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The Conserved Spc7 Protein Is Required for Spindle
Integrity and Links Kinetochore Complexes
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Spc7, a member of the conserved Spc105/KNL-1 family of kinetochore proteins, was identified as an interaction partner
of the EB1 homologue Mal3. Spc7 associates with the central centromere region of the chromosome but does not affect
transcriptional silencing. Here, we show that Spc7 is required for the integrity of the spindle as well as for targeting of
MIND but not of Ndc80 complex components to the kinetochore. Spindle defects in spc7 mutants were severe ranging
from the inability to form a bipolar spindle in early mitosis to broken spindles in midanaphase B. spc7 mutant phenotypes
were partially rescued by extra a-tubulin or extra Mal2. Thus, Spc7 interacts genetically with the Mal2-containing Sim4

complex.

INTRODUCTION

The precise segregation of chromosomes is a complex pro-
cess that requires the coordinated interaction between spin-
dle and kinetochores. Kinetochores are macromolecular
structures that assemble on centromeric DNA and fulfill
multiple functions: they mediate the bipolar attachment of
sister chromatids to spindle microtubules, maintain this at-
tachment during dynamic microtubule behavior, and gen-
erate the spindle checkpoint signaling required for anaphase
onset. These functions are essentially conserved although
the composition and morphology of kinetochores can differ
greatly among various organisms. In particular, the centro-
meric DNA requirements vary dramatically from the simple
125-base pair (bp) “point” centromeres of the budding yeast
Saccharomyces cerevisiae with the three CDEI-III protein-bind-
ing motifs to the “regional” centromeres that are more com-
plex, carry repetitive sequences, and can encompass millions
of base pairs. Such centromeres exist in plants, metazoans,
and fungi such as the fission yeast Schizosaccharomyces pombe
(reviewed in Pidoux and Allshire, 2000, 2004; Cleveland et
al., 2003). The centromere DNA of S. pombe is 40-100 kb in
size and is composed of a central core region (cnt) that is
flanked by inverted repeat elements (imr). These elements
are surrounded by outer repeat elements (otr; reviewed in
Clarke, 1998). The heterochromatic outer repeats are needed
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for sister centromere cohesion and might help in the orien-
tation of the multiple kinetochore microtubule attachment
sites (reviewed in Pidoux and Allshire, 2004), whereas the
central region acts as a platform for the association of kinet-
ochore complexes required for microtubule-kinetochore in-
teraction (Saitoh et al., 1997; Pidoux et al., 2003; Hayashi et al.,
2004; Kerres et al., 2004).

The simplest and best studied kinetochore, that of S. cer-
evisige, contains more than 60 proteins, whereas mammalian
kinetochores are predicted to contain =100 protein compo-
nents (McAinsh et al., 2003; Fukagawa, 2004). These proteins,
which exist in subcomplexes, can be classed as regulatory or
structural components. The latter group of proteins are re-
quired as a connecting bridge between the centromeric DNA
and the microtubules of the spindle. Interestingly, S. cerevi-
siae kinetochore subcomplexes that link centromere DNA-
binding proteins to microtubule binding proteins have been
conserved in evolution (Meraldi et al., 2006). Kinetochore
components found in “point” and “regional” centromeres
include the COMA complex member Mcm21p, the Nde80,
and MIND complexes and the Spc105p protein, implying the
central importance of these components in kinetochore
function (Ortiz et al., 1999; Wigge and Kilmartin, 2001;
Euskirchen, 2002; De Wulf ef al., 2003; Nekrasov ef al., 2003;
Westermann et al., 2003; Meraldi et al., 2006). In S. cerevisiae
Ndc80, COMA and MIND complexes share a function in
kinetochore capture by the side of spindle microtubules
(Tanaka et al., 2005).

In S. pombe these conserved proteins are constitutive ki-
netochore components and exist in two biochemically sepa-
rable complexes: the Mcm21p ortholog Mal2 is part of the 13
component Sim4 complex, whereas the four-component
MIND subcomplex, the four-member Ndc80 complex, and
the Spc105p ortholog Spc7 make up the Ndc80-MIND-Spc7
kinetochore complex (Obuse et al., 2004; Liu et al., 2005). The
essential Mal2 protein associates with the central centromere
region and is required for the transcriptional silencing and
the specialized chromatin structure of this region (Jin et al.,
2002). Mutations in mal2™ and other components of the Sim4
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complex give rise to extreme missegregation of chromo-
somes (Saitoh et al., 1997; Jin et al., 2002; Pidoux et al., 2003;
Hayashi et al., 2004; Kerres et al., 2006). Interestingly, the
Sim4 complex plays a role in the incorporation of the kine-
tochore-specific histone H3 variant CENP-A and functions
as a loading dock for the DASH complex (Takahashi et al.,
2000; Pidoux et al., 2003; Liu et al., 2005; Sanchez-Perez et al.,
2005). The nonessential fission yeast DASH complex is re-
quired for biorientation of sister chromatids (Liu et al., 2005;
Sanchez-Perez et al., 2005). Members of the Ndc80-MIND-
Spc7 complex are also associated with the central centro-
mere and maintain the special chromatin architecture of this
region but are not involved in CENP-A targeting (Goshima
et al., 1999; Hayashi et al., 2004; Kerres et al., 2004; Liu et al.,
2005). The Ndc80 complex in fission yeast and other organ-
isms plays an important role in kinetochore-microtubule
association and is needed for spindle checkpoint signaling
(He et al., 2001; Janke et al., 2001; Nabetani ef al., 2001; Wigge
and Kilmartin, 2001; McCleland et al., 2003; Saitoh et al.,
2005). Very recently, the Ndc80 complex and the Spc7 or-
tholog KNL-1 have been implicated in direct microtubule
binding (Cheeseman et al., 2006; DeLuca et al., 2006). We had
shown previously that Spc7 plays an important part at the
microtubule-kinetochore interface as spc7* was isolated as a
suppressor of a mal3 mutant (Kerres et al., 2004). Mal3 is the
fission yeast member of the EB1 microtubule-plus-end-
tracking protein family, which regulates microtubule dy-
namics and mediates the interaction between different cel-
lular complexes (reviewed in Gundersen and Bretscher,
2003; Mimori-Kiyosue and Tsukita, 2003; Vaughan, 2005).
Mal3 is required for genome stability among others by
preventing monopolar attachment of sister chromatids
(Beinhauer et al., 1997; Asakawa et al., 2005). EB1 family
members are targeted to kinetochores on polymerizing mi-
crotubules and play a role in kinetochore capture (Fodde et
al., 2001; Kaplan et al., 2001; Tirnauer et al., 2002; Tanaka et
al., 2005). Overexpression of the constitutive Spc7 kineto-
chore protein rescued all mitotic phenotypes of mal3 mu-
tants and the Spc7 and Mal3 proteins interact physically.
However, in contrast to the loss of the nonessential mal3™,
loss of spc7* results in inviability due to severe chromosome
missegregation (Beinhauer et al., 1997; Kerres et al., 2004).
This finding implies that the interaction with Mal3 is just one
of the tasks of the Spc7 protein. We have thus extended our
analysis of Spc7 function in mitosis.

