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Sos7, an Essential Component of the Conserved Schizosaccharomyces
pombe Ndc80-MIND-Spc7 Complex, Identifies a New Family of

Fungal Kinetochore Proteins
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Chromosome segregation is powered by the kinetochore, a large macromolecular structure assembled on centromeric chroma-
tin. Attachment of sister chromatids to microtubules is mediated by the highly conserved tripartite KMN (acronym for KNL-1-
Mis12-Ndc80) kinetochore network. In the fission yeast Schizosaccharomyces pombe, the equivalent complex is called NMS
(Ndc80-MIND-Spc7). Here, we show that not all components of the NMS complex had been identified previously. A 10th NMS
component exists, the essential Sos7 protein, which is a genetic and physical interaction partner of Spc7. The analysis of sos7 kin-
etochore-null mutant yeast strains demonstrated that Sos7 is central to NMS function. In particular, Sos7 is required for kineto-
chore targeting of Spc7 as well as components of the MIND complex. sos7 mutant strains show severe chromosome missegrega-
tion phenotypes and have compromised microtubule-kinetochore interactions. Sos7 is the founding member of a functionally
conserved fungal kinetochore family not present in the point centromere carrying Saccharomycotina clusters, suggesting that the
new Sos7 family might be a signature motif of fungi with regional centromeres.

he faithful transmission of eukaryotic chromosomes to the

progeny is a complex process that requires coordinated
protein interactions at the kinetochore-microtubule interface.
The erosion of chromosome segregation fidelity leading to the
loss/gain of chromosomes is of great medical relevance, as an-
euploidy has been implicated to have a causative role in a num-
ber of diseases (1, 38, 68). The proper partitioning of sister
chromatids in mitotis is mediated via direct contact of spindle
microtubules with components of the outer kinetochore. Ki-
netochores are macromolecular structures assembled on the
chromosomal centromere region. Apart from providing me-
chanical attachment sites, these organelles generate the spindle
checkpoint signaling that ascertains proper sister chromatid
biorientation before anaphase onset (44). Although kineto-
chores are very complex structures and the number of kineto-
chore proteins identified is still increasing, the direct interac-
tion with spindle fibers is mediated largely by a highly
conserved protein network called the KMN complex in higher
eucaryotes and the NMS complex in the fission yeast Schizosac-
charomyces pombe (2,37,47). The KMN-NMS network is com-
posed of 3 subcomplexes: the Ndc80 complex and the MIND-
Mis12 complex, each comprising 4 components, and a protein
called KNL-1 in Caenorhabditis elegans, Blinkin-hSpc105 in
vertebrates, Spc105 in Saccharomyces cerevisiae and Drosophila,
and Spc7 in S. pombe (59, 67, 74). In addition, budding yeast
Spcl05 forms a subcomplex with the Kre28 protein, Blinkin
binds metazoan Zwint via its C-terminal end, and KNL-1 in-
teracts with KBP-5 (3, 29, 30, 46—48). The mitotic functions of
Kre28 and KBP-5 have yet to be analyzed, whereas the Zwint
protein is required for kinetochore residency of the mitotic
checkpoint relevant RZZ (Rod-Zw10-Zwilch) complex (10, 65,
70). It has been suggested that Kre28 and Zwint are orthologs,
although sequence similarities are very limited (48). In this
work, we have identified the missing interaction partner of the
S. pombe Spc7 protein.

Two synergistic microtubule-binding activities exist for the
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KMN-NMS network, one mediated by the Ndc80 complex via
the Ndc80-Nuf2 homodimer and the other by the Spc7-
Spcl105-KNL-1-Blinkin family, which associates with micro-
tubules via their N-terminal ends (2, 26, 48, 71, 73, 75). Kine-
tochore-microtubule interactions are regulated by Aurora
B-mediated phosphorylation on several KMN-NMS targets,
including the Spc7-Spc105-KNL-1-Blinkin family (4, 5, 32,
72). As the Spc7-Spc105—-KNL-1-Blinkin family is required for
kinetochore targeting of protein phosphatase 1 and spindle
checkpoint components, it can be seen as a platform for pro-
teins regulating and modulating the spindle checkpoint re-
sponse (29, 30, 32, 35, 40, 48, 57).

Depletion of Spc7-Spc105—-KNL-1-Blinkin proteins by RNA
interference (RNAi) or expression of conditional lethal alleles
demonstrates the essential function of this protein family in main-
taining genome stability as spindle microtubule-kinetochore in-
teractions are severely impaired or absent under such conditions
(6,27, 30, 46, 55) (22). The main phenotype of S. pombe mitotic
cells expressing temperature-sensitive, kinetochore-null alleles of
spc7 at the restrictive temperature is a failure to segregate the
highly condensed chromatin, although spindle elongation had oc-
curred (26). The constitutively kinetochore-localized Spc7 pro-
tein is needed for kinetochore targeting of MIND components
and provides a link between the S. pombe NMS and the Sim4-
Mal2-Mis6 kinetochore complexes while kinetochore linkage of
the Ndc80 complex is independent of Spc7 (26). In this work, we
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TABLE 1 Yeast strains used in this study

