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The internal loop of fission yeast Ndc80 binds 
Alp7/TACC-Alp14/TOG and ensures proper 
chromosome attachment
Ngang Heok Tang, Hirofumi Takada*, Kuo-Shun Hsu†, and Takashi Toda
Laboratory of Cell Regulation, Cancer Research UK, London Research Institute, Lincoln’s Inn Fields Laboratories, 
London WC2A 3LY, United Kingdom

ABSTRACT  The Ndc80 outer kinetochore complex plays a critical role in kinetochore–
microtubule attachment, yet our understanding of the mechanism by which this complex 
interacts with spindle microtubules for timely and accurate chromosome segregation remains 
limited. Here we address this issue using an ndc80 mutant (ndc80-NH12) from fission yeast 
that contains a point mutation within a ubiquitous internal loop. This mutant is normal for 
assembly of the Ndc80 complex and bipolar spindle formation yet defective in proper end-on 
attachment to the spindle microtubule, with chromosome alignment defects and missegrega-
tion happening later during mitosis. We find that ndc80-NH12 exhibits impaired localization 
of the microtubule-associated protein complex Alp7/transforming acidic coiled coil (TACC)-
Alp14/tumor-overexpressed gene (TOG) to the mitotic kinetochore. Consistently, wild-type 
Ndc80 binds these two proteins, whereas the Ndc80-NH12 mutant protein displays a sub-
stantial reduction of interaction. Crucially, forced targeting of Alp7–Alp14 to the outer kine-
tochore rescues ndc80-NH12-mutant phenotypes. The loop was previously shown to bind 
Dis1/TOG, by which it ensures initial chromosome capture during early mitosis. Strikingly, 
ndc80-NH12 is normal in Dis1 localization. Genetic results indicate that the loop recruits Dis1/
TOG and Alp7/TACC-Alp14/TOG independently. Our work therefore establishes that the 
Ndc80 loop plays sequential roles in spindle–kinetochore attachment by connecting the 
Ndc80 complex to Dis1/TOG and Alp7/TACC-Alp14/TOG.

INTRODUCTION
The ultimate goal of mitotic spindle formation is to capture individ-
ual chromosomes and pull each pair of sister chromatids to the 
opposite poles of the dividing cell. Chromosome attachment 
is achieved on the kinetochore, a large, proteinaceous structure 
assembling around centromeres (Rieder and Salmon, 1998; 

Cheeseman and Desai, 2008; Santaguida and Musacchio, 2009). 
Any errors in this process lead to miscarriage, birth defects, and pro-
duction of aneuploid progeny, which is the hallmark of human can-
cer. Recent advances in our knowledge of kinetochore components 
and their organization provided molecular insights into the structure 
and function of this megaprotein complex (Westermann et al., 2007; 
Takeuchi and Fukagawa, 2012). Among the kinetochore compo-
nents identified, the Ndc80 complex is of particular significance in 
chromosome attachment (Ndc80 is also known as Hec1 in humans; 
Chen et al., 1997; Ciferri et al., 2007; Vorozhko et al., 2008; Tooley 
and Stukenberg, 2011; Foley and Kapoor, 2012). This complex com-
prises a part of the KMN network (KNL-1/Mis12 complex/Ndc80 
complex; Cheeseman et al., 2006) and locates to the kinetochore–
microtubule interface on the outer kinetochore (Joglekar et al., 2009; 
Wan et al., 2009). KNL-1 and the Ndc80 complex individually pos-
sess microtubule-binding activities in vitro (Cheeseman et al., 2006; 
Wei et al., 2007; Ciferri et al., 2008; Guimaraes et al., 2008; Miller 
et al., 2008; Wilson-Kubalek et al., 2008; Powers et al., 2009; Alushin 
et al., 2010, 2012; Umbreit et al., 2012), in which the Ndc80 complex 
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of spindle–kinetochore attachment and accurate chromosome 
segregation.

RESULTS
Isolation of a new Ndc80-loop mutant
To further explore the roles of Ndc80 in chromosome attachment, 
we conducted screening for temperature-sensitive (ts) ndc80 mu-
tants using the error-prone PCR mutagenesis method. This ap-
proach yielded 18 additional mutants (see Materials and Methods 
for more details). Nucleotide sequencing of these alleles showed 
that one mutant, ndc80-NH12, contained a single point mutation 
within the loop (F420S; Figure 1A and Supplemental Figure S1). The 
ndc80-NH12 mutant was hypersensitive to the microtubule-depo-
lymerizing drug thiabendazole (TBZ) at the permissive temperature 
(Figure 1B), indicative of mitotic defects. Introduction of multicopy 
plasmids containing wild-type ndc80+ rescued temperature and 
TBZ sensitivity of ndc80-NH12 (Figure 1B), indicating that the de-
fective phenotypes of this mutant is indeed due to the F420S point 
mutation within Ndc80. The structural integrity of the Ndc80 com-
plex remained intact, as Nuf2 and Spc25 colocalized to the kineto-
chore normally at the restrictive temperature (Figure 1C). This sug-
gested that the defective phenotypes of ndc80-NH12 would not be 
ascribable to gross malfunctioning such as the disassembly of the 
Ndc80 complex and delocalization from kinetochores.

Synchronous culture analysis using centrifugal elutriation showed 
that ndc80-NH12 cells lost viability by 35% during the first mitosis 
(viability at the permissive temperature also decreased by 20% 
compared with wild-type cells), followed by a further 20% reduction 
in the second mitosis (Figure 1D). These results indicate that 
ndc80-NH12 is a novel loop mutant with mitotic defects.

Preanaphase mitotic delay is observed in some 
but not all populations of ndc80-NH12 cells
We sought to delineate the defective mitotic phenotypes of ndc80-
NH12. To this end, we monitored mitotic progression at the restric-
tive temperature using a strain containing fluorescently tagged 
markers for the spindle pole body (SPB; the yeast equivalent of the 
animal centrosome) Sad1-dsRed (Hagan and Yanagida, 1995) and 
sister centromere cen2–green fluorescent protein (GFP; Nabeshima 
et al., 1998; Yamamoto and Hiraoka, 2003; Hauf et al., 2007). Mitotic 
phases of fission yeast wild-type cells are composed of the three 
distinct stages, depending upon the spindle length: phase I, in 
which spindles elongate as the two SPBs start to separate, corre-
sponding to the duration from prophase to prometaphase; phase II, 
in which the spindle length is constant, corresponding to the dura-
tion from prometaphase to anaphase A; and phase III, in which the 
spindle length again starts to elongate, corresponding to anaphase 
B (Nabeshima et al., 1998).

Whereas wild-type cells at 36°C spent 8.2 ± 1.0 min in phases I 
and II (n = 20; Figure 2, A–C, and Supplemental Movie S1), 25% of 
ndc80-NH12 cells showed varied degrees of mitotic delay during 
this period (15.5 ± 4.4 min, n = 40; type I). Time-lapse imaging of 
individual type I cells indicated that cen2-GFP did not segregate 
toward the two poles but instead underwent prolonged oscillation 
between the two SPBs as a single dot (Figure 2C, middle; 26.3%, 
n = 57; and Supplemental Movie S2). This indicated that kineto-
chores attached to the spindle microtubules, but amphitelic attach-
ment was not established, and hence sister chromatid cohesion was 
retained in these cells.