MATERIALS AND METHODS
Strains and Media

The yeast strains used in this study are listed in Table 1. All new strains were
obtained by crossing the appropriate strains followed by tetrad or random
spore analysis and genotyping. At least three double mutants were tested per
cross. Tetrad analysis of 16 tetrads of the cross nuf2-1X spc7-23 revealed that
spores carrying both mutations were able to germinate and divide twice,
indicating synthetic lethality. Double mutants between spc7-23 and a null
allele of a component of the DASH complex, namely duolA, were inviable.
Tetrad analysis of 16 tetrads revealed that double mutants germinated and
then died. Strains carrying the cold-sensitive nda3-KM311 allele were arrested
by incubating them for 10 h at 20°C. Strains were grown in rich media (YE5S)
or minimal media (EMM or MM) with supplements (Moreno et al., 1991). MM
with 5 pg/ml thiamine repressed the nmt promoters. For high-level expres-
sion from nmt promoters cells were grown in thiamine-less media for 22-48
h at 25°C or 18-24 h at 30 or 32°C. Nitrogen starvation experiments (two
independent experiments/strain) were carried out as described (Jin et al.,
2002). Synchronous cultures were monitored microscopically and the mitotic
index (35-40%) was determined. Resistance to G418 was tested on YE5S
plates containing 100 mg/1 G418; increased sensitivity to thiabendazole (TBZ)
on YE5S plates containing 67 ug/ml TBZ. Transcriptional silencing assays
were carried out as described (Jin et al., 2002; Pidoux et al., 2003).
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Generation of spc7's Alleles and DNA Methods

A pBSK-based plasmid containing the last 2028 bp of the 4095-bp-long spc7*
open reading frame (ORF) followed 3’ by the his3" gene was used as a
template for a mutagenic PCR reaction. A 3896-bp long DNA fragment
containing the last 1664 bps of the spc7* ORF and the his3* selection marker
were transformed into strain KG425. His™ transformants that grew at 25°C
but not at 36°C were identified and correct integration of the mutagenized
DNA fragments was tested via PCR. A spc7* containing plasmid was able to
fully rescue the temperature sensitivity of these strains, which were back-
crossed twice. DNA sequence analysis showed point mutations at the follow-
ing positions in the ORF: spc7-24 [3340 (A to T); 3959 (T to G)], spc7-23 [3887
(T to G); 4079 (G to T)], and spc7-30 [3026 (G to A); 3914 (A to G); 4067 (G to
T)]. We generated an endogenous spc7-23-gfp fusion via PCR-based gene
targeting using the KanR cassette (Bahler et al., 1998). spc7-n-gfp and spc7-c-gfp
fusions were constructed by homologous recombination in S. cerevisiae, cut
out of vector pRS316 and cloned behind the nmtl* promoter in plasmid
pIR2-3XL (Moreno et al., 2000). spc7-n and spc7-c contain the first 2460 or the
last 1632 bp of the spc7* ORF.

Microscopy

Photomicrographs of fixed cells were obtained using a Zeiss Axiovert200
fluorescence microscope (Carl Zeiss, Jena, Germany) coupled to a CCD cam-
era (Hamamatsu, Herrsching, Germany; Orca-ER) and Openlab imaging soft-
ware (Improvision, Coventry, United Kingdom). Immunofluorescence mi-
croscopy was carried out as described previously (Hagan and Hyams, 1988;
Bridge et al., 1998). For tubulin staining the monoclonal anti-tubulin antibody
TAT1 was used as primary antibody followed by fluorescein isothiocyanate—
conjugated goat anti-mouse antibodies (Sigma-Aldrich, St. Louis, MO). HA or
GFP fusion proteins were observed by indirect immunofluorescence using
mouse anti-HA antibody (Covance, Princeton, NJ) or rabbit anti-GFP anti-
bodies (Invitrogen, Carlsbad, CA), respectively. Cy3-conjugated sheep anti-
mouse antibodies or Cy3-conjugated sheep anti-rabbit antibodies (Sigma-
Aldrich) were used as secondary antibodies. Before mounting, cells were
stained with 4,6-diamidino-2-phenylindole (DAPI). Images of living cells
expressing an integrated version of GFP.nmt81.ath2 were obtained using a
DeltaVision RT Imaging System (Applied Precision, Issaquah, WA) with a
Peltier-cooled CCD Coolsnap HQ Camera (Roper Scientific, Tucson, AZ).
Optical sections were recorded every 0.3 um in a volume totalling 6 um every
10 s for 30 min. All images were analyzed using Imaris (Zurich, Switzerland;
Bitplane) software. Transformed cells were grown in liquid EMM supple-
mented media without thiamine for 36—-48 h at 25°C before analysis.

Immunoprecipitations

For immunoprecipitations or coimmunoprecipitations strains expressing
Spc7-HA, Spc7-GFP, Spc7-23-GEP, Spc7-C-GFP, Mis12-GFP, Spc24-GFP, GFP-
Atb2, or a combination of these tagged proteins were grown at 25 or 30°C in
YE5S or MM overnight and then shifted to the restrictive temperature fol-
lowed by protein extraction and immunoprecipitation as described previ-
ously (Kerres et al., 2004). Spc7 variants did not run at the expected size: for
example, Spc7-GFP was detected at 110 instead of 181 kDa. Eluates were
boiled, resolved on a SDS-8%-polyacrylamide gel, and blotted. Blots were
probed with anti-HA antibody (monoclonal mouse; Roche Diagnostics, Al-
ameda, CA) or anti-GFP antibody (polyclonal rabbit, Invitrogen) followed by
the secondary antibody [peroxidase-conjugated AffiniPure goat anti-mouse
IgG (H+L); Jackson ImmunoResearch Laboratories or peroxidase-conjugated
donkey anti-rabbit IgG; GE Healthcare, respectively]. Immobilized antigens
were detected using the ECL Advance Western blotting kit (GE Healthcare,
Waukesha, WI).

RESULTS

Spc7 Is Not Required for Transcriptional Silencing of the
Central Centromere Region

To better understand the function of Spc7 in mitosis, we
generated temperature-sensitive (ts) spc7 alleles by mutating
the 3’ part of the spc7* ORF (Materials and Methods). The
three spc7 mutant strains, named spc7-23, spc7-24, and spc7-
30, that showed the tightest ts phenotype were analyzed in
greater detail (Figure 1, A and B). DNA sequence analysis
revealed that each of these strains carried several point
mutations in the spc7* ORF leading to the amino acid
changes shown in Figure 1C. The mutations leading to ts
spc7 alleles lie in two nonconserved regions at the very 3'end
of the spc7* ORF, implying that these regions are important
for Spc7 protein function (Figure 1C; Desai et al., 2003;
Nekrasov et al., 2003; Cheeseman et al., 2004; Meraldi et al.,
2006). The endogenous spc7-23 ORF was tagged with gfp to
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Table 1. Yeast strains used in this study