Name Genotype Source(s)®
UFY1596 h™ sos7-GFP/Kan" ade6-M210 leul-32 his3A ura4-D18 This study
UFY2154 h™ sos7-GFP/Kan" sadl-mCherry/Kan" leul-32 ura4-D18 This study
UFY2240 h™ sos7-GEFP/Kan" mis6-mCherry/Kan" leul-32 his3-D1 ade6 ™ This study
UFY1914 h* s0s7-178/his3" cnt1(Ncol):arg3™ ade6-M210 ura4-D18 arg3-D4 This study
UFY1916 h™ sos7-A7/his3" cntl(Ncol):arg3™ ade6-M210 arg3-D4 This study
UFY1918 h* sos7-+6/his3" cnt1(Ncol):arg3™ arg3-D4 This study
UFY1836 h* s0s7-+6/his3" otr1L(dgla/HindIll):urad™ ade6-M210 leul-32 urad ™~ This study
UFY1838 h™ sos7-178/his3" otr1L(dgla/Hindlll):urad4™ ade6-M210 leul-32 urad~ This study
UFY1864 h* sos7-A7/his3" otr1L(dgla/HindIll):ura4™ ade6-M210 leul-32 urad™ This study
UFY1943 h™ s0s7-A7/his3" his3-D1 ade6™ leul-32 ura4-D18 This study
UFY1945 h™ sos7-+6/his3" his3-D1 ade6™ leul-32 ura4-D18 This study
UFY1947 h™ sos7-178/his3" his3-D1 ade6™ leul-32 ura4-D18 This study
UFY1866 h* s0s7-A7/his3" fta2-GFP/Kan' ade6™ leul-32 urad~ This study
UFY1921 h™ s0s7-178/his3" Lacl-GFP/his7* LacO-repeat/lysl™ leul ~ ura4~ ade6-M210 This study
UFY1924 1 sos7-+6/his3* Lacl-GFP/his7" LacO-repeat/lys1™* leul ~ ura4~ ade6-M210 This study
UFY1701 h* sos7-GFP/Kan" spc7-23/his3" leul-32 his3-D1 ura4-D18 ade6 ™~ This study
UFY1872 h*° spc7-GFP/Kan" sos7-A7/his3" ade6-M210 leul-32 urad™ This study
UFY1847 h* sos7-cMyc/Kan" ade6™ leul-32 his3-D1 ura4-D18 This study
UFY1734 h™ s0s7-GFP/Kan" nuf2-1/ura4™ ade6-M210 leul-32 his3-D1 ura4-D18 This study
UFY1746 h™ sos7-GFP/Kan" mis12-537 leul ~ ura4~ his3-DI This study
UFY1987 h* sos7-A7/his3" mis12-GFP/LEU2 leul-32 This study
UFY2002 h™ s0s7-178/his3" nuf2-GFP/ura4™ ade6™ leul-32 urad-D18 This study
UFY1937 h™ mis12-537 nuf2-GEP/ura4"* urad™ leul ~ This study
UFY1796 h™ nuf2-1/ura4”™ mis12-GFP/LEU2 This study
UFY1979 h™ s0s7-178/his3" sim4-GFP/Kan" ade6-M210 leul-32 his3-D1 ura4~ This study
UFY1981 h™ sos7-A7/his3" sim4-GFP/Kan" ade6-M210 leul-32 his3-D1 ura4~ This study
UFY1983 h™ sos7-+6/his3" sim4-GFP/Kan" ade6-M210 leu1-32 his3-D1 ura4~ This study
UFY1732 h* s0s7-GFP/Kan" sim4-193 ade6-M210 leul-32 his3-D1 ura4-D18 arg3-D4 This study
UFY1736 h™ sos7-GEP/Kan" fta2-291/his3" ade6-M210 leul-32 his3~ ura4-D18 This study
UFY1738 h* sos7-GFP/Kan" mal2-1 ade6-M210 leul-32 his3-D1 ura4-D18 This study
UFY1740 h™ sos7-GEP/Kan" mis15-68 ade6-M210 leul-32 ura4-D18 This study
UFY1742 h~ sos7-GFP/Kan" mis17-362 ade6-M210 leul-32 his3-D1 ura4-D18 This study
UFY1745 h* sos7-GFP/Kan" mis6-302 leul ~ ura4™ ade6™ This study
UFY1844 h™ s0s7-178/his3™ fta2-GFP/Kan" ade6™ leul-32 urad™ This study
UFY1028 h* spc7-23/his3" his3-D1 ade6-M216 leul-32 ura4-D18 U. Fleig
UFY1029 h* spc7-24/his3" his3-D1 ade6-M216 leul-32 ura4-D18 U. Fleig
UFY1027 h* spc7-30/his3™ his3-D1 ade6-M216 leul-32 ura4-D18 U. Fleig
UFY210 h™ spc7-GFP/Kan® ade6-M210 ura4-D6 Ch'°[ade6-M216] U. Fleig
UFY617 h™ spc7-HA/Kan" ade6-M210 leul-32 ura4-D6 Ch'*[ade6-M216] U. Fleig
UFY852 h™ mal2-1 leul-32 ade6-M210 ura4-D18 U. Fleig
UFY1048 h™ fta2-291/his3" his3~ leul-32 ura4-D18 ade6-M210 U. Fleig
KG425 h™ ade6-M210 leul-32 his3A ura4-D18 K. Gould
KG554 h™ ade6-M216 leul-32 his3A ura4-D18 K. Gould
h™ Lacl-GFP/his7* LacO-repeat/lysl™ leul ~ ura4~ M. Yanagida
h™ mis12-537 leul-32 M. Yanagida
h™ mis6-302 leul-32 M. Yanagida
h™ misl15-68 M. Yanagida
h™ mis17-362 M. Yanagida
FY648 h* swi6A::hisI™ otr1R(Sphl)::ura4™ ura4-DS/E leul-32 ade6-M210 R. Allshire
FY4540 h™ sim4-193 cntl(Ncol):arg3™ cnt3(Ncol):ade6™ otr2(HindII):ura4™ tellL:his3" ade6- R. Allshire
M210 leul-32 ura4-D18 arg3-D4 his3-D1
FY5231 h* sim4-193 arg3-D4 ade6-M210 his3-D1 ura4-D18 leul-32 R. Allshire
ANF251-9A h* nuf2-1/ura4™ ura4-DI8 Y. Hiraoka
MY6760 h™ sadl-mCherry/Kan" leul YGRC; M. Yanagida
SK130 h™ mis6-mCherry/Kan" leul-32:SV40-GEP-atb2" [LEU2] ade6-M216 bub1::bubl-AGLEBS YGRGC; S. Hauf

“YGRC, Yeast Genetic Resource Center.

have extended our analysis of Spc7 function and have isolated a MATERIALS AND METHODS

new interaction partner, the Sos7 protein. This protein is an es-  Strains and media. All yeast strains used are shown in Table 1. Synthetic
sential component of the NMS complex and the founding mem-  lethality of double mutant strains was scored by analyzing at least 12
ber of a new family of fungal kinetochore proteins. tetrads of the relevant cross. S. pombe and Schizosaccharomyces japonicus
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strains were grown on MM minimal medium (42); the S. cerevisiae strain
was grown according to the manufacturer’s instructions (GAL4 two-hy-
brid system 3; BD Biosciences Clontech, Palo Alto, CA). The supplements
used were as described in reference 26.

Identification of sos7", generation of sos7 temperature-sensitive
(s0s7*) alleles, and DNA methods. A saturating multicopy extragenic
suppressor analysis of the spc7-23 mutant phenotype was carried out at
32.5°C as described previously (25). In this screen, 102 of 370,000 trans-
formants were able to grow at the restrictive temperature. These suppres-
sors were put into 6 complementation groups. The largest complementa-
tion group consisted of the spc7™* gene, which was identified 66 times. The
second largest group consisted of an uncharacterized open reading frame
(ORF) with the systematic name SPAPB17E12.06. This ORF was isolated
11 times in the screen. The other suppressors were isolated at least 2 times.