Further analysis showed that the delay was ascribable to the 
activation of the spindle assembly checkpoint (SAC), a mitotic sur-
veillance mechanism by which to monitor bipolar attachment at the 

exhibits a much stronger affinity to microtubules than KNL-1 
(Cheeseman et al., 2006).

The Ndc80 complex consists of four conserved subunits—
Ndc80, Nuf2, Spc24 and Spc25—in a 1:1:1:1 stoichiometry, form-
ing a ∼57-nm, elongated, rod-like structure containing internal 
coiled-coil domains and globular regions at both ends (Ciferri et al., 
2005; Wei et al., 2005). It is the Ndc80–Nuf2 subcomplex that binds 
microtubules, whereas Spc24–Spc25 interacts with other kineto-
chore components, including the Mis12 complex and CENP-T 
(Cheeseman et al., 2006; Wei et al., 2006; Ciferri et al., 2008; Wang 
et  al., 2008; Maskell et  al., 2010; Petrovic et  al., 2010; Hornung 
et al., 2011; Bock et al., 2012; Schleiffer et al., 2012). In fact, the 
N-terminal region of Ndc80–Nuf2 contains a calponin-homology 
domain (Korenbaum and Rivero, 2002) and an unstructured 
N-tail that are responsible for direct binding to the microtubule 
(Cheeseman et  al., 2006; Deluca et  al., 2006; Guimaraes et  al., 
2008; Miller et al., 2008; Alushin et al., 2012).

In addition, Ndc80, but not Nuf2, contains a unique short loop 
consisting of 50–100 amino acid residues that is sandwiched by its 
adjacent coiled coils (Ciferri et  al., 2008; Wang et  al., 2008). 
Although this loop may play a structural role, such as in the intro-
duction of the coiled-coil kink to the rod region of the Ndc80 com-
plex (Wang et al., 2008; Wan et al., 2009; Varma et al., 2012; Zhang 
et  al., 2012), most recent results from yeasts and humans have 
shown that this domain also acts as a protein–protein interaction 
motif (Hsu and Toda, 2011; Tang and Toda, 2013; Maure et  al., 
2011; Nilsson, 2012; Varma et al., 2012; Varma and Salmon, 2012; 
Zhang et al., 2012). We previously showed that the Ndc80 loop in 
fission yeast recruits the Dis1 microtubule-associated protein 
(Ohkura et al., 1988; Nabeshima et al., 1995) to the mitotic outer 
kinetochore via direct interaction (Hsu and Toda, 2011). The Dis1 
protein belongs to the conserved Dis1/XMAP215/tumor-overex-
pressed gene (TOG) protein family (colonic hepatic TOG/ch-TOG 
in humans; Ohkura et al., 2001; Kinoshita et al., 2002). These pro-
teins track on the plus end of microtubules (plus end–tracking pro-
teins [+TIPs]; Carvalho et  al., 2003; Akhmanova and Steinmetz, 
2008) and, more importantly, possess microtubule polymerase ac-
tivities (Brouhard et  al., 2008; Widlund et  al., 2011; Al-Bassam 
et al., 2012). We showed that the temperature-sensitive mutant 
ndc80-21, which contains a point mutation within the loop (L405P; 
Supplemental Figure S1), fails to establish spindle–kinetochore at-
tachment ascribable to extremely unstable kinetochore microtu-
bules. These phenotypes are mainly, if not entirely, derived from 
the inability of Dis1 to be recruited to the kinetochore, as the 
Ndc80-21 mutant protein is impaired in binding to Dis1 and, criti-
cally, artificial tethering of Dis1 to the outer kinetochore rescued 
ndc80-21 (Hsu and Toda, 2011).

In the present study, we isolated an additional loop mutant 
called ndc80-NH12 that contains a point mutation within the loop 
but in a position different from that of the previously isolated 
ndc80-21. Unexpectedly, ndc80-NH12 displays novel defects in 
spindle–kinetochore attachment that are not observed in ndc80-
21. We present evidence that ndc80-NH12 is normal in the recruit-
ment of Dis1 but instead is defective in recruiting another member 
of the Dis1/XMAP215/TOG family, Alp14/Mtc1 (Garcia et al., 2001; 
Nakaseko et al., 2001). Alp14/TOG forms a stable complex with 
Alp7/Mia1 (Radcliffe et al., 1998; Oliferenko and Balasubramanian, 
2002; Sato et al., 2003, 2004), which is a member of the transform-
ing acidic coiled-coil (TACC) protein family (Gergely, 2002; Raff, 
2002; Peset and Vernos, 2008), and we show that the Alp7–Alp14 
complex directly binds the loop, independent of Dis1. We discuss 
the functional significance of these findings for the establishment 
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kinetochore (Musacchio and Salmon, 2007), as deletion of its core 
component Mad2 abolished the mitotic delay (Figure 2B). Time-
lapse imaging of ndc80-NH12mad2 double-mutant cells indicated 
the increase in the frequency of chromosome missegregation; 4 of 
the 12 cells observed displayed cen2-GFP segregation errors. These 
results suggested that one-fourth of mitotic ndc80-NH12 cells failed 
to establish bivalent attachment of the kinetochore to the spindle 
microtubule, resulting in SAC-mediated mitotic delay.

Other populations of ndc80-NH12 cells exhibit chromosome 
segregation defects during anaphase
As shown in Figure 2, A and B, three-fourths of ndc80-NH12 cells 
did not display mitotic delay, and yet overall cell viability dropped to 
∼30% after the first mitosis (Figure 1D), suggesting additional de-
fects in this mutant. Visual inspection of numerous live images led us 
to the identification of the second phenotype (type II). In this class 
(10.5%, n = 57), cells proceeded to anaphase similar to wild type, as 
the distance of the two SPBs started to increase (Figure 2C, bottom, 
10 min, and Supplemental Movie S3). On anaphase onset, however, 
unlike wild-type cells, in which each sister chromatid reached and 
remained associated with the individual poles (top), in the mutant, 
cen2-GFP signals moved toward a single pole, resulting in chromo-
some missegregation. Furthermore, these cen2-GFP dots could not 
reach or be associated stably with the pole, thereby exhibiting lag-
ging chromosome–like phenotypes during anaphase. Considering 
that cen2-GFP visualizes only one pair of sister chromatids of the 
three fission yeast chromosomes, this value (10.5%) would be an 
underestimate with regard to the total frequency of chromosome 
missegregation. Thus ndc80-NH12 cells showed novel anaphase 
defects that have not been seen in either the previously identified 
Ndc80-loop mutant ndc80-21 (Hsu and Toda, 2011) or mutants of 
the fission yeast KMN network (Goshima et  al., 1999; Nabetani 
et al., 2001; Kerres et al., 2004).