Name Genotype Source
UFY1267 h™ mis12-537 spc7-23/his3* ade6-M216 leu1-32 This study
UFY1028 h spc7-23/his3™" his3-D1 ade6-M216 leul-32 ura4-D18 This study
UFY1029 h spc7-24/his3™* his3-D1 ade6-M216 leul-32 ura4-D18 This study
UFY1027 h spc7-30/his3™" his3-D1 ade6-M216 leul-32 ura4-D18 This study
UFY1163 h™ nuf2-GFP/ura4* spc7-23/his3" ade6-M216 leul-32 ura4-D18 This study
UFY1249 h~ mis12-GFP/LEU™" spc7-23/his3* leu1-32 This study
UFY1307 h* mis14-GFP spc7-23/his3* ura4~ leul-32 This study
UFY1266 h™ spc24-GFP/Kan®R spc7-23/his3* ade6-M216 his~ leu1-32 ura4~ This study
UFY1069 h™ mal2-GFP/Kan® spc7-23/his3* his3-D1 ade6-M216 leu1-32 ura4~ This study
UFY1258 h~ sim4-GFP/Kan® spc7-23/his3" arg3-D4 ade6-M210 ura4-leu1-32 his3-D1 This study
UFY1187 h~ dad1-GFP/Kan® spc7-23/his3" leu1-32 ura4-D18 This study
UFY1260 h™ spc7-23/his3™" mis15-68 ade6-M216 This study
UFY1256 h* spc7-23/his3" mis17-362 ura4-D18 This study
UFY1264 h spc7-23/his3™" sim4-193 his3-D1 ade6-M210 leul-32 ura4-D18 This study
UFY1088 h spc7-23/his3" mal2-1 ade6-M210 leul-32 ura4-D18 This study
UFY1196 h* spc7-23/his3™" mis6-302 leul-32 ura4-D18 This study
UFY1085 h~ fta2-291/his3* spc7-23/his3™" leul-32 ade6-M210 ura4-D18 his3-D1 This study
UFY1175 h* spc7-23/his3™ mad2A::urad™ ade6-M216 leul-32 ura4-D18 This study
UFY1177 h~ spc7-23/his3" mphlA::ura4™ ade6-M216 leul-32 ura4-D18 This study
UFY1062 h~ spc7-23/his3™" cnt1(Ncol):arg3 his3-D1 ade6-M210 leul-32 ura4d~ arg3-D4 This study
UFY1081 h spc7-23/his3 " otr2(Hindlll):ura4™ ura4-DS/E leul-32 ade6-M216 arg3-D4 This study
UFY1222 h spc7-23/his3™" his7* ::lacl-GFP lys1*::LacOP leul™ ura4~ This study
UFY1060 h~ spc7-30/his3* Kan®-nmt81-GFP-atb2™ leu1-32 This study
UFY1254 h* mis6-3xHA/LEU™" spc7-23/his3™" ade6-M216 leul-32 ura4-D18 This study
UFY1228 h~ spc7-HA/Kan® KanR-nmt81-GFP-atb2* leul-32 This study
UFY1244 h™ spc7-23-GFP/Kan®R/his3* his3-D1 ade6-M216 leul-32 ura4-D18 This study
UFY1248 h~ spc7-GFP/Kan® nuf2-1/ura4™ ura4~ ade6-M210 his3-D1 This study
UFY1269 h™* spc7-GFP/Kan®R mis12-537 leu1-32 This study
UFY1224 h spc7-23/his3" mal3A::his3" his3~ ade6-M210 leul-32 ura4-D18 This study
UFY1288 h™ spc7-23/his3™ alp14A:kan® urad4~ leul-32 This study
UFY1262 h* spc7-23/his3™" pegl-1 ura4-D18 leul-32 This study
UFY1307 h* mis14-GFP/ura4* spc7-23/his3" ura4~ leul-32 This study
UFY1342 h~ spc7-GFP/Kan® nda3-KM311 ade6-210 ura~ leu1-32 This study
UFY1340 h™ spc7-23-GFP/Kan®/his3* nda3-KM311 leul-32 ura4-D18 ade6~ This study
UFY1030 h~ spc7-23/his3" Kan®-nmt81-GFP-atb2™ ade6-M216 leu1-32 This study
UFY1033 h™ spc7-24/his3" Kan®-nmt81-GFP-atb2* leul-32 This study
UFY617 h~ spc7-HA/Kan® ade6-M210 leul-32 ura4-D6 Ch'°[ade6-M216] U. Fleig
UFY724 h™ spc7-GFP/Kan® mal2-1 ade6-M210 ura~ Ch'®[ade6-M216] U. Fleig
UFY210 h*spc7-GFP/Kan® ade6-M210 ura4-D6 Ch'®[ade6-M216] U. Fleig
UFY1048 h™ fta2-291/his3" his3~ leul-32 ura4-D18 ade6-M210 U. Fleig
UFY135 h* mal3A::his3" ade6-M210 leul-32 ura4-D18 his3A U. Fleig
h™ alp14A:kan® ura4~ T. Toda
IH1563 h~ peg1-1 leul-32 ura4-D18 I. Hagan
FY4540 h~ sim4-193 cnt1(Ncol):arg3 cnt3(Ncol):ade6 otr2(Hindlll):ura4 tellL:his3 ade6-M210 leul-32 ura4-D18 R. Allshire
arg3-D4 his3-D1
FY648 h* swibA::his1™ otr1R(Sphl)::ura4™ ura4-DS/E leul-32 ade6-M210 R. Allshire
KG425 h™ ade6-M210 leul-32 his3A ura4-D18 K. Gould
ANF251-9A h* nuf2-1/ura4* ura4-D18 Y. Hiraoka
SS638 h™ mad2A::ura4™ leul-32 ura4-D18 ade6-M210 S. Sazer®
55560 h™ mphlA::ura4™ leul-32 ura4-D18 ade6-M216 S. Sazer
h™ mis12-537 leul-32 M. Yanagida
h™ mis14-GFP/ura4™* leul™ ura4~ M. Yanagida
h~ Kan®-nmt81-GFP-atb2™ leul-32 T. Toda

I spc24-GFP/Kan®R ade6-M210 leul1-32 ura4~ his~

J. Kilmartin

2 Baylor College of Medicine, Houston, TX.

determine the subcellular location of the mutant protein.
The mutant Spc7-23 protein was detected at the kinetochore
when cells were incubated at 25°C but not upon incubation
at =32°C probably because of compromised Spc7-23 protein
levels (Figure 1, D and E).

We have shown previously that Spc7 is a constitutive
kinetochore component that is associated with the central
core region of the centromere (Kerres et al., 2004). Wild-type
strains that carry a marker gene inserted at a centromeric
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region are auxotroph for this specific marker due to tran-
scriptional silencing of the centromeric DNA (Pidoux and
Allshire, 2000). Defective kinetochore components lead to
alleviation of this transcriptional silencing (Allshire et al.,
1995; Jin et al., 2002; Pidoux et al., 2003). To analyze if Spc7
was required for transcriptional repression, we tested if
marker genes inserted at the otr2 (otr region of centromere 2)
or cntl (cntl region of centromere 1) regions were expressed
in the spc7-23 mutant strain (Partridge ef al., 2000; Pidoux et
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al., 2003). Wild-type strains that contain the arg3* gene
inserted at the cnt1 region showed poor growth on arginine-
minus medium, whereas kinetochore mutants such as sim4-
193 allow growth on this medium (Figure 1F). Interestingly,
the presence of spc7-23 did not alleviate transcriptional si-
lencing of the central cnt region at 25°C (Figure 1F). Raising
the incubation temperature to 30°C gave the same result
(data not shown). Furthermore, transcriptional repression of
the otr regions was unaffected in the spc7-23 mutant strain
(Figure 1F). Consistent with this finding, centromere associ-
ation of the histone H3 variant Cnpl (CENP-A) was unaf-
fected in spc7 mutant cells (data not shown). Because Spc7 is
part of the Ndc80-MIND-Spc7 complex, we tested if other
members of this complex were required for transcriptional
silencing of the central cnt1 region. We found that in mutant
nuf2-1 (Ndc80 component) and mis12-537 (MIND compo-
nent) cells transcriptional silencing at cntl still occurred
(data not shown). Thus the constitutive Ndc80-MIND-Spc7
kinetochore complex is not required for transcriptional si-
lencing of the central centromere region.

spc7 Mutants Show Severe Defects in Chromosome
Segregation and Spindle Attachment

The mutations in the spc7* ORF lead to aberrant chromo-
some segregation. At the permissive temperature, the ma-
jority of spc7-24 and spc7-30 mitotic cells appeared to segre-
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O O\ Spc7-30
F

Kinetochore localization of Spc7-23. Cells ex-
pressing the mutant Spc7-23-GFP protein
were incubated at 25°C (top lane) or at 36°C
for 6 h (bottom lane), fixed, and stained with
DAPI, anti-tubulin antibody, and anti-GFP-
antibody. Bar, 5 um. (E) Endogenous Spc7-
GFP or Spc7-23-GFP protein isolated from
cells grown asynchronously at 32°C for 6 h.
Protein extracts prepared from these strains
were used for immunoprecipitations using an
anti-GFP antibody, followed by Western blot-
ting using the same antibody. Protein extracts
used had a similar protein concentration. Ac-
tin was used as a loading control. Spc7-23
protein is reduced relative to the wild-type
protein by 70%. (F) Serial dilution patch tests
(10* to 10 cells) of wild-type, spc7-23, and
sim4-193 cells that have the promoter-crippled
arg3™ gene inserted at cenl (top panels) or

wild-type
spc7-23
sim4-193

wild-type  ura4+ inserted at otr2 (wild-type, spc7-23, and
spc7-23 swibA cells). Cells were incubated on selective

. medium with (+arg) or without (—arg) argi-

Y/, SWiA nine or with (+ura) and without (—ura) uracil

at 25°C for 6 d.

