolymerise; (4) The coordination of microtubule dynamicsliding along the cortex and dynein is required for this

at opposite ends ensures that the movement occunsovement (Adames and Cooper, 2000). The dynactin Nip100

continuously and smoothly. Notably, all these conditions arand CLIP-170 Bikl have been implicated in this process

lost in ssm4 cells and microtubule bundles appear brighter(Kahana et al., 1998; Sheeman et al., 2003). In contr&t to

suggesting that they might be thicker. Dhclp is thought tpombe it has been recently shown that dynein heavy chain

generate the pulling force at the site where microtubule pluBynl accumulates at the tips of microtubules in a dynactin

ends contact the cell cortex (Yamamoto et al., 20019simd ~ mutant (Lee et al., 2003; Sheeman et al., 2003) and that Bik1

cells Dhclp can no longer accumulate at that point, ani$ required for Dynl localisation at the tips of microtubules

therefore might not be able to pull on microtubules. The€lLee et al., 2003; Sheeman et al., 2003), suggesting that

dynactin complex is also known to regulate dynein motoalthough the same components are involved in nuclear

activity by directly influencing its ATPase activity (Kumar et migration they might be regulated differently.

al., 2000) and increasing its processivity (King and Schroer,

2000). Ssm4dp might therefore regulate dynein both b

activating its motor activity and by localising it to the

microtubule tips, where it can exert its pulling force. 1 <
Tiplp is a protein with similar domain structure to Ssm4g

and is a CLIP-170-like protein. Proteins of this type have als «

been implicated in dynein function; CLIP-170 colocalises with

dynein and dynactin (Dujardin et al., 1998; Smith et al., 2000

and co-immunoprecipitates with the dynein intermediate chai

(Coquelle et al., 2002). Tiplp appears to have no role i

localising Dhclp or Ssm4p in fission yeast, and has only 2

minor role in the regulation of microtubular dynamics during .

shmooing. Surprisingly the double mutasm4 tiplA was A

unable to generate a shmooing microtubular array, could ni

localise Dhclp-GFP along microtubules in meiotic cells anc

displayed severe aberrations in spore formation. This sugge:

that Ssm4p and Tiplp collaborate in the coordination o

microtubular dynamics during shmooing and after shmooini 3 > e Ssmép
to generate the characteristic oscillatory nuclear movemer « Dhclp
The two deletions display a synergistic interaction, as th » Anchor

phenotype of the double mutant is more severe than the st
of the two individual phenotypes. Ssm4p and Tiplp could ac
independently of each other, regulating two independer

aspects of shmooing microtubular dynamics, both of whiclgig 10 Model of microtubular oscillations. (1) The microtubules
have to be absent for the microtubule array to completelyhead of the nucleus depolymerise as they are pulled by Dhclp, as
disassemble. For example, Tiplp might be required to bundjgoposed by Yamamoto et al. (Yamamoto et al., 2001). Ssm4p
microtubules, as in its absence, microtubules appear less brightivates Dhclp motor activity and ensures that the microtubules can
(data not shown), and to regulate microtubule growth anhteract with the cortical anchor, whose presence was proposed by
shrinkage rates, as the double mutant displays similafamamoto et al. The microtubules behind the nucleus polymerise
dynamics totiplA cells. Ssm4p, on the other hand, mightMore slowly than the ones ahgad are de.polymerlsmg and so they
coordinate microtubular dynamics within a bundle an annot reach the cell _end and interact with the cortical gnchor. 2)
between opposite ends of the cell. In the absence of boigvhen the overlap region reaches the end of the cell, microtubules

icrotubul | bundled d dinated n no longer depolymerise and they dissociate from their cortical
microtubules —are less bundied and uncoordinated, ang, por, the putative dynein-dynactin complex, which is moving in

consequently take on the appearance of a vegetatiyge minus direction, is no longer anchored at the cortex and so could
microtubular array. Alternatively, Tiplp might partially move towards the SPB. (3) When microtubules lose their cortical
substitute for Ssm4p function ssm4 cells and only when  anchor they will no longer be pulled, the microtubules behind will be
both proteins are missing is the real function of Ssm4pble to grow until they reach the cortical anchors in the opposite end.
unveiled. The anchors, or another factor at the cell ends, might induce

The dynein-dynactin complex is involved in nuclearmicrotubules to pause. Ssm4p will then accumulate at the
orientation or movement in many organisms suchSas Microtubule tips, generating a stable interaction with the cortex and
cerevisiae Aspergillus Neurospora, Drosophila, triggering microtubule depolymerisation. Dhclp will also

e . . accumulate at the tips of microtubules, stabilised by Ssm4, which
Caenorhabditis elegarand also in mammalian cells. In many will also activate the motor activity of Dhclp, which will start

Of. these organisms disruptio.n of dynein. function 'e"’?ds t%ulling the nucleus in the opposite direction. Alternatively, when the
microtubular defects, suggesting that, aSirpombedynein  spg reaches the cell end, it sends a signal to the opposite

plays a role in regulating microtubular dynamics (Gaglio et al.microtubule tip, activating it for an interaction with the cortical
1997; Han et al., 2001; Merdes et al., 1996; Shaw et al., 199@nchor.
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In the ssm#A and the dhclA strains, the process of Chikashige, Y., Ding, D. Q., Funabiki, H., Haraguchi, T., Mashiko, S.,
karyogamy was somewhat delayed (Yamamoto et al., 1999)Yanagida, M. and Hiraoka, Y. (1994). Telomere-led premeiotic
(our unpublished results). However, nuclear fusion eventuall hc.hmm.osome movement in fission yeditience284 270-273.

. . ikashige, Y., Ding, D. Q., Imai, Y., Yamamoto, A., Haraguchi, T. and
occurred in these S.;tra_llnsl at a comparable frequency to the W' d1—|ira0ka, Y. (1997). Meiotic nuclear reorganization: switching the position
type. Therefore, it is likely that some other factor(s) iS of centromeres and telomeres in the fission y&abizosaccharomyces
responsible for regulating microtubular dynamics to allow pombeEMBO J.16, 193-202. _
nuclear fusion. One possible candidate is a kinesin-like protefffark. |- B. and Meyer, D. I. (1999). Overexpression of normal and mutant

. Arplalpha (centractin) differentially affects microtubule organization durin
Klp2p, as a double disruptant kip2 anddhclwas severely mifosispané imerphas)é_ ol 5ci.1{z 3507.3518. 9 9

impaired in karyogamy (Troxell et al., 2001). Cooper, J. P., Nimmo, E. R., Allshire, R. C. and Cech, T. R(1997).
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which rely on the putative dynein-dynactin complex, are_fission yeastNature385 744-747.

; ; ; ; oquelle, F. M., Caspi, M., Cordelieres, F. P., Dompierre, J. P., Dujardin,
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play a key role in coordinating microtubular dynamics between pathway.Mol. Cell. Biol. 22, 3089-3102.

the opposite ends and driving the nucleus back and forth inResai, A. and Mitchison, T. J(1997). Microtubule polymerization dynamics.
shmooing cell. Our model, based on that proposed by Annu. Rev.Cell Dev. Biol3, 83-117.

.Ding, D. Q., Chikashige, Y., Haraguchi, T. and Hiraoka, Y.(1998).
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