Overall mitotic spindle morphology is normal 
in ndc80-NH12 cells
We previously showed that one of the most dramatic phenotypes in 
ndc80-21 was the appearance of unstable spindle microtubules 
(Hsu and Toda, 2011); this loop mutant could not form intact bipolar 
spindles, resulting in persistent mitotic arrest during the premeta-
phase stage. Given the apparent phenotypic differences between 
ndc80-21 and ndc80-NH12, we examined the spindle morphology 
in ndc80-NH12 that contained GFP-Atb2 (α2-tubulin; Toda et al., 
1984), Cut12–cyan fluorescent protein (CFP; an SPB marker; Bridge 
et al., 1998), and Mis6-2-monomeric red fluorescent protein (mRFP; 
a kinetochore marker; Saitoh et al., 1997). As shown in Figure 3, bi-
polar spindles looked normal in both type I (middle) and type II cells 
(right), and we did not see any obvious abnormalities compared 
with wild-type cells (left). Nonetheless, chromosome missegrega-
tion was induced, in which kinetochores moved toward the one 
pole. Thus ndc80-NH12 is defective in the establishment (defective 
in type I) and maintenance (defective in type II) of proper attach-
ment of the kinetochore to the spindle microtubule upon assembly 
of bipolar spindles.

Alp7/TACC and Alp14/TOG, but not Dis1/TOG, delocalize 
from the kinetochore in ndc80-NH12 cells
Our previous study showed that the major role of the loop lies in the 
recruitment of the microtubule-associated protein Dis1, a founding 
member of the TOG/XMAP215 microtubule-associated protein 
family (Ohkura et al., 2001; Kinoshita et al., 2002; Al-Bassam and 
Chang, 2011), and in the ndc80-21 mutant (L405P), Dis1 delocalized 

FIGURE 1:  Isolation of the temperature-sensitive ndc80-NH12 
mutant, which contains a single point mutation (F420S) within the 
loop. (A) Schematic presentation of the mutation found in ndc80-
NH12. The oval shows the calponin-homology domain (CHD; Wei 
et al., 2007; Ciferri et al., 2008) preceded by the N-terminal 
extension; two boxes represent internal coiled-coil domains, which 
are interrupted by the internal loop. The F420S mutation is located 
within the loop. See Supplemental Figure S1 for more information 
on the mutation site. (B) Temperature and thiabendazole sensitivity. 
Tenfold serial dilutions of wild-type or ndc80-NH12 cells carrying an 
empty vector (pREP1) or a plasmid carrying the full-length ndc80+ 
gene (pREP1-Ndc80-FL) were spotted onto rich agar media (5 × 104 
cells in the first spot) and incubated at the indicated temperatures 
for 3 d. The same set of strains were spotted on rich media 
containing the anti-microtubule drug TBZ (7.5, 10, or 15 μg/ml) and 
incubated at 27°C for 3 d. (C) Normal kinetochore localization of 
the Ndc80 complex in the ndc80-NH12 mutant. Wild-type or 
ndc80-NH12 mutant cells containing Spc25-YFP and Nuf2-mCherry 
were incubated at 36°C for 4 h. Merged images of fluorescence 
signals (green for Spc25 and red for Nuf2) are shown. Top left, 
enlarged images of kinetochore signals (squares). Scale bar, 5 μm. 
(D) Viability of cells (wild type, top; ndc80-NH12, bottom) in 
synchronous culture analyses. Small G2 cells grown at 27°C were 
collected by centrifugal elutriation and shifted to 36°C at time 0. 
At each time point, aliquots of cells were taken and cell number 
counted. Cell viability (blue lines) was measured by spreading 
100–300 cells on rich agar media and incubated at 27°C. The 
percentage of septated cells (red lines, n > 100) was also counted 
by staining cells with Calcofluor (a dye staining septa). Light yellow 
columns mark periods in mitosis.
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(Sato et al., 2004; Sato and Toda, 2007). Pre-
vious work showed that Alp7/TACC and 
Alp14/TOG also localize to the mitotic kine-
tochore, as well as to the SPB and spindle 
microtubules (Garcia et al., 2001; Sato et al., 
2004). We examined colocalization of these 
two microtubule-associated proteins with 
mitotic kinetochores in the mutant. As 
shown in Figure 4, B and C, signal intensities 
of both proteins at the mitotic kinetochores 
were reduced by 30–40% (p < 0.05). The 
Alp7 and Alp14 dots that did not colocalize 
with either the kinetochores or the SPBs 
most likely represented signals localizing to 
the spindle microtubules (Garcia et al., 2002; 
Sato et  al., 2004). Decreased kinetochore 
localization of Alp7 and Alp14 raised the in-
teresting possibility that the loop recruits 
not only Dis1/TOG but also the Alp7/TACC-
Alp14/TOG complex to the mitotic 
kinetochore.

The Ndc80 loop directly binds Alp7/
TACC and Alp14/TOG, and F420 in the 
loop is essential for Alp7’s interaction
To explore the possibility that the loop inter-
acts with Alp7/TACC and Alp14/TOG, we 
performed a series of binding experiments. 
First, bacterially produced and purified GST-
Alp7 proteins pulled down Ndc80-FLAG 
from fission yeast mitotic extracts (Figure 
5A; note that Alp14 was also pulled down). 
Second, immunoprecipitation experiments 
were performed using a mitotically arrested 
strain in which Ndc80 (tagged with GFP) 
and Alp7 (tagged with the Myc epitope) 
were produced from their native loci under 
endogenous promoters. We found that 
Ndc80-GFP coprecipitated with Alp7-Myc 
(Figure 5B). We then repeated the immuno-
precipitations using strains in which either 
wild-type Ndc80 or mutant Ndc80-F420S 
proteins were overproduced. As shown in 
Figure 5C (left), Ndc80 again coimmunopre-
cipitated with Alp7-Myc. By contrast, in the 
case of Ndc80-F420S mutant proteins coim-
munoprecipitation was still observed, but 
the intensities of precipitated Alp7-Myc was 
substantially reduced by ∼75% (Figure 5C, 
top right and bottom). Having seen physical 
interaction between Alp7–Alp14 and Ndc80, 
we asked whether ectopically overproduced 
Ndc80 is capable of localizing to the mitotic 
SPB in addition to the kinetochore. How-
ever, GFP-tagged Ndc80 still localized only 

to the kinetochore (Supplemental Figure S2).
Finally, a peptide array assay, which was previously successfully 

applied to demonstrate a direct interaction between the loop and 
Dis1/TOG (Hsu and Toda, 2011), was performed using bacterially 
produced glutathione S-transferase (GST)–Alp7 proteins and pep-
tide arrays that encompass the whole loop region of Ndc80 
(20 amino acid residues per peptide spot, with two residues shifted 

from the mitotic kinetochore (Hsu and Toda, 2011). Accordingly, we 
examined Dis1 localization in the ndc80-NH12 mutant and quanti-
fied its intensity. Intriguingly, the signal intensities of Dis1 at the mi-
totic kinetochore were indistinguishable from those of wild-type 
cells (Figure 4A).