gate chromosomes equally, whereas expression of the
spc7-23 allele at this temperature led to an increased number
of abnormal mitosis (Figure 2A, left panel). Incubation of
these strains at the nonpermissive temperature gave rise to
over 70% of mitotic cells with severe chromosome segrega-
tion defects (Figure 2A, right panel). All three mutant spc7
strains showed the following abnormal chromosome reso-
lution phenotypes: 1) no separation of highly condensed
chromatin on an elongating spindle (Figure 2B, b and d), 2)
condensed chromatin that was smeared along the spindle
(Figure 2B, a and c), and 3) unequally or partially separated
chromatin (Figure 2B, e and f). Spindle structure was often
aberrant (see later). Next, we synchronized wild-type spc7+-
&fp and spc7-23-gfp cells in the G1 phase of the cell cycle by
nitrogen starvation at 25°C (Jin et al., 2002). Release into rich
medium at the nonpermissive temperature was followed by
microscopic analysis of chromatin and spindles at various
time points (0-11 h, Materials and Methods). Entry into mito-
sis was similar for wild-type and spc7-23 cells and the ma-
jority of mitotic cells was present at 6 and 10 h (first and
second mitosis after release, respectively; Jin et al., 2002).
Although no mitotic defects were observed in wild-type
cells, chromosome segregation was severely affected in
spc7-23 cells. In the first mitosis, 58% of anaphase cells
showed unequally segregated chromatin or condensed chro-
matin smeared along an elongating spindle (Figure 2C). The
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% mitotic cells

Figure 2. Temperature-sensitive spc7 mutants have se-
vere mitotic defects. (A) Chromatin distribution in mi-
totic spc7 mutant cells with an elongating spindle incu-
bated at the permissive (25°C) or restrictive temperature
(6 h at 36°C). N/strain = 100. (B) Photomicrographs of
spc7-23 cells incubated at 36°C. Fixed cells were stained
with DAPI and anti-tubulin antibody. Shown are the
three main phenotypes observed: smeared chromatin (a
and c), nonseparated chromatin (b and d), and unequal-
ly/partially segregated chromatin (e and f) on an elon-
gating spindle. Bar, 5 um. (C) Diagrammatic represen-
tation of spc7-23 anaphase phenotypes at 6 and 10 h after
the release from GI1 arrest and incubation at 36°C.
N/time point = 300. (D) Photomicrographs of cells
expressing endogenous Spc7-GFP or Spc7-23-GFP. Syn-
chronized G1 cells were released into the cell cycle and
incubated at 36°C. Cells were fixed and stained with
anti-GFP antibody. Cells shown at the 4-h time point are
also representative of earlier time points. (E) Photomi-
crographs of cenl.gfp spc7-23 cells incubated at 36°C for
6 h. Fixed cells were stained with anti-GFP antibody,
DAPI, and anti-tubulin antibody. The merged images
show cenl.GFP plus spindle staining. Bar, 5 um. Thir-
teen of 28 cells analyzed showed this phenotype. (F)
spc7-23 interacts genetically with components of the
spindle checkpoint pathway. Serial dilution patch tests
of spc7-23, mphlA, mad2A, and the respective spc7-23
double mutants grown at the indicated temperatures
for 3 d.

o
>
2

% spc7-23 mitotic cells

E

phenotype of the cells in the second mitosis was even more
severe: we found no anaphase cells that showed equal chro-
matin segregation (Figure 2C). Instead, cells with an elon-
gating spindle showed no separation of highly condensed
chromatin or smeared or unequally segregated chromatin.
The differences in mitotic phenotypes seen for the first and
second mitosis can be explained by the amount of Spc7-23
present at the kinetochore. Synchronized cells undergoing a
first mitosis showed a very reduced or no Spc7-23-GFP
signal (57 and 43%, respectively; Figure 2D, middle panel),
whereas no Spc7-23-GFP signal could be detected in cells in
the second mitosis (Figure 2D, right panel).

The very high frequency of spc7 mitotic cells with non-
separated chromatin or condensed chromatin smeared along
the elongating spindle can be caused by compromised kin-
etochore-microtubule interactions. We therefore assayed if
centromeres were associated with the mitotic spindle by
determining colocalization of centromere 1 marked with
GFP (cenl-gfp) and the spindle in the spc7-23 strain
(Nabeshima et al., 1998). In cells with an elongating spin-
dle but smeared or nonseparated chromatin, 46% of the
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cen1-GFP signals were not spindle associated, implying that
the microtubule-kinetochore interactions were severely af-
fected in these cells (Figure 2E, data not shown; Kerres et al.,
2004). Furthermore in 50% of anaphase cells with unequally
segregated chromatin, the cenl-GFP sister centromeres co-
segregated, indicating that Spc7 is also required for bipolar
chromosome orientation. In these cells, we measured the
distance between the two green fluorescent protein (GFP)
signals and found that in 8 of 15 cells the distance between
the signals was significantly greater than 0.6 um. Our data
thus imply that cosegregation of sister chromatids is not
simply due to a nondisjunction event (Nabeshima et al.,
1998).

The nonessential 10-subunit DASH complex coordinates bi-
polar chromosome attachment in S. pombe (Liu et al., 2005;
Sanchez-Perez et al., 2005). We therefore attempted to construct
double-mutant strains of spc7-23 with a null allele of duol*,
which encodes a component of the DASH complex (Materials
and Methods). Such double mutants were inviable indicating
that spc7 mutants require the presence of a functional DASH
complex for survival at the permissive temperature.
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Compromised  microtubule-kinetochore interactions
should lead to the activation of the spindle assembly check-
point that detects unattached, monotelic, or syntelically at-
tached kinetochores (reviewed in Musacchio and Hardwick,
2002; Cleveland et al., 2003). Indeed, double mutants of
spc7-23 with null alleles of mphl* and mad2*, which code for
conserved spindle checkpoint components (He et al., 1997,
1998) showed reduced growth in comparison to the single-
mutant strains (Figure 2F).

Spc7 Is Required for Kinetochore Targeting of the MIND
Complex

Spc7 is part of the Ndc80-MIND-Spc7 complex (Obuse ef al.,
2004; Liu ef al., 2005). To analyze the role of Spc7 within this
complex, we determined the subcellular localization of the
Ndc80 complex components Spc24 and Nuf2 and the MIND
complex components Mis14 and Misl2 in the spc7-23 ts
strain (Goshima et al., 1999; Nabetani et al., 2001; Wigge and
Kilmartin, 2001; Obuse et al., 2004). Immunofluorescence
analysis of the gfp-tagged fusion protein Spc24 revealed that
this protein was localized correctly in the spc7-23 ts mutant
incubated at the nonpermissive temperature (Figure 3, A
and B). Spc24 kinetochore targeting was also unaffected in
synchronous spc7-23 populations incubated at the restrictive
temperature (data not shown). In addition, kinetochore as-
sociation of the Spc7-GFP fusion protein was unaffected in
the nuf2-1 ts strain and vice versa (Figure 3A), indicating
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Figure 3. Interaction between spc7* and
other components of the Ndc80-MIND-Spc7
kinetochore complex. (A) Diagrammatic rep-
resentation of the kinetochore localization of
Spc7-GFP in nuf2-1 and mis12-537 ts mutants
and that of the Spc24-GFP, Nuf2-GFP, Mis12-
GFP, and Mis14-GFP fusion proteins in the
spc7-23 ts mutant. (B and C) Photomicro-
graphs of spc7-23 cells expressing Spc24-GFP
or Mis12-GFP. The strains were incubated at
25°C or for 6 h at 36°C, fixed, and stained with
DAP], anti-tubulin antibody, and anti-GFP an-
tibody. Bar, 5 um. (D) Mis12-GFP and Spc24-
GFP in spc7-23 cells. Protein extracts prepared
from wild-type or spc7-23 strains that ex-
pressed Mis12-GFP or Spc24-GFP endog-
enously were used for immunoprecipitations
using an anti-GFP-antibody, followed by
Western blotting using the same antibody.
Protein extracts used had a similar protein
concentration. Actin was used as a loading
control. The strains were incubated at 36°C for
6 h before protein extraction. (E) Photomicro-
graphs of mis12-537 expressing endogenous

Spc7-GFP. The strain was treated as described
tubulin in B.