The sos7* cDNA sequence was isolated from an S. pormbe cDNA bank
(43). The sos7-null allele (Asos7) was generated by replacing one of the
1,079-bp sos7" ORFs with his3" in diploid strain KG425xKG554. Tetrad
analysis of 75 heterozygous Asos7/sos7 " diploids revealed that only the 2
his~ spores/tetrad grew. sos7* variants replaced the endogenous sos7 ™ in
strain KG425: transformants unable to grow at 36°C were backcrossed
twice and sequenced as described previously (25). sos7 and spc7 plasmid-
expressed variants were generated via PCR and cloning of the resulting
DNA fragments into pJR2 vectors with the nmt1™ promoter (41). mis127,
misl13™", nnf1+, nuf2+, and 5pc25+ ORFs were obtained via PCR and
cloned into pJR2 vectors. sos7 and spc7 variants were expressed in S. cerevi-
siae using GAL4 two-hybrid system 3 vectors (BD Biosciences Clontech,
Palo Alto, CA).

Antibodies and immunoprecipitation. Sos7 and Spc7 specific rabbit
polyclonal antibodies were generated by using the entire 6 XHis-tagged
peptide of Sos7 or the C-terminal 6XHis-tagged peptide (amino acids
[aa] 821 to 1364) of Spc7 (Eurogentec, Belgium). The dilution for West-
ern blot analysis was 1:200. Protein extracts were prepared as described
previously (27). Immunoprecipitations were carried out using the
WMACS cMyc-, green fluorescent protein (GFP)-, or hemagglutinin
(HA)-tagged-protein isolation kits (Miltenyi Biotec, GmbH, Bergisch
Gladbach, Germany). For Western blots, we used the following first anti-
bodies: anti-HA antibody (monoclonal mouse; Roche Diagnostics, Ala-
meda, CA), anti-cMyc antibody (monoclonal mouse; Roche Diagnostics),
anti-GFP antibody (polyclonal rabbit; Invitrogen), y-tubulin antibody
(monoclonal mouse GTU-88; Sigma-Aldrich, St. Louis, MO), and our
anti-Sos7 antibody and anti-Spc7 antibody. The secondary antibodies used
were anti-rabbit Igl (Fc)-alkaline phosphatase conjugate (Promega, Madi-
son, WI) or anti-mouse IgG(H+L)-alkaline phosphatase conjugate (Pro-
mega), which were detected as described previously (53). Sos7-GFP bands on
Western blots were quantified using Image] 1.44 (National Institutes of
Health) and normalization to the y-tubulin loading control. Chromatin im-
munoprecipitation (ChIP) was carried out as described previously (27). The
quantification of the centromere-specific PCR products was done as de-
scribed previously (52), using Scion Image software (NIH).

Microscopy. Images of fixed cells were made with a Zeiss Axiovert
200 fluorescence microscope (Carl Zeiss) with a charge-coupled-device
(CCD) camera (Orca-ER; Hamamatsu, Herrsching, Germany) and
Openlab imaging software (PerkinElmer) or with a Zeiss spinning-disc
confocal microscope with an AxioCam MRm camera and AxioVision
software. Image editing was done with Adobe Photoshop CS2 (Adobe
Systems Software Ireland Limited, Dublin, Ireland). Immunofluores-
cence microscopy was carried out as described previously (20, 61). For
immunofluorescence, we used the following first antibodies: for tubulin,
monoclonal antitubulin antibody TAT1, and for GFP fusion proteins,
rabbit anti-GFP antibody (Invitrogen, Carlsbad, CA) and anti-Sos7 and
anti-Spc7 antibodies. The last two antibodies were used at a dilution of 1:5
and were affinity purified with NHS-activated Sepharose 4 Fast Flow (GE
Healthcare, NJ). The secondary antibodies used were fluorescein isothio-
cyanate-conjugated goat anti-mouse antibodies and Cy3-conjugated
sheep anti-rabbit antibodies (Sigma-Aldrich) (see Fig. 1C and D, 24, 3C
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and D, and 6B and C; see also Fig. S3A, S3B, and S4B in the supplemental
material) and Alexa Fluor 488—goat anti-mouse IgG(H+L) and Alexa
Fluor 594 —goat anti-rabbit IgG(H+L) (Invitrogen) (see Fig. 3F and G; see
also Fig. S4A and $4D). DNA was stained with 4,6-diamidino-2-phenylin-
dole (DAPI).

For live-cell imaging, cells were pregrown in minimal medium at 30°C
and slides were prepared by mounting cells on agarose pads as described
previously (69). Images were obtained using a Zeiss spinning-disc confo-
cal microscope equipped with an AxioCam MRm camera. The images
shown are maximum-intensity projections of 15 z slices with a distance of
0.5 wm. The time interval between images was 30 s, and the exposure
times were 600 ms for GFP (488 nm) and for mCherry (561 nm).

Signal intensity of GFP fluorescence in live-cell images was deter-
mined with Image] 1.44 (NIH). Signals were measured in a 10- by 10-pixel
square, and the fluorescent background was subtracted. Fluorescent back-
ground was determined by measuring the fluorescence of a nearby nuclear
area of the same size.

RESULTS

Identification of sos7* as a suppressor of the spc7 temperature-
sensitive phenotype. A saturating multicopy extragenic suppres-
sor screen of the spc7-23 nongrowth phenotype at high tempera-
tures identified an uncharacterized ORF with the systematic name
SPAPBI17E12.06. This ORF had been classified previously incor-
rectly as a pseudogene (S. pombe gene DB; Sanger Centre). The
very recent reannotation of SPAPB17E12.06 is in accordance with
our sequence analysis of this ORF isolated from an S. pormbe cDNA
library (56) (see Fig. S1 in the supplemental material). We named
this ORF sos7" (suppressor of spc7). The sos7" ORF codes for 264
amino acids and thus for a 30.5-kDa protein, which is highly con-
served (see below). Plasmid-borne overexpression of sos7" res-
cued the temperature-sensitive phenotype of all spc7 mutant
strains (Fig. 1A) by reducing the chromosome missegregation and
spindle defects of such strains (Fig. 1B).