Fission yeast contains another member of the TOG/XMAP215 
family, Alp14, which acts as a stable complex with Alp7/TACC 

FIGURE 2:  The ndc80-NH12 mutant displays two types of mitotic abnormalities. (A) Profiles of 
mitotic progression. Wild-type and ndc80-NH12 cells that contained Sad1-dsRed (an SPB 
marker) and cen2-GFP (a GFP-tagged centromere on chromosome II) were grown at 27°C and 
shifted to 36°C. Mitotic cells were recorded under a fluorescence microscope, by which the 
distance of the two SPBs was measured and plotted against time (n = 20 for wild type and 
n = 40 for ndc80-NH12). Phase I is the period of initial spindle elongation (I), whereas phase II 
represents the duration in which the spindle length is constant (II). Phase III corresponds to 
anaphase B (III), when spindles elongate toward the cell tips. (B) The duration of the 
preanaphase stage. The duration of phases I and II was measured in four indicated strains and 
plotted. The data in A were used for wild type and ndc80-NH12. As for the mad2 deletion 
(Δmad2) and ndc80-NH12 Δmad2 strains, similar analysis as shown in A was performed (n = 13 
and 12, respectively). Note that mitotic delay observed in ndc80-NH12 was abolished by the 
mad2 deletion. (C) Time-lapse live image analysis of sister centromere behavior. Mitotic 
wild-type cells (top) or ndc80-NH12 cells (bottom two rows) containing cen2-GFP (green) and 
Sad1-dsRed (red) cultured at 36°C were recorded (1-min intervals) and converted to kymograph. 
Top left, sample number (n = 55 for wild type and n = 57 for ndc80-NH12) and percentage of 
cells showing each phenotype (type I, 26.3%; type II, 10.5%). Type I (middle) displayed mitotic 
arrest during phase II, whereas type II (bottom) exhibited sister chromatid segregation errors 
during anaphase without mitotic delay. Scale bar, 5 μm.
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Forced tethering of Alp7 to the Ndc80 
complex rescues the ndc80-NH12 
mutant
If the delocalization of Alp7 (and Alp14) 
from the kinetochore were the major reason 
for the mitotic defects observed in ndc80-
NH12 cells, artificial targeting of Alp7 (and 
Alp14) to the vicinity of Ndc80 would rescue 
temperature sensitivity of this mutant. To 
this end, we created strains in which Alp7 
was fused to the C-terminus of Nuf2 in its 
endogenous locus, the strategy we previ-
ously implemented for ndc80-21 (in which 
we constructed Nuf2-Dis1; Hsu and Toda, 
2011). Despite repeated trials, we could not 
obtain a strain containing Nuf2-Alp7 in the 
ndc80-NH12 background, implying that this 
fusion protein compromised essential Nuf2 
function. Consequently, we instead created 
a fusion construct in which the C-terminal 
Alp7 (219–474) was fused to Nuf2 (desig-
nated Nuf2-Alp7C). As shown earlier (Figure 
5D), Alp7C is sufficient to recognize the 
Ndc80-loop peptide containing F420, and, 
moreover, previous studies showed that 
Alp7C binds Alp14 (Ling et al., 2009; Sato 
et al., 2009). This fusion construct was viable 
in ndc80-NH12, and, remarkably, rescued 
temperature sensitivity on solid plates incu-
bated at the restrictive temperatures (Figure 

6A). Similarly, liquid culture analysis showed that the chromosome 
missegregation phenotype, in particular the appearance of type I 
cells (see Figure 2C), was effectively suppressed (Figure 6, B and C). 
Consistent with the binding of Alp7C to Alp14, we found that Alp14 
was properly recruited to the mitotic kinetochore in ndc80-NH12 
containing Alp7C (Supplemental Figure S4).

A similar targeting of Alp14 (Nuf2-Alp14) also rescued 
ndc80-NH12, albeit less effectively (Figure 6A). In sharp contrast, 
Nuf2-Dis1, which rescues ndc80-21 (Hsu and Toda, 2011), did not 
suppress ndc80-NH12. Nor did Nuf2-Dam1 show suppression 
(Dam1 is a nonessential kinetochore component of the Dam1/
DASH complex; Sanchez-Perez et al., 2005), indicating the speci-
ficity of Alp7 and Alp14 for the suppression of ndc80-NH12. These 
results strongly substantiate the notion that the loop, in particular 
F420, is responsible for Alp7/TACC and Alp14/TOG proteins lo-
calizing to the mitotic kinetochore and that the major reason for 
the defect of ndc80-NH12 is ascribable to their delocalization 
from the kinetochore.

Genetic data support the specific defect of ndc80-NH12 
in Alp7–Alp14 malfunction
It is known that Dis1 and Alp7–Alp14 share essential roles for cell 
viability (Nakaseko et al., 2001; Garcia et al., 2002; Sato et al., 2004). 
We expected that if ndc80-NH12 was defective specifically in kine-
tochore recruitment of Alp7 and Alp14, ndc80-NH12 would be syn-
thetically lethal with the dis1 deletion but not with the alp7 or alp14 
deletion. Genetic crosses verified that this was exactly the case; as 
shown in Figure 7A, we could not obtain any viable colonies of dou-
ble mutants between ndc80-NH12 and the dis1 deletion, whereas 
ndc80-NH12 was viable in the absence of Alp7 or Alp14 (summa-
rized in Figure 7B, left). Markedly, in sharp contrast, ndc80-21 dis-
played synthetic lethality not only with dis1, but also with either alp7 

per spot). As shown in Figure 5D, GST-Alp7 recognized the two re-
gions within the loop (shown in orange and blue boxes and letters), 
one of them containing F420 (circled in red). Alp7/TACC consists of 
two structural domains. The N-terminal half contains the nuclear lo-
calization signal (NLS) with no homology to the other TACC mem-
bers (Ling et al., 2009; Sato et al., 2009; Sato and Toda, 2010). On 
the other hand, the remaining C-terminal half consists of the con-
served coiled-coil TACC domain (Sato et al., 2004). To address which 
region of Alp7 is responsible for binding the loop, we individually 
expressed each domain in bacteria with GST (GST-Alp7N, contain-
ing the N-terminal 1–218 amino acid resides, and GST-Alp7C, en-
compassing the C-terminal part including 219–474 residues) and 
repeated the peptide array assay against the loop region as before 
using purified fusion proteins. This showed that the C-terminal 
TACC domain is responsible for binding largely to the peptide con-
taining F420, whereas the N-terminal half is capable of interacting 
with the other region (473–484; Figure 5D). We also performed a 
peptide array assay using GST-Alp14 or combinations of GST-Alp7 
and GST-Alp14 and found that Alp14 did not recognize F420 but 
instead interacted with the other peptide region (473–484; Supple-
mental Figure S3).