36°C

tubulin

25°C
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that components of the Ndc80 complex and Spc7 localize to
the kinetochore independent of each other. We then ana-
lyzed kinetochore localization of Mis12-GFP and Mis14-GFP
fusion proteins in the spc7-23 mutant. Although Mis12 ki-
netochore localization was unaffected in a spc7-23 strain
grown at the permissive temperature, kinetochore localiza-
tion of this protein was severely reduced or absent in the
majority of fixed spc7-23 cells incubated at the nonpermis-
sive temperature (Figure 3, A and C). However the Mis12
protein was still present in spc7* cells (Figure 3D). Mis14
kinetochore localization was also affected in a spc7-23 strain
(Figure 3A). Furthermore the Spc7-GFP fusion protein was
severely reduced (40% cells; Figure 3E, bottom panel) or
absent (Figure 3E, middle panel) in the mis12-537 mutant
incubated at the restrictive temperature, implying that the
kinetochore localization of Spc7 and components of the
MIND complex are dependent on each other.

Next, we analyzed the growth phenotypes of spc7-23 and
mis12-537 and nuf2-1 double mutants. spc7-23 mis12-537
double mutants were viable but showed slightly reduced
growth compared with the single mutant strains at temper-
atures below 28°C. They were inviable at 28°C (Supplemen-
tary Figure 1B). We were unable to construct a spc7-23 nuf2-1
double mutant by tetrad analysis (Material and Methods, Sup-
plementary Figure 1A). Microscopic analysis of spc7-23
nuf2-1 spores showed that such spores germinated and di-
vided twice. We then tested if overexpression of spc7* could
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rescue the ts phenotype of the Ndc80 component nuf2-1 or
the MIND component mis12-537. Extra spc7™ resulted in
reduced growth of the nuf2-1 strain at 30°C and could not
suppress the nongrowth phenotype of this strain at higher
temperatures (Supplementary Figure 1C). However, overex-
pression of spc7* partially rescued the ts phenotype of the
mis12-537 strain and extra mis12" rescued the nongrowth
phenotype of the spc7-23 strain at 32°C (Supplementary
Figure 1D; Obuse et al., 2004). Thus, Spc7 and MIND show a
tight functional interaction, whereas kinetochore targeting
of Spc7 and components of the Ndc80 complex do not de-
pend on each other.

Spc7 Interacts Genetically with the Sim4 Complex
Component Mal2

The Sim4 kinetochore complex is a 13-component protein
complex that exists independently of the Ndc80-MIND-Spc7
complex (Liu et al., 2005). However, we have shown previ-
ously that the kinetochore localization of the Sim4 complex
component Fta2 was reduced in a spc7 mutant strain (Kerres
et al., 2006). This dependency seems to be specific for Fta2 as
other Sim4 complex components such as Mal2-GFP, Mis6-
HA, Sim4-GFP, and Dad1-GFP were localized correctly in a
spc7-23 mutant background at the restrictive temperature
(Figure 4A). Next, we analyzed the growth phenotype of
double mutants of spc7-23 with components of the Sim4
complex. All double mutants were viable at 25°C but
showed different degrees of growth inhibition at higher
temperatures (Figure 4B). spc7-23 mis6-302 double mutants
showed the most severe growth reduction, whereas a slight
synthetic effect was observed for spc7-23 sim4-193 and
spc7-23 mis17-362 double-mutant strains.

Interestingly, in a first screen for multicopy suppressors of
the spc7 ts phenotype we identified the mal2* ORF. When
present on a plasmid mal2* expressed from its wild-type
promoter can partially rescue the nongrowth phenotype of
spc7 mutant strains (Figure 4C) by reducing the number
of aberrant mitosis (Figure 4D) and increasing the amount of
Spc7-23 protein in the cell (Figure 4E). The converse, i.e., the
rescue of the mal2-1 ts mutant phenotype by extra spc7* was
not observed (data not shown). Overexpression of other
components of the Sim4 complex, such as the Mal2-interac-
tion partner Fta2 or the Sim4 protein cannot rescue the ts
phenotype of the spc7-23 strain at the nonpermissive tem-
perature (data not shown). Thus, the specific rescue of
spc7-23 mutants by overexpression of mal2* implies that
Mal2 and Spc7 share some function and point to an interac-
tion between the Sim4 and Ndc80-MIND-Spc7 complexes.

spc7 Mutants Exhibits Defects in Spindle Formation and
Function

Immunofluorescence analysis of fixed spc7* mitotic cells
revealed that all three spc7* mutants gave rise to abnormal
spindle structures. For example, in the spc7-23 mutant strain
grown at the restrictive temperature 47% of all spindles
analyzed were aberrant. Immunofluorescence staining of
spc7-23 spindles showed the following phenotypes: 1) elon-
gating spindles with very thinly staining midzones (Figure
5A, a and b), 2) disintegration of the spindle evidenced by
spindle fraying and/or two separated half-spindles present
in one cell (Figure 5A, ¢ and d), 3) elongating anaphase
spindles that were bent (Figure 5Ae), and 4) unequally
stained spindles (Figure 5Af). The latter phenotype com-
prised approximately equal proportions of monopolar and
bipolar spindles as determined by the subcellular localiza-
tion of the spindle pole body component Cut12 (Bridge et al.,
1998; data not shown). The other spc7* mutants such as
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Figure 4. spc7 interacts with components of the Sim4 complex. (A)
Diagrammatic representation of the kinetochore localization of Fta2-
GFP, Mal2-GFP, Mis6-GFP, Dad1-GFP, and Sim4-GFP in the spc7-
23" mutant and Spc7-GFP in a mal2-1 and fta2-291 mutants incu-
bated at the nonpermissive temperature. *Data taken from Kerres ef
al. (2006). (B) Representation of the genetic interactions between
spc7-23 and mutant components of the Sim4 complex. + to +++;
weak to strong genetic interaction. (C) Serial dilution patch test of
spc7-23 transformants grown on selective medium at the indicated
temperatures for 3 (32°C) or 4 (25°C) days. Vector control (v) indi-
cates plasmid without insert, mal2* and spc7* denote the presence
of wild-type mal2* or spc7* expressed from the wild-type promoter
or from the thiamine-repressible nmt41" promoter in the absence of
thiamine, respectively. (D) Diagrammatic representation of an-
aphases observed in spc7-23 cells transformed with a vector control
or a plasmid overexpressing mal2*. Cells were incubated for 6 h at
32°C before fixation. N/strain = 100. (E) Immunoprecipitations of
GFP-tagged Spc7 proteins. Protein extracts prepared from a wild-
type (wt) strain expressing Spc7-GFP from a plasmid and a spc7-23-
gfp strain transformed with a vector control (v) or a plasmid ex-
pressing mal2* were analyzed by Western blot analysis using an
anti-GFP antibody. Strains were grown for 6 h at 32°C. Actin was
used as a loading control.

spc7-30 showed similar spindle abnormalities (Supplemen-
tary Figure 2).