The temperature-sensitive Spc7-23 protein is present in the cell
at the nonpermissive temperature but is not kinetochore associ-
ated (26). We therefore analyzed whether extra sos7" rescued the
temperature-sensitive phenotype of spc7 mutant strains by assist-
ing kinetochore targeting of the mutant Spc7 protein. For this, an
antibody against the C-terminal part of the Spc7 protein was gen-
erated (Fig. 1C). Immunofluorescence analysis revealed that over-
expression of sos7 " resulted in kinetochore targeting of Spc7-23 at
the nonpermissive temperature (Fig. 1D).

Sos7 is an essential constitutive component of the kineto-
chore. The analysis of the subcellular localization of an endoge-
nously expressed Sos7-GFP fusion protein identified Sos7 as a
constitutive component of the S. pombe kinetochore. First, inter-
phase cells showed a single fluorescent signal, while mitotic had 2
or more signals (Fig. 2A). Second, live-cell imaging of a Mis6-
mCherry Sos7-GFP strain revealed colocalization of the two
tagged proteins. Mis6 is part of the Sim4-Mal2-Mis6 kinetochore
complex (Fig. 2B) (17, 37). Third, we determined association of
Sos7-GFP with the centromere DNA using ChIP followed by mul-
tiplex PCR analysis with primers that amplified the otr, imr, and
cnt centromere I regions and an unrelated euchromatic control
region, fbp (50) (Fig. 2C, diagram). The Sos7 ChIP showed cen-
tromere enrichment of only the cnt and imr sequences, which were
enriched 2.9- and 2-fold relative to the fbp DNA in the Sos7 ChIP
and to the input control, respectively (Fig. 2C; see also Materials
and Methods).

The C-terminal part of Sos7 shows homology to the S. cerevi-
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FIG 1 Extrasos7 " suppresses the phenotypes of spc7 mutant strains. (A) Serial
dilution patch tests (10* to 10" cells) of the indicated spc7* transformants
grown under plasmid-selective conditions at the indicated temperatures for 5
to 6 days. “Vector” indicates plasmid without an insert; sos7" denotes the
presence of this ORF plus its wild-type promoter on plasmid pUR19. The right
panel shows amino acid changes present in the Spc7 variants. (B) Overexpres-
sion of sos7" suppresses the chromosome missegregation and spindle defects
of the spc7-23 strain grown at the restrictive temperature. Diagrammatic rep-
resentation of the chromatin distribution (left) and spindle morphology
(right) of mitotic spc7-23 cells (n = 100). wt, wild-type phenotype. (C) (Left)
A protein extract prepared from a strain expressing endogenous Spc7-GFP was
used for immunoprecipitation using anti-GFP (a-GFP) antibody, followed by
Western blotting with the same anti-GFP (middle panel) or the polyclonal
anti-Spc7 antibody (right panel). (Right) Photomicrographs of fixed wild-type
cells incubated with the anti-Spc7 antibody and DAPI. Bar, 5 wm. (D) Kinet-
ochore localization of Spc7-23 at 34°C is dependent on sos7* overexpression.
Photomicrographs of fixed spc7-23 cells overexpressing sos7" incubated with
the anti-Spc7 antibody and DAPI. Bar, 5 pm.

DAPI

Spc7-GF P

Spc7

siae spindle pole body (SPB) protein Bbpl (35% identity in a
115-amino-acid-long region of Sos7) (49, 63). In fission yeast in-
terphase and postmetaphase cells, the kinetochores are clustered
at the SPB and thus the metaphase stage is used to discriminate
between SPB and kinetochore localization. Using live-cell imag-
ing, we determined Sos7-GFP localization in a strain expressing
the SPB component Sad1-mCherry (19). Sos7-GFP did not colo-
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calize with Sad1-mCherry in metaphase cells, indicating that Sos7
is not a component of the SPB (Fig. 2D; see also Movie S1 in the
supplemental material).

As transcriptional silencing of centromeric chromatin is de-
pendent on specific kinetochore proteins, we tested whether
marker genes present within the centromere DNA were still re-
pressed in sos7" mutant strains (see below) (52). We found that
Sos7 was not required for transcriptional silencing of the centro-
mere region (see Fig. S2A in the supplemental material).

To determine if Sos7 was essential, we replaced one copy of the
s0s7" gene with the his3™ marker in a diploid S. pombe strain
where both endogenous his3 alleles had been deleted. Tetrad
analysis of 75 tetrads of this strain revealed that only the 2 his™
spores in a tetrad grew (see Fig. S2B in the supplemental material).

Sos7 is essential for chromosome segregation and bipolar
sister chromatid association. To elucidate the role of Sos7 at the
kinetochore, we constructed sos7* alleles. Three mutants were
used for further analysis: those encoded by sos7-178, which carries
a single base pair change that results in a single amino acid change
at position 178 (isoleucine to asparagine) of the Sos7 protein;
sos7-A7, which has a base pair substitution at position 1058 of the
sos7 gene that results in a premature stop codon and a shorter Sos7
variant of 257 amino acids; and sos7-+6, where the presence of an
extra A behind position 1076 leads to a frameshift mutation and a
Sos7 variant with the 6 additional amino acids IMRRYR at the
very C-terminal end (Fig. 3A and B; see also Fig. S1B in the sup-
plemental material). The structure prediction program GORIV
indicated that an extra a-helix might be present in the very C-ter-
minal end of the Sos7-+6 protein (15).

The sos7 mutants grew similarly to the wild type at low tem-
peratures, except that the sos7-A7 cells divided with an increased
mean cell length of 25% (wild type, 13.6 pm; sos7-A7, 17.1 pm),
indicating a cell cycle delay. Tentatively, we place this cell cycle
delay at the G,-to-M transition, as 53% of the asynchronously
growing sos7-A7 cells had duplicated SPBs, as shown by fluores-
cence signals of the SPB component Pcp1-GFP (8, 13).

Incubation of the sos7* strains at temperatures above 31 to
34°C resulted in severe growth defects (Fig. 3A). To analyze
whether the mutant Sos7 proteins were still kinetochore localized
at the restrictive temperature, we generated and tested a poly-
clonal antibody against the entire Sos7 protein (see Fig. S3A in the
supplemental material). Using this antibody, we found that the
Sos7-A7 and Sos7-178 proteins were present at the kinetochore
only at the permissive temperature while Sos7-+6 was also kinet-
ochore localized at the restrictive temperature (Fig. 3C; see also
Fig. S3B in the supplemental material). Thus, the mutant pheno-
types of the sos7-A7 and sos7-178 strains can be explained by loss
of kinetochore association.