To substantiate the notion that F420 is critical for binding of 
Alp7 to the loop, we replaced this residue with all the other amino 
acids and performed a peptide array assay against these peptides. 
This experiment unequivocally showed that F420 is essential for 
interaction, and the replacement with any amino acid, including 
serine, that mimics the situation of ndc80-NH12 substantially re-
duced the binding capability (Figure 5E). The only exceptions were 
conservative hydrophobic amino acids, including isoleucine and 
leucine. Taken together, these binding assays firmly established 
that Alp7 is a factor that directly binds the loop, in which F420 is 
essential.

FIGURE 3:  Mitotic spindles are morphologically normal in ndc80-NH12, yet chromosome 
missegregation is induced. (A) Time-lapse fluorescence montages of the spindle microtubule 
(GFP-Atb2, green, middle), kinetochore (Mis6-2mRFP, two copies of monomeric RFP, red, 
bottom), and the SPB (Cut12-CFP, shown in the merged images on the top) are shown in 
wild-type cells (left) and type I (middle) and type II (right) ndc80-NH12 cells incubated at 36°C 
for 1 h. Representative images of each strain are shown. Unlike wild-type cells, chromosomes 
(kinetochores) segregate unequally in ndc80-NH12 cells. Overall spindle microtubule structures 
(0–6 min), including their intensities and morphologies, are indistinguishable between wild-type 
and ndc80-NH12 cells. Note that GFP-Atb2 signals in wild-type (left) and type II (right) cells 
became dim after 6 min, ascribable to fluorescence bleaching. Scale bars, 5 μm.
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L405, is essential to interact with Dis1. Our 
study therefore establishes that the Ndc80 
loop provides a composite platform on the 
outer kinetochore for Dis1/TOG and Alp7/
TACC-Alp14/TOG and thereby plays an es-
sential role in proper spindle–kinetochore 
attachment.

DISCUSSION
In this work, we showed that the internal 
loop of fission yeast Ndc80 found in all ho-
mologues across species acts as a structural 
platform for the recruitment of the Alp7/
TACC and Alp14/TOG. Of importance, 
Alp14 belongs to the conserved TOG/
XMAP215 family members that are +TIPs 
and the major regulators of microtubule dy-
namics inside the cell (Gard and Kirschner, 
1987; Gard et al., 2004; Ohkura et al., 2001; 
Kinoshita et al., 2002; Al-Bassam and Chang, 
2011). We propose that the Ndc80 loop 
regulates spindle microtubule dynamics at 
the kinetochore–microtubule interface, by 
which it ensures proper attachment of the 
outer kinetochore to the spindle microtu-
bule and coupling of the kinetochore with 
destabilizing microtubules during sister 
chromatid segregation.

Our previous study identified the Ndc80 
loop as a Dis1/TOG-binding domain (Hsu 
and Toda, 2011). The present work shows 
that the loop in fact recruits additional pro-
teins, Alp7/TACC and Alp14/TOG, to the 
outer kinetochore. In the absence of Dis1 at 
the kinetochore, bipolar spindle formation is 
defective, by which chromosomes are re-
tained in the vicinity of the SPBs often in an 
unattached state (Hsu and Toda, 2011). This 

situation is analogous to mitotic phase I (early prometaphase; Fun-
abiki et al., 1993; Nabeshima et al., 1998; Figure 8, top). By contrast, 
in ndc80-NH12, which fails to recruit Alp7-Alp14, bipolar spindles 
are formed, but defects are observed at the later stage. Type I cells 
(Figures 2C and 3) show that sister centromeres undergo interpolar 
oscillation. This is analogous to early phase II (Figure 8, middle, pro-
metaphase to metaphase), during which robust end-on attachment 
is established simultaneously with SAC silencing.

In type II cells, on the other hand, the SAC is satisfied, and mi-
totic cells proceed from metaphase to anaphase without apparent 
delay, yet equal chromosome segregation is impeded during ana-
phase A (late phase II; Figure 8, bottom). An intriguing possibility is 
that Alp7–Alp14 may directly promote microtubule depolymeriza-
tion or recruit the third molecule that is responsible for microtubule 
depolymerization. This would sustain chromosome attachment dur-
ing anaphase A; its absence from the loop would result in failure to 
uphold end-on attachment during chromosome segregation. Al-
though Alp14 is a microtubule polymerase (Al-Bassam et al., 2012), 
frog XMAP215 also exhibits a converse microtubule-depolymerizing 
activity under certain experimental conditions (Brouhard et  al., 
2008). Hence our data indicate that the Alp7/TACC-Alp14/TOG 
complex at the kinetochore is required for both establishment (de-
fective in type I) and maintenance (defective in type II) of end-on 
attachment of the kinetochore to the spindle microtubule.

or alp14 (right). This result firmly established the quantitative differ-
ences between these two ndc80 mutant alleles and further sup-
ported the notion that ndc80-NH12 is specifically defective in the 
roles of the Alp7/TACC-Alp14/TOG complex at the kinetochore.

Two loop mutants partially complement each defect
Having obtained data showing the distinct molecular defects be-
tween ndc80-NH12 and ndc80-21, we next addressed a potential 
complementation of these two mutant alleles in a diploid cell. If 
mutations occurred in the same gene, usually no complementation 
would be observed. However, there are a number of cases, known 
as intragenic complementation, in which two different mutant alleles 
in heterozygous diploids complement each other (Carlson et  al., 
1981; Moreno et al., 1991). In particular, if proteins play multiple 
roles with structurally distinct domains and/or act as dimers or 
multimers, intragenic complementation could arise.

We constructed a series of diploid strains between ndc80-NH12 
and ndc80-21 and examined temperature sensitivity of these dip-
loids. We found that heterozygosity in a diploid strain (ndc80-
NH12/ndc80-21) ameliorated growth at the restrictive temperatures 
compared with that of each homozygous diploid (35 and 36°C; 
Figure 7C). This result implied that the loop consists of at least two 
independent functional regions; one region, including F420, is re-
quired for Alp7 (and Alp14) binding, and the other region, including 

FIGURE 4:  Alp7 and Alp14, but not Dis1, delocalize from the mitotic kinetochore in ndc80-
NH12. (A–C) Wild-type or ndc80-NH12 mutant cells that contain Mis6-2mRFP (kinetochore, red) 
and Dis1-GFP (A, green), Alp7-3GFP (B, green), or Alp14-GFP (C, green) were incubated at 36°C 
for 1 h and fixed with methanol. Top, images of individual mitotic cells (outlined with 
discontinuous lines); bottom three rows, enlarged images that cover the kinetochore regions 
(squares shown on top). Bottom graphs, quantification of GFP signals at kinetochores vs. those 
of Mis6-2mRFP. The box-and-whisker plot indicates 5th–95th percentiles, 25th and 75th 
percentiles, and median. Filled circles indicate outliers. The number of samples (n) is indicated 
for each strain. Statistical significance was determined by the Student’s t test. Note that in 
wild-type mitotic cells, Alp7 and Alp14 foci localize to both kinetochores (internal dots) and SPBs 
(external dots marked by arrowheads) as previously reported (Sato et al., 2004). In sharp 
contrast, in ndc80-NH12 mutants, these two proteins do not colocalize with kinetochores, 
whereas their localization to SPBs (arrowheads) is retained. Scale bars, 5 μm.
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this complex promotes spindle assembly and moves toward kineto-
chores as the spindle microtubule elongates (Figure 8A, top; Sato 
et  al., 2004, 2009; Sato and Toda, 2007). Accordingly, deletion 