Interestingly, the synchronous spc7-23 culture experi-
ments showed that only 6% of cells undergoing the first
mitosis had spindle defects, whereas 52% of cells in the
second mitosis had abnormal spindles. Thus spindle abnor-
malities arise when Spc7-23 can no longer be detected at the
kinetochore. We next wanted to analyze these phenotypes in
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Figure 5. Spc7 is required for the integrity of the spindle. (A)

Photomicrographs of spindle defects observed in spc7-23 cells incu-
bated at 36°C for 6 h: thin spindle midzones (a and b), two half-
spindles per cell (c and d), bent spindle (e), and unequally stained
spindle (f). Fixed cells were stained with anti-tubulin antibody. (B)
Serial dilution patch tests (10* to 10! cells) of wild-type, spc7-30, and
spc7-24 cells carrying the integrated nmt81-GFP-atb2. Strains were
grown at the indicated temperatures for 5 d under derepressed
conditions. (C) Chromosome segregation and spindle phenotypes
observed in spc7-23 and spc7-23 nmt81-GFP-ath2 (spc7-23 gfp-atb2)
strains grown at 34°C. Right diagram (from left to right), wild-type
anaphase spindle, anaphase spindles with thinly staining midzone,
disintegrating /broken anaphase spindles, bent spindles and un-
equally stained spindles. N/strain = 100. (D) Immunoprecipitations
of Spc7-HA and GFP-Atb2 proteins. Protein extracts prepared from
strains expressing Spc7-HA, GFP-Atb2, or both were used for im-
munoprecipitations (IP) with an anti-GFP or anti-HA antibody,
followed by Western blot analysis using anti-GFP and anti-HA
antibodies.

live cells with fluorescence microscopy and thus generated
spc7* mutant strains that harbored an integrated version of
the a-tubulin atb2* ORF tagged with gfp and driven by the
nmt81 promoter (gfp.nmt81.atb2; Garcia et al., 2001). How-
ever, presence of the extra a-tubulin partially rescued the
nongrowth phenotypes of spc7-24 and spc7-30 mutant strains
(Figure 5B) and reduced the number of aberrant mitosis and
abnormal spindle structures in all spc7 mutants (Figure 5C,
Supplementary Figure 2). We thus tested if these two pro-
teins could interact physically by performing coimmunopre-
cipitations in exponentially growing strains expressing
Spc7-HA and GFP-Atb2 but failed to find an interaction
(Figure 5D). As aberrant spindle phenotypes in the spc7*
GFP.nmt81.atb2 mutants were infrequent, we analyzed spin-
dle structure in wild-type GFP.nmt81.atb2 cells that overex-
pressed the dominant negative spc7-c variant (Kerres et al.,
2004). Overproduction of this C-terminal part of the spc7*

2448

+
+
'

A Spc7-HA +
Spc7-C-GFP  + - 4+ 4+

oa-GFP - - + +
'P[u-HA o+ -

Spc7-HA—»| ! -

Spc7-C-GFP—» -~

DAPI GFP

Figure 6. Overexpression of spc7-c does not affect localization of
members of the Ndc80-MIND-Spc7 complex. (A) Immunoprecipi-
tations of Spc7-HA and Spc7-C-GFP proteins. Protein extracts pre-
pared from a wild-type and a Spc7-HA strain expressing plasmid-
borne Spc7-C-GFP under the control of the nmt41 promoter were
used for immunoprecipitations using anti-GFP or anti-HA antibod-
ies. The immunoprecipitates were halved and analyzed by Western
blot analysis using anti-GFP and anti-HA antibodies. (B) Photomi-
crographs of Spc24-GFP, Spc7-GFP, and Mis14-GFP strains overex-
pressing spc7-c from the nmt1* promoter for 24 h at 30°C. Fixed cells
were stained with DAPI and anti-GFP antibody. Bar, 5 um.

ORF affects chromosome segregation and leads to similar
types of spindle defects as those observed for the spc7*
mutants (see below; Kerres et al., 2004). Spc7-C is able to
associate with the kinetochore (see Figure 8A) and does not
appear to interact with wild-type Spc7 as the two proteins
cannot be coimmunoprecipitated (Figure 6A). The kineto-
chore appears to be assembled in spc7-c-overexpressing
cells, as the Spc24, Spc7, Mis14, and Mal2 kinetochore pro-
teins are correctly localized (Figure 6B; Kerres et al., 2004).
Examination of 30 spindles in wild-type GFP.nmt81.atb2 cells
that overexpressed spc7-c revealed that 53% of these spindles
were abnormal. Defects were found at all stages of spindle
formation. In three cells formation of a bipolar spindle was
defective as microtubules emanated from a single focus or
microtubules coming from separated spindle pole bodies
were unable to form a stable bipolar spindle (Figure 7C).
7/30 spindles showed a prolonged delay at the metaphase/
anaphase A to anaphase B transition probably due to an
activated spindle control checkpoint (Figure 7B). This phe-
notype was observed for only 2 of 14 wild-type
GFP.nmt81.ath2 cells transformed with the vector control.
Three cells were unable to switch to the phase III spindle
stage, i.e., spindle elongation in anaphase B in the time
frame measured (Figure 7, D and H; Nabeshima et al., 1998).
Whether spindle phase III was abolished in these cells or just
severely delayed is yet unclear. Intriguingly, two spindles
were assembled and started to elongate with apparently
wild-type dynamics and then collapsed in midanaphase B.
One of these spindles showed rejoining of the two spindle
halves and further spindle elongation (Figure 7E).

After anaphase the postanaphase array (PAA), which is
nucleated by the microtubule-organizing center [equatorial
(e)MTOC], forms at the cell equator (reviewed in Hagan and
Petersen, 2000). In wild-type GFP.nmt81.atb2 cells transformed
with a vector control this structure was observed in 12/12 cells
analyzed (Figure 7A). However in 8/11 GFP.nmt81.atb2 cells
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Figure 7. Mitosis in living spc7-c—expressing
cells. Time-lapse images of mitosis in wild-
type nmt81-GFP-atb2 cells transformed with a
vector control (A) or overexpressing spc7-c
(B-G) from the nmt1™ promoter for 36—48 h at
25°C. Time interval between images was 100 s
(A-F) or 150 s (G). Numbers beside photomi-
crographs indicate the number of spindles
with this phenotype. (A) Normal spindle
elongation. The appearance of the PAA is in-
dicated by an arrow. (B) Delay in spindle
elongation possibly caused by an active spin-
dle checkpoint. (C) Inability to form a bipolar
spindle. The separated spindle pole bodies
(second panel) collapse into a single fluores-
cent signal. Bar, 1.5 um. (D) Failure of bipolar
spindle elongation. In the time frame measured
the spindle shows cycles of spindle elongation
(up to 4.7 um) followed by shrinkage. (E) Elon-
gating spindle that collapses in midanaphase B,
followed by fusion of the elongating spindle
fragments and further elongation of the bipolar
spindle. (F) Normal elongation of the spindle
and delay in PAA appearance. The cell shown
did not have a PAA in the time measured as
shown for the wild-type mitosis in A. (G) Ab-
errant interphase microtubule cytoskeleton in
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overproducing the Spc7 variant the PAA was not observed
in the time frame measured, although the spindle had elon-
gated fully followed by spindle breakdown (Figure 7F).
Intriguingly, extra spc7-c also influenced the interphase mi-
crotubule cytoskeleton. In wild-type cells, interphase micro-
tubules grow out from the nucleus, continue growth until
they reach the cell tip, and then depolymerize (Drummond
and Cross, 2000). In 20% of spc7-c—overexpressing cells or
spc7' mutants the interphase microtubules continued to
grow when they reached the cell tip and thus curled around
the cell tip (Figure 7G, data not shown).