Immunofluorescence analysis of sos7* mutant cells revealed
that at the permissive temperature, 5% of sos7-+6 and 2% of
sos7-178 mitotic cells had unequal chromatin distributions, while
10% of sos7-A7 mitotic cells showed lagging chromosomes, pos-
sibly indicating merotelic attachment (Fig. 3E). Growth of these
strains at the restrictive temperature led to a strong increase in the
number of cells with chromosome segregation defects (Fig. 3D
and E). The following abnormal phenotypes were scored for all
three sos7 mutant strains: (i) unequal separation of the chromatin
on an elongated spindle, (ii) unequally segregated chromatin with
lagging chromosomes or chromatin smeared along the spindle,
and (iii) nonseparated highly condensed chromatin on an elon-
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FIG 2 Sos7 is a new component of the kinetochore. (A) Localization of endogenous Sos7-GFP in fixed interphase, metaphase, and anaphase cells incubated with
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top cell is seen in Movie S1 in the supplemental material.

gated spindle. The sos7-178 strain showed the mildest mutant phe-
notype, as 46% of mitotic cells appeared to segregate their chro-
matin equally (Fig. 3E). In contrast, no wild-type mitosis was
observed for sos7-A7 cells incubated at the restrictive temperature:
60% of such mitotic cells had an elongated spindle with no sepa-
ration of the chromatin, 24% showed chromatin smeared along
an anaphase spindle, and only 16% of the mitotic cells were able to
segregate their chromatin, albeit unequally (Fig. 3E).

We analyzed whether microtubule-kinetochore interactions
were compromised in sos7" mutant strains by scoring the number
of Fta2-GFP signals associated with an anaphase length-like spin-
dle in sos7-A7 cells (Fig. 3F). Kinetochore targeting of the Sim4-
Mal2-Mis6 complex component Fta2 is not affected by the pres-
ence of mutant Sos7 (see Fig. S4A in the supplemental material).
Only 42.2% of Fta2-GFP signals were spindle associated (Fig. 3F).
Thus, microtubule-kinetochore interactions were severely com-
promised in sos7 mutant cells (Fig. 3F). To assay bipolar chromo-
some orientation in sos7* mutants, the subcellular localization of
cenl-GFP was determined (45). At the permissive temperature,
3% of sos7-178 mitotic cells and 5% of sos7-+6 mitotic cells
showed cosegregation of cenl-GFP sister centromeres, and these
numbers increased to 35% and 24%, respectively, at the restrictive
temperature (Fig. 3G).

Genetic and physical interactions of Sos7 and Spc7 place
these proteins into an NMS subcomplex. As kinetochore target-
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ing of mutant Spc7 at the restrictive temperature was dependent
on the presence of extra Sos7, we tested whether Sos7-GFP was
localized correctly in an spc7-23 strain. The amounts of Sos7-GFP
protein present in wild-type and spc7-23 cells were similar. How-
ever, in both strains, Sos7 levels were higher when cells were grown
at 25°C than when they were grown at 33°C (Fig. 4A, left panel) (at
33°C, the Sos7 protein amount is approximately 60% of the amount
present at 25°C). Live-cell imaging of Sos7-GFP in interphase cells
incubated at 25°C revealed that kinetochore-localized Sos7-GFP was
reduced in spc7-23 cells compared to the level in wild-type cells (Fig.
4A, middle and right panels) (approximately 50% of the wild-type
signal). Incubation at the restrictive temperature for 6 h showed that
kinetochore-localized Sos7-GFP was absent or severely reduced in
spc7-23 interphase cells (Fig. 4A, middle and right panels) (approxi-
mately 13% of the wild-type signal). We conclude that kinetochore
targeting of Sos7 depends on Spc7.

We next tested Spc7-GFP cellular localization in sos7-A7 cells
by use of live-cell imaging. The spc7-gfp sos7-A7 strain is viable at
18°Cbut already shows a growth defect (Fig. 4B). A comparison of
Spc7-GFP signals in wild-type and sos7-A7 cells analyzed at 18°C
showed that the GFP signal in sos7-A7 cells was reduced strongly
(Fig. 4B) (the signal in mutants cells is approximately 27% of the
wild-type signal). At higher temperatures, no Spc7-GFP signal was
detected in sos7-A7 cells.

Our data suggest a tight interaction between Sos7 and Spc7,
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FIG 3 Sos7 mutant strains have severe mitotic defects. (A) Serial dilution patch tests (10* to 10" cells) of 3 sos7* mutant strains. The indicated strains were grown
at the various temperatures for 3 to 4 days. (B) Amino acid changes found in the Sos7 mutant proteins. (C) Kinetochore localization of Sos7-A7 at 25°C and after
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strains at 25°C and 36°C. The number of cells analyzed per strain and temperature was 100.

which is supported by the finding that overexpression of Spc7
rescued the temperature-sensitive nongrowth phenotype of all
sos7* mutants (Fig. 4C). To determine how these 2 proteins
interacted with each other, we constructed strains where either
sos7" or spc7t was tagged endogenously with cMyc or HA,
respectively, and transformed these strains with plasmids that
expressed gfp-tagged Sos7 or Spc7 variants. Coimmunopre-
cipitation followed by Western blot analysis revealed that Spc7
and Sos7 interacted with each other via their C-terminal ends
(Fig. 5A; see also Fig. S5 in the supplemental material). In our
coimmunoprecipitation assays, the endogenous wild-type
nontagged version of the plasmid-expressed GFP-tagged pro-
tein is present. The endogenous protein will titrate some of the

August 2012 Volume 32 Number 16

binding partners of the GFP-tagged version. We therefore
tested the interaction between Sos7 and Spc7 also via a yeast
2-hybrid analysis: Sos7 and Spc7 interacted with each other,
and this interaction between them occurred via the C-terminal
544 amino acids of Spc7 and a 57-amino-acid-long region in
the C terminus of Sos7 (Fig. 5B).