Roles of Alp7 and Alp14 during midmitosis described in the 
foregoing have not been defined before, for the following reasons. 
The Alp7–Alp14 complex is first delivered to the mitotic SPB, where 

FIGURE 5:  Alp7 binds Ndc80, and its C-terminal region interacts specifically with F420-containing peptides within the 
internal loop. (A) Pull down of Ndc80 by GST-Alp7. Bacterially purified GST-Alp7 on GSH beads was passed through 
fission yeast protein extracts prepared from mitotic cells (cut9-665 cells) containing Ndc80-3FLAG. Eluted fractions were 
immunoblotted with anti-FLAG (α-FLAG; top) or anti-Alp14 antibody (middle). The same fraction was stained with 
Coomassie blue (bottom). GST was used as a control. Immunoblots obtained from two different exposures (short and 
long) against anti-FLAG antibody are shown. WCE, whole-cell extract (25 μg). (B) Coimmunoprecipitation between Alp7 
and Ndc80. Cell extracts were prepared from metaphase-arrested cut9-665 mutants containing Ndc80-GFP only, 
Alp7-13Myc only, or both Ndc80-GFP and Alp7-13Myc, and immunoprecipitation was performed with anti-Myc 
antibody, followed by immunoblotting with anti-GFP and anti-Myc antibodies (WCE, 20 μg). (C) Coimmunoprecipitation 
between Alp7 and Ndc80 wild-type or Ndc80-F420 mutant proteins. Cell extracts were prepared from mitotic cells 
containing Alp7-13Myc that carry pREP1-Ndc80 (left) or pREP1-Ndc80-F420S (right), and immunoprecipitation was 
performed with anti-Ndc80 antibody (Hsu and Toda, 2011), followed by immunoblotting with anti-Ndc80 and anti-myc 
antibodies. Immunoblots obtained from two different exposures (short and long) against anti-myc antibody are shown. 
Asterisks show degradation products of Alp7-Myc. Bottom, band intensities of Alp7-Myc quantified using those 
corresponding to Ndc80 as a control. (D) Peptide array assay. GST-fusion proteins containing full-length Alp7 (GST-Alp7), 
the N-terminal half (GST-Alp7N), or the C-terminal half (GST-Alp7C) were produced in bacteria and purified. GST is used 
as a negative control (top). Note that the membrane was spotted with 20-residue peptides covering the loop sequence 
with a 2-residue start increment per spot. Peptides that showed positive interactions (at least four consecutive spots) 
are boxed in orange and blue. Amino acid sequence of the loop region (bold and italics) is shown on the right with the 
two regions corresponding to positive peptides (411–424 in orange and 473–484 in blue). The position of F420 is 
marked with a red circle that is mutated in ndc80-NH12 (F420S). (E) F420 is essential for Alp7 binding. The 420th 
residue within a peptide (411–424) was mutated to all the possible amino acid residues, and peptide array assay was 
performed using GST-Alp7, Alp7C, and Alp7N. Note that the replacement with serine (boxed) substantially reduced 
binding capabilities of Alp7 and Alp7C. Phenylalanine is also boxed for comparison. Only isoleucine and leucine retain a 
degree of binding abilities similar to that of phenylalanine.
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envisioned. What we know from the peptide 
array assay is that these molecules recognize 
distinct yet overlapping regions. We previ-
ously showed that Dis1 interacts with the 
Ndc80 loop at the three regions within the 
loop (395–408, 431–436, and 473–484), in 
which L405 is critical for binding (Hsu and 
Toda, 2011). Here we show that Alp7 inter-
acts with two regions (411–424 and 473–484) 
and F420 is crucial (Figure 5D). Furthermore, 
Alp14 also recognizes one region (473–484). 
It therefore appears that the Ndc80 loop in 
fission yeast consists of multiple functional 
modules; two regions (395–408 and 431–
436) are specific for Dis1 binding, the third 
region (411–424) is specific for Alp7 binding, 
and the fourth region (473–484), which in-
cludes the adjacent coiled-coil domain, is 
recognized by Alp7, Alp14, and Dis1. These 
results, however, do not distinguish the valid-
ity of either possibility. Nor does intragenic 
complementation between ndc80-NH12 and 
ndc80-21 (Figure 7C) favor one possibility 
over the other. To answer this issue explicitly, 
we need to establish an in vitro binding assay 
system consisting of Ndc80 (or the Ndc80 
complex), Alp7–Alp14, and Dis1, which is un-
derway. Whichever mode of protein–protein 
interaction happens within the Ndc80 loop, 
our results show that the fission yeast TACC- 
and TOG-family microtubule–associated 
proteins regulate spindle–kinetochore at-
tachment throughout early to late mitotic 
stages by interacting with the Ndc80 loop.

It has become clear that the Ndc80 loop 
plays a common role among eukaryotes as 

a protein–protein interaction site in recruiting other proteins to the 
mitotic outer kinetochore (Nilsson, 2012; Varma and Salmon, 2012; 
Tang and Toda, 2013). In human cells, a DNA replication licensing 
factor Cdt1 (Machida et al., 2005; Sclafani and Holzen, 2007) and 
the Ska1 complex (also called the Ska complex; Guimaraes and 
Deluca, 2009) are recruited to the kinetochore directly or indirectly 
via the Ndc80 loop, and this step is critical for establishing proper 
spindle–kinetochore attachment (Chan et  al., 2012; Jeyaprakash 
et al., 2012; Schmidt et al., 2012; Varma et al., 2012; Zhang et al., 
2012). By contrast, in budding yeast the Dam1 complex (Miranda 
et al., 2005; Asbury et al., 2006; Westermann et al., 2006; Welburn 
et  al., 2009) is recruited to the mitotic kinetochore in an Ndc80 
loop–dependent manner (Maure et  al., 2011), although precise 
structural domains with which the Dam1 complex interacts within 
Ndc80 are under scrutiny (Lampert et al., 2013). Collectively, it ap-
pears that the role of the Ndc80 loop as a landing pad for multiple 
proteins required for spindle–kinetochore attachment has been 
conserved. Yet, interacting molecules seemingly have undergone 
significant evolutionary diversification among different species as 
the length and amino acid sequence of the loop have also become 
varied and less conserved, respectively.