Thus, the Spc7 kinetochore protein is required for the
integrity of the mitotic spindle and also seems to influence
the interphase microtubule cytoskeleton. We therefore de-
termined if Spc7 was able to associate with the microtubule
cytoskeleton. Wild-type Spc7 is associated with the kineto-
chore and we were unable to detect colocalization with the
mitotic spindle even in an overexpression situation (Kerres
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et al., 2004; data not shown). The same holds true for the
Spc7-C variant. Overexpression of a Spc7-C-GFP fusion pro-
tein from a plasmid gave rise to a kinetochore-specific flu-
orescence signal (Figure 8A). We then looked at the intra-
cellular localization of a Spc7-N variant (Figure 8A). In
contrast to Spc7-C, overexpression of the N-terminal part of
the Spc7 protein in a wild-type strain does not lead to
obvious growth defects but results in an increased sensitiv-
ity to the microtubule poison thiabendazole (Figure 8B).
Spc7-N-GFP-expressing cells showed GFP fluorescence
present in the entire nucleus possibly because the C-terminal
nuclear export sequence is no longer present (Matsuyama et
al., 2006). In addition to staining of the nucleus, Spc7-N
showed colocalization with the mitotic spindle during mi-
tosis (Figure 8A). Thus Spc7 appears to have the potential to
colocalize with the mitotic spindle. This localization is inde-
pendent of the presence of the microtubule plus-end-asso-
ciated protein Mal3 (data not shown). We next determined

2449



A. Kerres et al.

A Spc7

C
820 821 / \

1364

N
1 /

tubulin Spc7-C tubulin Spc7-C tubulin

vector

Spc7-C

Spc7
Spc7-N

low level high level high level + TBZ

C

™Y il spc7-23

o L mal3A

® 3 spc7-23 mal3A

spc7-23
N peg1-1

spc7-23 peg1-1
ol alp14A
spc7-23
spc7-23 alp14A

25T 28C 30C

Figure 8. Interaction of spc7 with components of the mitotic spin-
dle. (A) Subcellular localization of the Spc7 variants fused to GFP
and expressed on a plasmid under the control of the nmtl™ pro-
moter. Cells were grown under promoter-derepressing conditions
for 24 h at 30°C, fixed, and stained with anti-tubulin and anti-GFP
antibodies. Bar, 5 um. (B) Overexpression of Spc7-N or Spc7-C in a
wild-type strain leads to TBZ hypersensitivity. Panels show serial
dilution patch tests of wild-type cells expressing low (left panels)
and high (middle and right panels) amounts of the indicated Spc7
variants. Cells shown in the right panels were grown on medium
containing TBZ. (C) Serial dilution patch tests (10* to 10' cells) of
spc7-23, mal3A, peg1-1, alp14A, and the respective double mutants
grown on YE5S at the indicated temperatures for 3-6 d.

the subcellular localization of Spc7-GFP, Spc24-GFP, and
Mis12-GFP in cells overexpressing Spc7-N. We found that
these kinetochore proteins localized in a wild-type manner,
indicating that Spc7-N did not cause mislocalization of other
kinetochore proteins (data not shown).

Genetic Interaction between spc7* and Genes Coding for
Microtubule Plus-End—associated Proteins

spc7* was isolated originally as a suppressor of a mal3
mutant. This suppression appears to be specific for mal3 as
extra spc7™* cannot rescue the mutant phenotypes of dis1-288,
dis1A, alp14A, or pegl-1 mutant strains (data not shown;
Kerres et al., 2004). Dis1 and Alp14/Mtcl are members of the
TOG/XMAP215 family, whereas Pegl is the fission yeast
member of the CLASP family (Ohkura et al., 1988;
Nabeshima et al., 1995; Garcia et al., 2001; Nakaseko et al.,
2001; Grallert et al., 2006). Double-mutant strains between
spc7 and alp14A, peg1-1 and mal3A showed that the absence
of mal3™ in a spc7-23 mutant does not lead to an increased
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phenotype of that strain, possibly indicating that the two
proteins act in the same pathway (Figure 8C). spc7-23 alp14A
and spc7-23 pegl-1 double mutants showed no enhanced
phenotype at 25°C but were unable to grow at 30°C (Figure
8C). Tetrad analysis at incubation temperatures of 25, 28, or
30°C revealed that dis1-288 spc7-23 and dis1A spc7-23 double
mutants could not be generated. Altogether 52 tetrads with
four germinating spores were analyzed without recovering
dis1 spc7-23 double mutants that were able to form a colony.
These findings show that spc7 mutants require the presence
of the dis1* wild-type gene product for survival at the
permissive temperature.

DISCUSSION

During mitosis, the correct interaction of the kinetochore
with spindle microtubules is essential for the precise segre-
gation of the duplicated sister chromatids. We had proposed
previously that the Spc7 protein plays a direct role at the
microtubule-kinetochore interface as Spc7 was identified as
a suppressor of the EB1 family member Mal3 and interacted
with this protein genetically as well as physically (Kerres et
al., 2004). Very recently the Spc7 ortholog from C. elegans, the
KNL-1 protein, has been shown to have a specific microtu-
bule-binding activity, suggesting that this protein family is
part of the core microtubule-binding site of the kinetochore
(Cheeseman et al., 2006).

In this work, we have extended our analysis of Spc7
function and have shown 1) Spc7 is required for formation/
function of the spindle in vivo, 2) Spc7 is required for
kinetochore association of the MIND complex, and 3) Spc7
provides a genetic link between the two S. pombe kineto-
chore complexes Sim4 and Ndc80-MIND-Spc7 as it is re-
quired for kinetochore targeting of the Sim4 complex com-
ponent Fta2 and extra expression of the Sim4 complex
component Mal2 rescues the spc7 mutant phenotypes
(Kerres et al., 2006).

Extra Spc7 can partially rescue the temperature sensitivity
of the mis12 and mis14 mutant strains (Supplementary Fig-
ure 1; Obuse et al.,, 2004). Furthermore, overexpression of
mis12* can partially suppress the nongrowth phenotype of a
spc7' mutant. In addition kinetochore targeting of Spc7 and
MIND components was dependent on each other, whereas
members of the Ndc80 complex associated with the kineto-
chore independent of functional Spc7. Overall, these exper-
iments suggest that within the Ndc80-MIND-Spc7 complex
Spc7 and the MIND complex show a tight functional inter-
action. The findings that MIND but not Ndc80 requires Spc7
for kinetochore targeting are in contrast to those observed
for KNL-1, the C. elegans homologue of Spc7. In that organ-
ism the Ndc80 complex components Ndc80 and Spc25KBF-3
require KNL-1 for kinetochore association, whereas kineto-
chore targeting of the MIND complex component Mis12 is
only slightly affected in KNL-1-depleted cells (Desai et al.,
2003; Cheeseman et al., 2004). Kinetochore targeting of other
Spc7 homologues remains to be determined: however, inde-
pendent kinetochore association of MIND and Ndc80 com-
plexes has been shown for a number of organisms (De Wulf
et al., 2003; Emanuele et al., 2005; Saitoh et al., 2005).

We also investigated if Spc7 played a role in kinetochore
targeting of Sim4 complex components. We found that in
spc7 mutant cells kinetochore localization of the Sim4 com-
plex component Fta2 is significantly reduced, whereas other
tested components of this complex do not appear to be
affected (Kerres ef al., 2006, Figure 4A). In particular, kinet-
ochore targeting of Mal2, a very close interaction partner of
Fta2, appears unaffected in spc7 mutants. As kinetochore
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localization of Fta2 and Mal2 are dependent on each other,
our data imply that the severely reduced amount of Fta2 at
the kinetochore in spc7 mutants is sufficient for proper lo-
calization of Mal2 in these cells. Interestingly, extra mal2™*
was able to suppress the nongrowth phenotype of the
spc7-23 mutant at 32°C (Figures 4, C and D) implying that
these two proteins share some function(s). Such interactions
between Spc7 and Mal2 family members appear to be con-
served. Affinity purification of proteins interacting with hu-
man CENP-O/Mcm2IR (Mal2 ortholog) or the S. cerevisiae
Mal2 homologue Mcm21p identified the Spc7 orthologues
AF15q14 and Spcl05p, respectively (De Wulf et al., 2003;
Okada et al., 2006).

At present the mechanism by which extra mal2™ can sup-
press the spc7-23 mutant is unknown. In particular it is
unclear how mal2* overexpression can rescue the spc7-23
spindle defects, as Mal2 does not appear to be required for
normal spindle structure (Jin ef al., 2002). However, the
mal2-1 mutant strain is hypersensitive to microtubule poi-
sons and human cells depleted for the Mal2 ortholog
Mem21R/CENP-O show defects in spindle assembly (Jin et
al., 2002; McAinsh et al., 2006).