We then tested whether Sos7 interacted with itself. An S. pombe
strain expressing endogenous Sos7-cMyc was transformed with
plasmids expressing full-length Sos7-GFP, Sos7' **~GFP (amino
acids 1 to 86 of the Sos7 protein fused to GFP), or Sos7%">**~GFP.
Immunoprecipitation with an anti-cMyc antibody precipitated all
three Sos7-GFP variants, albeit in small amounts (Fig. 5C; see also
Fig. S6 in the supplemental material). The C-terminal interaction
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FIG 4 Sos7 and Spc7 localization interdependencies. (A) (Left panel) Western blot analysis of Sos7-GFP immunoprecipitates from equal amounts of protein
extracts from wild-type (wt) and spc7-23 cells grown at the indicated temperature. y-Tubulin, loading control. (Middle panel) Live-cell images of Sos7-GFP in
wtand spc7-23 cells grown at 25°C or incubated at 33°C for 6 h. (Right panel) Quantification of these fluorescence signals. The number of cells analyzed per strain
and temperature was 30. (B) (Top) Serial dilution patch tests (10* to 10" cells) of the indicated strains grown at 18°C for 8 days. (Bottom) Live-cell images of
Spc7-GFP in wt and sos7-A7 cells grown at 18°C. Bar, 5 wm. (Right panel) Quantification of these fluorescence signals. The number of cells analyzed per strain
was 30. (C) Serial dilution patch tests (10* to 10" cells) of sos7* cells transformed with plasmids overexpressing spc7". Transformants were grown under
plasmid-selective conditions at permissive (25°C or 30°C) or restrictive (28 to 34°C) temperatures for 5 to 6 days.

domain was mapped to a region of 64 amino acids with the help of
the yeast 2-hybrid analysis (Fig. 5D). The N-terminal interaction
domain was not mapped, as the Sos7'>°° region shows autoacti-
vation (unpublished observations).

Sos7 is required for kinetochore targeting of MIND but not
of Ndc80 complex components. Spc7 is needed for kinetochore
targeting of the MIND complex (and vice versa) but not of the
Ndc80 complex (26). Given the tight interaction between Spc7
and Sos7, we next tested whether similar interdependencies ex-
isted between MIND components and Sos7. Indeed, plasmid-
borne overexpression of sos7* rescued the temperature-sensitive
phenotype of the mutant MIND component mis12-537 but not
that of the Ndc80 component nuf2-1 (Fig. 6A). In addition, kinet-
ochore targeting of Sos7-GFP depended on a functional MIND
complex, as the Sos7-GFP signal was reduced or absent in the
mis12-537 strain grown at the permissive or restrictive tempera-
ture, respectively (Fig. 6B). Sos7-GFP kinetochore association was
only slightly affected in the nuf2-1 strain, implying that a func-
tional Ndc80 complex was not essential for correct Sos7 localiza-
tion (Fig. 6B). The reverse scenario gave complementing results:
the Mis12-GFP protein was severely reduced or absent from the
kinetochore in sos7 mutant strains incubated at the restrictive
temperature, as shown exemplarily for sos7-A7 (Fig. 6C). In con-
trast, Nuf2-GFP targeting was only slightly affected in the sos7
mutant strains (Fig. 6C). We next tested whether overexpression
of components of the MIND and Ndc80 complexes could rescue
the temperature-sensitive phenotype of the sos7 mutants. Overex-
pression of any of the components of the MIND complex, i.e.,
Mis12, Mis13, Mis14, or Nnfl, rescued the nongrowth phenotype
of sos7-178 at the restrictive temperature. Extra Mis12 or Mis13
rescued sos7-A7 cells, while Mis14 and Nnfl did not (Fig. 6D).
Overexpression of the Ndc80 complex components Nuf2 and
Spc25 did not suppress the temperature sensitivity of any sos7
mutants (Fig. 6D).
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In summary, our data show that Sos7 and MIND compo-
nents require each other for correct kinetochore targeting (Fig.
6E). Sos7, MIND components, and Spc7 can localize at the
kinetochore independently of the Ndc80 complex, while kinet-
ochore association of the Ndc80 component Nuf2 is influenced
by MIND but is only moderately affected in a sos7* strain (26,
58) (Fig. 6E; see also Fig. S4B in the supplemental material).

The Sim4-Mal2-Mis6 complex associates at the kinetochore
independently of Sos7. The 13-component Sim4-Mal2-Mis6 ki-
netochore complex was isolated separately from the Ndc80-
MIND-Spc7 complex, although interactions exist between these
two complexes (25-27, 37). We analyzed whether overexpression
of sos7" rescued the nongrowth phenotype of the mis6-302,
mis15-68, misl7-362, sim4-193, fta2-291, and mal2-1 Sim4-
Mal2-Mis6 complex mutants and found that this was not the
case (unpublished observations) (12, 21, 25, 52, 66). Sos7-GFP
was localized correctly in all of these Sim4-Mal2-Mis6 complex
mutant strains grown at the restrictive temperatures, although
kinetochore association was reduced moderately in the mal2-1
and fta2-291 strains (see Fig. S4C in the supplemental mate-
rial). Furthermore, kinetochore targeting of Sim4-Mal2-Mis6
complex components was unaffected in sos7 mutants (see Fig.
S4A and D). Thus, we conclude that Sos7 is not essential for
kinetochore association of Sim4-Mal2-Mis6 complex compo-
nents and vice versa.

Sos7 defines a highly conserved fungal kinetochore protein
family. BLAST database searches revealed that Sos7 belongs to a
highly conserved protein family present in fungi. The best match is
ahypothetical protein encoded by the Schizosaccharomyces japoni-
cus ORF SJAG_03327 (here called SjSos7), which has 36% identi-
cal and in total 60% identical and similar amino acids (Fig. 7A). To
test whether these proteins were functional homologs, we ana-
lyzed whether expression of SjSos7 could rescue the temperature
sensitivity of sos7 mutants. Plasmid-borne overexpression of this
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FIG 5 Interaction between Spc7 and Sos7 proteins. (A) Coimmunoprecipitation of tagged Spc7 and Sos7 proteins. Protein extracts of a Spc7-HA strain
expressing plasmid-encoded Sos7-GFP variants or a vector control and of a Sos7-cMyc strain expressing plasmid-encoded Spc7-GFP variants or a vector control
were used for immunoprecipitation (IP) using anti-HA and anti-GFP or anti-cMyc and anti-GFP antibodies, respectively. The immunoprecipitates were
analyzed by Western blot analysis using the relevant antibodies. An example of such an immunoprecipitation is shown for the Spc7-HA strain transformed with
a plasmid expressing full-length Sos7-GFP. y-Tubulin, loading control. (Right panel) Summary of the interaction of various Spc7 and Sos7 variants. +*,
coimmunoprecipitation; —, no coimmunoprecipitation. Raw data are shown in Fig. S5 in the supplemental material. (B) Spc7 and Sos7 interact via their
C-terminal ends. Yeast 2-hybrid analysis using the indicated fusion constructs. Transformants were grown on synthetic defined medium plates with (control) or
without (selective) histidine and adenine for 3 days at 30°C. “AD” and “BD” denote the Gal4 activating and binding domains, respectively. (C) Coimmunopre-
cipitation of differently tagged Sos7 proteins. Protein extracts of a Sos7-cMyc strain expressing plasmid-encoded Sos7-GFP variants were used for immunopre-
cipitation using anti-cMyc antibodies. The immunoprecipitates were analyzed by Western blot analysis using an anti-GFP antibody. (Right panel) Summary of
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S. japonicus gene rescued the temperature-sensitive phenotype of ~ 48). Sos7 and Kre28 show little sequence conservation, and plas-

all sos7*® mutant strains, although not as efficiently as S. pombe
sos7" (Fig. 7A).