MATERIALS AND METHODS
Yeast genetics, strains, and general methodology
The strains used in this study are listed in Supplemental Table S1. 
Standard methods for yeast genetics and molecular biology were 

mutants of Alp7 or Alp14 display short, unstable spindles (Garcia 
et al., 2002; Sato et al., 2004). This defect during early mitosis hin-
ders the involvement of Alp7–Alp14 at the kinetochore, and there-
fore appears quite different from those seen in ndc80-NH12, in 
which bipolar spindle assembly is normal but Alp7–Alp14 delocal-
izes selectively from the kinetochore but not the SPB or spindle mi-
crotubules (Figure 8, middle and bottom). Thus the specific roles of 
Alp7-Alp14 during midmitosis at the kinetochore could be uncov-
ered only through analysis of ndc80-NH12. Consistent with delocal-
ization from the mitotic kinetochore, either Alp7 (the C-terminal half) 
or Alp14 suppressed temperature sensitivity of ndc80-NH12 when 
artificially fused to Nuf2. However, Nuf2-Alp7C rescued this mutant 
more efficiently than Nuf2-Alp14 (Figure 6A). Given the notion 
that Alp14/TOG is a plus end–tracking microtubule polymerase 
(Al-Bassam et al., 2012) whereas Alp7/TACC is a recruitment factor 
for Alp14 (Sato et al., 2004, 2009; Sato and Toda, 2007), this result 
appears puzzling. We envision the following two possibilities. One is 
that Alp7/TACC plays additional roles (Sato et  al., 2004; Zheng 
et  al., 2006) in spindle–kinetochore attachment independent of 
Alp14 recruitment. The other is that the Nuf2-Alp14 fusion protein 
(a sole source of Nuf2 in this construct) may interfere with Nuf2’s 
own function in the ndc80-NH12 background.

We do not know whether Dis1 and Alp7–Alp14 interact with the 
loop within the same Ndc80 molecule or whether the binding is in 
fact competitive, in which case these proteins would interact with dif-
ferent Ndc80 molecules. We consider that either scenario could be 

FIGURE 6:  Tethering of the C-terminal half of Alp7 to the Ndc80 complex rescues ndc80-NH12. 
(A) Rescue of ndc80-NH12 by targeting the C-terminal half of Alp7 (Alp7C) to the Ndc80 
complex at the kinetochore. Alp7C, Alp14, Dis1 or Dam1 was fused to the C-terminus of Nuf2 
on the native locus and produced in the ndc80-NH12 mutant under the native promoter of the 
nuf2+ gene. Both Nuf2-Alp7C and Nuf2-Alp14 rescued temperature sensitivity of ndc80-NH12, 
although suppression by Nuf2-Alp14 was more modest. Spot tests were performed as in 
Figure 1A. (B, C) Rescue in liquid culture. Four strains indicated were grown at 27°C and shifted 
to 36°C (B). Cell number was counted every 2 h. Experiments were repeated twice, and the 
mean value and SDs are shown. The percentage of cells displaying mitotic defects was observed 
as in Figure 2 and quantified (C). Data for wild type and ndc80-NH12 are from Figure 2C.
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Alp14, the N-terminal part of Alp7 (1–218), or the C-terminal part of 
Alp7 (219–474) were amplified with PCR and cloned into the pGEX-
KG vector (GE Healthcare Life Sciences, Piscataway, NJ). Nucleotide 
sequencing was performed to verify the correct insertion of each 
PCR-amplified fragment.

Preparation of synchronous mitotic cultures
To accumulate mitotic cells, we used hydroxyurea (HU)-induced 
S-phase arrest and release (Figures 2, A–C, 3, 4, A–C, and 6C). 
Cultures of ndc80-NH12 were treated with 12.5 mM HU at 25°C for 
4 h, filtered, and incubated in HU-free media at 36°C for 1–2 h. For 
immunoprecipitation experiments (Figure 5, B and C), cut9-665 
mutant strains (defective in Cdc16/anaphase-promoting complex 
component; Yamashita et al., 1996) were used that contain Alp7-
Myc and Ndc80-GFP (Figure 5B) or Alp7-Myc carrying either pREP1-
Ndc80 or pREP1-Ndc80-F420S (Figure 5C). A cut9 mutant contain-
ing Alp7-Myc and Ndc80-GFP was grown in rich YE5S media at 
25°C and then shifted to 36°C for 3 h. Plasmid-borne strains were 
grown at 25°C in liquid minimal media in the absence of thiamine 
for 14 h to induce the nmt1 promoter (ndc80+ and ndc80-F420S are 
connected; Supplemental Table S2), followed by incubation at 36°C 
for an additional 3 h.

Microscopy
Cells were imaged on lectin-coated, glass-bottom microwell dishes 
(MatTek, Ashland, MA) supplemented with rich medium. Images 
were taken using an Olympus IX70 wide-field inverted epifluores-
cence microscope with an Olympus PlanApo 100×, NA 1.4, oil im-
mersion objective (Olympus, Tokyo, Japan). DeltaVision image ac-
quisition software (softWoRx 3.3.0; Applied Precision, Issaquah, WA) 
equipped with a CoolSNAP HQ (Roper Scientific, Tucson, AZ) was 
used. The sections of images at each time point were compressed 
into a two-dimensional (2D) projection using the DeltaVision maxi-
mum-intensity algorithm. Deconvolution was applied before the 2D 
projection. Kymograph pictures derived from 2D-projected time-
lapse images were constructed using softWoRx 3.3.0. Images were 
taken as 14 sections along the z-axis at 0.3-μm intervals; they were 
then deconvolved and merged into a single projection. Captured 
images were processed with Photoshop CS4 (version 11.0.1; Adobe, 
San Jose, CA).

Fluorescence signal intensity quantification
Images were merged into a single projection using the maximum-
intensity algorithm in DeltaVision-softWoRx (Olympus and Applied 
Precision). Fluorescence signals were then quantified using maxi-
mum intensity after subtracting background signals in the vicinity of 
the fluorescent spot. In Figure 4, cells were fixed with methanol be-
fore data acquisition for quantification.

GST pull-down assay
GST-Alp7 fusion protein (and other GST-fused proteins; see later 
description) was produced in Escherichia coli and purified with glu-
tathione–Sepharose beads as recommended by the manufacturer 
(Invitrogen, Carlsbad, CA). Gel filtration was further applied to in-
crease the protein purity. Yeast cell extracts were prepared from a 
cut9-665 strain containing Ndc80-3FLAG arrested at 36°C for 3 h. 
Glutathione–Sepharose beads bound with GST alone or GST-Alp7 
were incubated with the cell extracts (5 mg) at 4°C for 1 h. After 
washing four times with IP buffer (50 mM Tris-HCl, pH 7.4, 1 mM 
EDTA, pH 8.0, 500 mM NaCl, 0.05% NP-40, 0.1% Triton X-100, 10% 
glycerol, 1 mM dithiothreitol, 15 mM p-nitrophenyl phosphate, 
1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail 

used (Moreno et al., 1991; Bähler et al., 1998; Sato et al., 2005). The 
plasmids used in this study are listed in Supplemental Table S2.