In fission yeast three distinct spindle phases have been
defined and spc7-23 mutants show defects in all phases
(Nabeshima et al., 1998). Phase I involves formation of the
bipolar spindle in prophase to prometaphase. In phase II,
which encompasses metaphase chromosome alignment to
the end of anaphase A, the spindle has a constant length,
whereas spindle elongation occurs in the third phase (an-
aphase B) by sliding apart of antiparallel microtubules in the
spindle midzone. Entry into phase III is accompanied by a
change in microtubule dynamics leading to more stable
microtubules and spindle elongation (Ding et al., 1993;
Nabeshima et al., 1995, 1998; Mallavarapu et al., 1999; Sagolla
et al., 2003; Khodjakov et al., 2004; Tolic-Norrelykke et al.,
2004). Once the nuclei have been separated toward the cell
ends, the spindle breaks down and the PAA appears in the
cell middle (reviewed in Hagan, 1998; Figure 7A). We ob-
served monopolar spindles or small aberrant bipolar spin-
dles that collapsed into a single focal point indicating defects
in spindle phase I. Such staining patterns have been ob-
served in a wide variety of mutants, among them mutants
with defects in mitotic motor proteins, spindle pole body
components, or mitotic regulators such the Ran GTPase and
the Aurora-related kinase Arkl (Hagan and Yanagida, 1990,
1992, 1995; Bridge et al., 1998; West et al., 1998; Fleig et al.,
2000; Petersen et al., 2001; Leverson et al., 2002). We were
unable to assess defects in spindle phase II directly by mi-
croscopy. However the finding that cells overexpressing
spc7-c showed a prolonged delay at the transition to phase
III suggests that this spindle stage is also affected in spc7
mutants. Spindle stage III involves the rapid elongation of
the spindle from 2 to 3 um to 10-14 um. Elongation in cells
expressing spc7-c was discontinous as envisaged by the cy-
cles of spindle elongation and spindle shortening (Figure 7,
D and H), suggesting that the switch in microtubule dynam-
ics that occurs at the onset of spindle phase III was defective
in these cells (Mallavarapu et al., 1999). Similar phenotypes
have been observed in S. cerevisiae cells expressing mutant
version of the Cdcl4p phosphatase or the Ndcl0p kine-
tochore protein (Bouck and Bloom, 2005; Higuchi and
Uhlmann, 2005). Cdcl4p is required for changing microtu-
bule dynamics at the onset of anaphase and targets the
Ndc10p protein, which is needed for spindle stability to the
plus ends of interpolar microtubules at the spindle midzone
during anaphase (Goh and Kilmartin, 1993; Bouck and
Bloom, 2005; Higuchi and Uhlmann, 2005).
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spc7 mutant cells that could execute spindle phase III had
a high proportion of anaphase B spindles with abnormal
spindle midzones. The spindle midzone, which consists of
overlapping antiparallel microtubules (Ding et al., 1993),
stained very thinly in living and fixed spc7 mutants (Fig-
ure 5A). Reduced tubulin staining of the spindle midzone
has also been observed for a number of S. cerevisiae kinet-
ochore mutants, among them components of the Ndc80
complex (Wigge and Kilmartin, 2001; Le Masson et al., 2002;
McCleland et al., 2003). Consistent with a abnormal spindle
midzone, we observed fixed spc7 mutant cells with two
spindle halves and elongating midanaphase B spindles that
abruptly collapsed in the middle region in living cells (Fig-
ures 5A and 7E). In one case the two spindle halves were
able to rejoin and continue spindle elongation. The latter
phenotype has also been observed when the middle of me-
dium-length spindles is cut by laser microsurgery or in
mutants required for central spindle formation (Mitchison
and Salmon, 2001; Khodjakov et al., 2004; Tolic-Norrelykke et
al., 2004; Loiodice et al., 2005; Yamashita et al., 2005). Our
data thus demonstrate that Spc7 is required for the integrity
of the spindle midzone possibly by influencing the dynam-
ics of the microtubule-plus ends. However we can at present
not exclude that Spc7 regulates spindle function by some
other means such as influencing microtubule bundling as
similar phase III phenotypes have been observed in mutants
with an asel™ null allele (Loiodice et al., 2005; Yamashita et
al., 2005). Fission yeast Asel, which localizes to the spindle
midzone in anaphase B, belongs to the conserved Prcl/
MAP65 family of microtubule bundling proteins, that is
required for central spindle formation and cytokinesis
(Schuyler et al., 2003; Verni et al., 2004; Loiodice et al., 2005;
Yamashita et al., 2005).

Taken together our results indicate that Spc7 plays a pro-
found role in the formation and function of the spindle. How
does Spc7 exert its influence on spindle integrity? Our im-
munofluorescence analysis of an endogenously expressed
wild-type Spc7 fusion protein shows an exclusive kineto-
chore localization. However, it is possible that Spc7 also
associates with the mitotic spindle but we fail to detect it
either because the signal is below the threshold sensitivity of
our imaging system or due to a highly transient association
of the protein with the spindle. In this respect, the colocal-
ization of the Spc7 variant, Spc7-N, with the mitotic spindle
might argue that Spc7 has the potential to associate with
spindle microtubules and that this association is regulated
by the C-terminal part of the Spc7 protein. Interestingly, a
component of the Ndc80 kinetochore complex in budding
yeast, namely Ndc80p, was shown to be associated with
spindle microtubules using immunoelectron microscopy
(Muller-Reichert et al., 1998, 2003). An alternative, but not
mutually exclusive possibility is that Spc7 could exert its
influence on spindle microtubules by regulating proteins
that localize to kinetochore and spindle. In S. cerevisiae the
Cdc14p phosphatase is required for spindle localization of a
number of proteins that affect spindle function among them
the chromosomal passenger proteins aurora kinase Ipllp
and INCENP Slil5p as well as the kinetochore proteins
SIk19p and Ndc10p (Pereira and Schiebel, 2003; Bouck and
Bloom, 2005). We therefore looked at the localization of the
S. pombe Cdcl4p homologue Flpl/Clpl (Cueille et al., 2001;
Trautmann et al., 2001) in spc7 mutants and found a wild-
type-like localization pattern (data not shown). Furthermore
Spc7-N showed colocalization with the mitotic spindle in a
flpIA strain (data not shown). We also found that spindle
association of the chromosomal passenger protein Arkl and
the DASH component Dam1 is still possible in the spc7-23
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mutant at the nonpermissive temperature (data not shown;
(Petersen et al., 2001; Leverson et al., 2002; Liu et al., 2005;
Sanchez-Perez et al., 2005). However in 40% of spc7* cells
with a late anaphase spindle and separated chromatin, Ark1l
staining was not confined to the spindle midzone. Instead
Arkl was distributed as a broad signal over most of the
spindle (data not shown). Whether this abnormal Ark1 lo-
calization is the cause or a consequence of the aberrant
spindle midzone in spc7* cells is at present unclear.

After anaphase, the PAA, nucleated by the eMTOC mi-
crotubule organizing structure, is seen by the time the spin-
dle reaches its maximum length (Hagan and Petersen, 2000;
Figure 7A). In the majority of spc7 mutant cells that went
through anaphase B this structure was not observed, al-
though breakdown of the spindle occurred (Figure 7F). Thus
Spc7 function is needed for PAA formation. Failure to form
a PAA has also been observed in mutants that affect y-tu-
bulin—-complex function (Sawin ef al., 2004; Venkatram et al.,
2004; Samejima et al., 2005). Interestingly, components of the
y-tubulin complex, such as Alp4 and Alpé6, are also required
for a proper interphase microtubule cytoskeleton (Vardy
and Toda, 2000). alp4 mutants have longer interphase micro-
tubules that curve around the cell end: a phenotype very
similar to what we have observed for spc7 mutants (Figure
7G). Intriguingly, a highly overexpressed Spc7-YFP fusion
protein localizes to the kinetochore and as a single dot to the
periphery at the site of septum formation in the middle of
the cell (Matsuyama et al., 2006), thus raising the possibility
that Spc7 and the eMTOC co-localize.
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