The Sos7 protein family is widely distributed among members
of the phylum Ascomycota (Fig. 7B and C) and is also found in
fungi belonging to the Basidiomycota, such as Cryptococcus neofor-
mans. Sos7 family members have a highly conserved signature
motif and smaller blocs of conserved sequence (Fig. 7B). How-
ever, Sos7-like proteins appear to be absent from one of the three
Saccharomycotina clusters, namely, the “Saccharomyces complex”
(33, 62).

Instead, these yeasts have a putative S. cerevisiae Kre28 ho-
molog (Fig. 7D). The Kre28 kinetochore component is the inter-
action partner of Spc105, the Spc7 ortholog in S. cerevisiae (27, 46,
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mid-borne overexpression of Kre28 could not rescue sos7 mutant
phenotypes (Fig. 7A). Furthermore, Kre28-GFP expressed from
an S. pombe/S. cerevisiae shuttle vector was kinetochore targeted in
S. cerevisiae but not in S. pombe wild-type or sos7 mutant strains
(unpublished observations) (24). We conclude that although the
Sos7 and Kre28 families are interaction partners of members of
the Spc7-Spc105-KNL-1-Blinkin family in fungi, they do not ap-
pear to be functional homologs.

DISCUSSION

The Sos7 family appears to be a characteristic of fungi with re-
gional centromeres. In this paper, we have identified a highly
conserved protein family and have characterized the founding
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FIG 6 Sos7 is required for kinetochore targeting of MIND components. (A) Serial dilution patch tests (10* to 10" cells) of mis12-537 and nuf2-1 transformants
grown under plasmid-selective conditions at the indicated temperatures for 5 days. sos7*, plasmid expressing sos7" . (B) Sos7-GFP localization in fixed mis12-537
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signal. Bar, 5 wm. (C) Kinetochore localization of Mis12-GFP (left panel) and Nuf2-GFP (right panel) in sos7* strains. sos7* cells expressing one of the
above-mentioned tagged kinetochore proteins were grown at the indicated temperatures before fixation and stained with DAPI, anti-GFP, and TAT-1 anti-
tubulin antibody. Bars, 5 um. (D) Serial dilution patch tests of sos7-A7 cells transformed with plasmids expressing the indicated kinetochore proteins.
Transformants were grown under plasmid-selective conditions at 25°C or 30°C for 5 to 6 days. (E) Summary of the interactions observed for the Ndc80-MIND-
Spc7/Sos7 complex. An asterisk indicates that the sos7-A7 mutant phenotype is rescued only by extra Mis12 or Mis13, not by extra Nnfl or Mis14.

member, the S. pombe Sos7 protein, which is an essential compo-
nent of the kinetochore. Sos7-like proteins, which have a con-
served signature motif, were found in a large number of fungal
species. As the Sos7 ortholog from S. japonicus can rescue the
mutant phenotypes of S. pormbe sos7 mutant strains, we conclude
that the Sos7 family consists of functionally homologous proteins.
Interestingly, Sos7 family members seem to be absent in yeasts
belonging to the Saccharomyces complex (33, 62). Instead, these
organisms have proteins homologous to the S. cerevisiae Spc105
interaction partner Kre28. Kre28-like proteins are present in
Vanderwaltozyma polyspora (EDO18951; e value, 3e—45), Zygo-
saccharmyces rouxii (CAR29059; e value, 1e—29), Ashbya gossypii
(AAS54100; e value, le—28), Candida glabrata (XP_446867; e
value, 3e—24), Lachancea thermotolerans (CAR23808; e value,
le—22),and Kluyveromyces lactis (XP_452234; e value, 4¢—08). In
all of these organisms, point centromeres have been identified (7,
16,23, 28, 54, 64). These findings raise the exciting possibility that
fungi with point centromeres harbor a Kre28 family member
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while those with regional centromeres, such as S. pombe and S.
japonicus, have a Sos7 ortholog as the Spc7-Spcl05 interaction
partner (11, 56). The centromere requirements of all other fungi
with a putative Sos7 ortholog have not been analyzed yet. How-
ever, Candida albicans, which has a centromere whose size is be-
tween that of the short point centromeres and that of the regional
centromeres flanked by heterochromatin, has a putative, albeit
less well conserved Sos7 homolog (e value, 3e—6) (60).

Sos7 is the missing component of the S. pombe NMS com-
plex. The conserved NMS complex in fission yeast had been de-
fined to consist of the four-subunit Ndc80 complex, the four-
subunit MIND complex, and the single Spc7 protein (37, 47). As
the Sos7-encoding ORF had been annotated incorrectly as a pseu-
dogene until very recently, it was not identified in these biochem-
ical approaches involving mass spectrometry. Our analysis shows
that Sos7 represents the missing interaction partner of the Spc7—
Spc105-KNL-1-Blinkin family in S. pombe.

Extra Sos7 rescued the nongrowth phenotype of all mutant
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spc7* strains at the restrictive temperature, probably by assisting
the kinetochore relocalization of the mutant Spc7 variants, as
shown for spc7-23 (26). This rescue of the mutant spc7*® pheno-
types did not require the presence of the Spc7 interaction partner
Mal3, which is one of the Spc7 binding partner at the spindle-
microtubule interface (27). Sos7 is a bona fide constitutive kinet-
ochore protein that associates with the central domain of the cen-
tromere. However, Sos7 is not involved in the transcriptional
silencing of this region, which is also a characteristic of the Spc7
protein (26, 27).