Isolation of ts ndc80 mutants
The kanamycin-resistance marker gene cassette (kanr) was inserted 
in the 3′ flanking region of the ndc80+ gene (ndc80+-kanr; Hsu and 
Toda, 2011). The ndc80+-kanr fragment purified from this strain was 
amplified with error-prone PCR using Vent DNA polymerase (New 
England BioLabs, Ipswich, MA) supplemented with 10× dGTP. Pools 
of mutagenized PCR fragments were ethanol precipitated and 
transformed into a wild-type strain (513; Supplemental Table S1). 
Approximately 5000 transformants were screened for temperature 
sensitivity at 36°C, and 18 ts mutants were isolated. These mutants 
were crossed with a wild-type strain, and random spore analysis was 
performed. In all the segregants (>1000 colonies), the ts phenotype 
cosegregated with kanamycin resistance.

Determination of the mutation site in ndc80-NH12
Nucleotide sequencing of genomic DNA isolated from all 18 ts mu-
tants was performed. In the ndc80-NH12 allele, a single point muta-
tion was found within the ndc80 open reading frame (ORF), T1351C 
(the first adenine for the initiator methionine is denoted as 1), lead-
ing to a missense mutation F420S. To construct plasmids for ex-
pressing GST-fusion proteins, ORFs encoding full-length Alp7 or 

FIGURE 7:  ndc80-NH12 genetically behaves like the alp7 or alp14 
mutant, and the loop is a composite platform for Dis1 and Alp7–
Alp14. (A) Tetrad analysis. Tetrad dissection was performed between 
a dis1-deletion strain (dis1::ura4+) and ndc80-NH12 (marked with kan). 
Four representative tetrads (tetratype) are shown. Far right, assigned 
genotypes of each segregant (Δdis1 = dis1::ura4+, NH12 = ndc80-
NH12, and wild type [WT]). In all four tetrads, double mutants (red, 
predicted based on Mendelian segregation of tetrads) were inviable. 
(B) Summary of genetic interactions. Solid lines, synthetically lethal; 
dotted lines, viable. (C) Intragenic complementation between the two 
loop mutants. Indicated diploid strains were constructed, and spot 
tests were performed at various temperatures. Note that a 
heterozygous diploid (ndc80-NH12/ndc80-21) ameliorated growth at 
35 and 36°C compared with each homozygous diploid.
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extract to protein A Dynabeads (Invitrogen) 
bound with anti-Ndc80 antibody (Hsu and 
Toda, 2011). For immunoblotting, antibod-
ies against Ndc80, Myc peptides (MMS-
150R; Covance, Berkeley, CA), and GFP 
(1814 460; Roche Diagnostics, Indianapolis, 
IN) were used at 1:1000. Films were scanned 
by using an Epson V700 Photo scanner (Ep-
son, Long Beach, CA), and band intensities 
were quantified by ImageJ 1.42q software 
(National Institutes of Health, Bethesda, MD).

Peptide array assay
We basically followed previously described 
procedures (Maskell et  al., 2010; Hsu and 
Toda, 2011). Peptides were synthesized and 
spotted onto a cellulose membrane. The 
membrane was activated by treatment with 
50% ethanol + 10% glacial acetic acid for 1 
h and then washed with IP buffer. Then 1 μg/
ml GST-Alp7, GST-Alp14, GST-Alp7, and 
GST-Alp14 or GST alone was added to the 
solution. After overnight incubation at 4°C, 
the membrane was blocked with 3% skim 
milk in the same buffer, followed by incuba-
tion with anti-GST antibody (27457701V; GE 
Healthcare Life Science) for 2 h at room tem-
perature. After further washes, bound spots 
were detected using bovine anti–goat im-
munoglobulin G/horseradish peroxidase–
conjugated secondary antibody (sc-2378; 
Santa Cruz Biotechnology, Santa Cruz, CA) 
and visualized by chemiluminescence.

For the assessment of positive or nega-
tive binding, we performed the following 
quantification. First, we quantified spot in-
tensities with the ImageJ 1.42q software as 
described earlier. Next we judged regions 
displaying >33,000 values (positive, 33,822; 
negative, 31,897) derived from four consec-
utive spots as interacting peptides.

Construction of strains containing 
fusion genes between nuf2+ and alp7C 
or alp14+

Construction of nuf2+-dis1+ and nuf2+-
dam1+ was previously described (Hsu and 
Toda, 2011). DNA fragments encoding 
Nuf2-Alp7C-kan (amino acids 219–474) or 
Nuf2-Alp14-hph were amplified by using 

two-step PCR. These fragments were transformed into a wild-type 
strain (513; Supplemental Table S1), and integrants were selected 
on kanamycin or hygromycin B–containing plates respectively. Cor-
rect integrations were verified by colony PCR and/or nucleotide 
sequencing.

[Sigma-Aldrich, Gillingham, United Kingdom]), the bound proteins 
were eluted with reduced glutathione, separated by SDS–PAGE, 
and immunoblotted with anti-FLAG (M2; Sigma-Aldrich) or anti-
Alp14 antibody (Garcia et al., 2001).

Immunoprecipitation
Immunoprecipitation was performed using standard procedures. 
Briefly, proteins were extracted in IP buffer by breaking the cells at 
4°C with glass beads (setting 5.5, 25 s, 2×) in a FastPrep FP120 
apparatus (Savant, Albertville, MN). The protein extracts were col-
lected after 15 min of centrifugation at 13,000 × g at 4°C. The coim-
munoprecipitations were performed by adding 1.5 mg of protein 

FIGURE 8:  A model of the roles of the Ndc80 loop and TOG–TACC proteins in spindle–
kinetochore attachment. On onset of mitosis, Dis1/TOG is recruited to the outer kinetochore 
through interaction with the Ndc80 loop in a microtubule-independent manner (Nakaseko et al., 
2001), whereas the Alp7/TACC-Alp14/TOG complex localizes to the SPB and promotes spindle 
assembly (top, prophase to prometaphase; Sato et al., 2004; Sato and Toda, 2007). ndc80-NH12 
is not defective at this stage (right, gray background). When the spindle microtubule reaches the 
outer kinetochore, it is stabilized through interaction with Dis1 (Hsu and Toda, 2011), and 
simultaneously Alp7–Alp14 is loaded to the outer kinetochore in a microtubule-dependent 
manner (Garcia et al., 2001; Sato et al., 2004) via interaction with the Ndc80 loop (middle, 
prometaphase to metaphase). This ensures end-on attachment of the kinetochore to the spindle 
microtubule, leading to silencing of the SAC. Type I cells of ndc80-NH12 (right, the mutation 
within the loop is depicted by an asterisk) are defective in this step, by which chromosomes 
remain oscillating between the two poles under SAC activation. On SAC silencing and 
subsequent anaphase onset, Alp7–Alp14 continues to be required for maintenance of stable 
attachment, which secures equal partition of sister chromatids to the opposite poles (bottom, 
anaphase). In type II cells (right), end-on attachment is not maintained during this stage, 
resulting in chromosome missegregation. Note that it remains to be established whether Dis1 
stays at the kinetochore during this stage (Nabeshima et al., 1995; Aoki et al., 2006). Alp7 and 
Alp14 are shown as light- and dark-orange rods, respectively, and Dis1 is depicted by red ovals.
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