Our data demonstrate a tight interaction between Spc7 and
So0s7: (i) Sos7 and Spc7 proteins coimmunoprecipitate in vivo; (ii)
Sos7 and Spc7 proteins interact via their C-terminal regions, as
shown by yeast 2-hybrid analysis; (iii) kinetochore localizations of
Spc7 and Sos7 proteins were dependent on each other; (iv) over-
expression of one protein rescued the phenotype of the mutant
version of the other protein in a dose-dependent manner; and (v)
50s7-A7 spc7*® double mutants were inviable, suggesting that cells
harboring a mutant allele of one gene require the wild-type copy
of the other gene for survival.
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Hierarchical assembly of the NMS complex. To determine the
interdependencies of Sos7 with other components of the NMS
complex, we scored reciprocal suppression and kinetochore local-
ization dependencies. The emerging picture shows that Sos7 also
interacts genetically with the MIND complex. The kinetochore
targeting of Sos7 and that of the MIND component Mis12 were
dependent on each other, and sos7"* mutants were suppressed by
overexpression of MIND components. Thus, Sos7 establishes
tight interactions with MIND and Spc7. This is in contrast to what
has been described for Zwint, which might possibly represent the
Sos7 metazoan ortholog. In vitro studies indicate that Zwint shows
tight contacts only with KNL-1-Blinkin, not with the MIND com-
plex (51). Analysis of the interactions of Sos7 with Ndc80 com-
ponents suggests that these subunits of the NMS complex func-
tion mainly independently of each other, which is also the case
for Spc7 and the Ndc80 subunit (26). Overall, our data imply
that within the NMS complex, Spc7, Sos7, and the MIND com-
plex show a tight functional interaction and Sos7 is a central
component of this entity. Furthermore, kinetochore recruit-
ment of the Ndc80 complex requires the MIND complex in S.

mcb.asm.org 3317


http://www.ch.embnet.org/software/BOX_form.html
http://mcb.asm.org

Jakopec et al.

pombe, similar to what has been shown for a number of other
organisms (3, 31, 36, 39, 51).

Function of Sos7 in the cell cycle. Our analysis showed that
Sos7 is essential for proper segregation of sister chromatids, as all
s0s7" mutants analyzed had severe mitotic defects. sos7-A7 cells
showed the most severe phenotype: at the restrictive temperature,
no wild-type mitosis was observed. Sixty percent of sos7-A7 mi-
totic cells were unable to separate their chromatin, although spin-
dle elongation occurred, while the rest showed unequal or
smeared chromatin in late anaphase cells. These phenotypes were
caused by faulty microtubule-kinetochore interactions and are
very similar to spc7" mutant strains in frequency and severity of
phenotype (26). This suggests that the phenotypes observed are
caused at least in part by the loss of Spc7 kinetochore targeting in
sos7* cells. Apart from its requirement for the integrity of the NMS
kinetochore complex, we speculate that Sos7 might also have a
role in connecting the kinetochore with the SPB. First, the C-ter-
minal part of Sos7 has homology to the C terminus of the S. cerevi-
siae Bbp1 protein, which is localized at the central plaque periph-
ery of the SPB via its C-terminal domain (49, 63). Second, fission
yeast kinetochores are clustered at the SPB during interphase, and
thus, only a single, SPB-associated kinetochore signal is observed
(14). We find that at the permissive temperature, 27% of sos7-A7
interphase cells have more than one kinetochore signal and these
extra signals do not colocalize with the spindle pole body compo-
nent Pcpl (unpublished observations). This suggests that kineto-
chore clustering at the spindle pole body might be defective in sos7
mutant cells.

The Spc7-Spc105-KNL-1-Blinkin family interacts with dis-
tinct protein families. Members of the Spc7-Spc105-KNL-1-
Blinkin family have distinct interaction partners: Kre28 copurified
with budding yeast Spc105, Zwint interacts with human Blinkin,
KBP-5 coimmunoprecipitated with C. elegans KNL-1, and Sos7 is
the interaction partner of the fission yeast Spc7 protein (3, 30, 46,
48). These four kinetochore components are members of different
protein families which share little sequence homology. Expression
of S. cerevisine Kre28 or human Zwint protein in sos7 mutant
strains could not compensate the mutant phenotypes of such
strains, and neither Kre28-GFP nor Zwint-GFP could be kineto-
chore targeted in S. pombe (unpublished observations). However,
these families might share a binding motif/structure, as Zwint and
Kre28 both interacted with a Sos7 variant in a yeast 2-hybrid assay
(unpublished observations).

Are the mitotic functions of the Sos7, Kre28, Zwint, and KBP-5
families similar? As shown for Sos7, Kre28 is also a constitutive
and essential kinetochore component, but mutant alleles of
KRE28 have not been described, and Kre28 function has been
analyzed only in the context of spc105 mutants (46, 48). In con-
trast to our data concerning the hierarchy of the S. pombe NMS
complex, the Spc105-Kre28 subcomplex appears to represent a
third linker complex at the microtubule interface, as components
of the MIND and Ndc80 subcomplexes do not require Spc105 for
kinetochore targeting (48).

Zwint shows Blinkin-dependent kinetochore association
which is mediated by an evolutionarily conserved region in
Blinkin that is also present in Spc7 (amino acids 998 to 1157) (27,
29). Whether Zwint influences kinetochore localization of Blinkin
and/or MIND components has not been determined, as kineto-
chore hierarchy in relation to Zwint has been analyzed predomi-
nantly for the mitotic checkpoint-relevant RZZ complex (10, 65,
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70). However, as the mitotic phenotypes of Zwint RNAi-treated
cells are similar to those seen when the RZZ component ZW10 is
lost, and Bub1, which requires Blinkin for kinetochore targeting,
is still kinetochore localized in Zwint minus cells, it is unlikely that
Zwint plays a role in kinetochore targeting of Blinkin (30, 70). A
requirement for Zwint in kinetochore targeting of the Ndc80
complex component Ndc80 has been shown for the Xenopus sys-
tem (9). However, in human cells, Ndc80-Hecl is a kinetochore
localized in the absence of functional Zwint, as we have shown for
S. pombe Sos7 and the Ndc80 complex member Nuf2 (34).

Lastly, the KNL-1 interaction partner KBP-5, which appears at
the kinetochore in a time frame comparable to that of other C.
elegans KMN components, has no essential mitotic function (3).
Thus, the available experimental data suggest that the central role
of Sos7 in the KMN-NMS hierarchy is not shared by Zwint and
KBP-5. An extensive comparison of the mitotic roles of these 4
kinetochore protein families presupposes further analysis, espe-
cially with regard to Kre28 function.
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