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ABSTRACT Successful mitosis requires that kinetochores stably attach to the plus ends of 
spindle microtubules. Central to generating these attachments is the NDC80 complex, made 
of the four proteins Spc24, Spc25, Nuf2, and Hec1/Ndc80. Structural studies have revealed 
that portions of both Hec1 and Nuf2 N termini fold into calponin homology (CH) domains, 
which are known to mediate microtubule binding in certain proteins. Hec1 also contains a 
basic, positively charged stretch of amino acids that precedes its CH domain, referred to as 
the “tail.” Here, using a gene silence and rescue approach in HeLa cells, we show that the CH 
domain of Hec1, the CH domain of Nuf2, and the Hec1 tail each contributes to kinetochore–
microtubule attachment in distinct ways. The most severe defects in kinetochore–microtubule 
attachment were observed in cells rescued with a Hec1 CH domain mutant, followed by those 
rescued with a Hec1 tail domain mutant. Cells rescued with Nuf2 CH domain mutants, how-
ever, generated stable kinetochore–microtubule attachments but failed to generate wild-
type interkinetochore tension and failed to enter anaphase in a timely manner. These data 
suggest that the CH and tail domains of Hec1 generate essential contacts between kineto-
chores and microtubules in cells, whereas the Nuf2 CH domain does not.

INTRODUCTION
At the onset of mitosis in vertebrate cells, the stable interphase mi-
crotubule network is converted into a bipolar spindle made up of 
short, dynamic microtubules. An essential function of these spindle 
microtubules is to capture mitotic chromosomes by attaching to a 
large protein structure, called the kinetochore, built at sites of cen-
tromeric heterochromatin. In many cases, the initial attachment be-
tween microtubules and kinetochores is along the length of a micro-
tubule, and these lateral attachments must eventually be replaced 
by end-on attachments, where the plus ends of spindle microtu-
bules are embedded in the kinetochore. When both sister kineto-
chores of a mitotic chromosome are attached in this manner, forces 

can be generated for directed chromosome movement and to 
silence the spindle assembly checkpoint.

The formation of stable, end-on kinetochore–microtubule con-
nections depends on the kinetochore-associated NDC80 complex 
(Wigge and Kilmartin, 2001; DeLuca et al., 2002; Martin-Lluesma 
et al., 2002; McCleland et al., 2004), which is a member of the con-
served KMN network, containing also KNL1 and the Mis12 complex 
(Cheeseman et al., 2006). The NDC80 complex is a long, dumbbell-
shaped hetero-tetramer built from the individual proteins Spc24, 
Spc25, Nuf2, and Hec1 (also referred to as Ndc80). The C termini of 
Spc24 and Spc25 anchor the complex into the kinetochore, whereas 
N-terminal domains of Nuf2 and Hec1 reside exterior to Spc24 and 
Spc25, poised to interact with the plus ends of spindle microtubules 
(DeLuca et al., 2006; Wan et al., 2009). Both KNL1 and the NDC80 
complex are able to bind microtubules in vitro; however, depletion 
of KNL1 from cultured cells results in less severe kinetochore–micro-
tubule attachment defects than does depletion of NDC80 complex 
components (Cheeseman et al., 2008). This has led to the idea that 
the NDC80 complex, aided by other factors including KNL1, serves 
as the primary contact between kinetochores and microtubules in 
cells.

Structural studies of the N terminus of Hec1 (Wei et al., 2007), 
and of a modified NDC80 complex (NDC80Bonsai) truncated of 
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much of its coiled-coil domain (Ciferri et al., 2008), revealed that 
portions of the N termini of both Hec1 and Nuf2 fold into calponin 
homology (CH) domains, motifs well known for mediating binding 
to actin and, in fewer cases, to microtubules (Gimona et al., 2002; 
Slep and Vale, 2007). The N terminus of Hec1 contains an addi-
tional motif that precedes the CH domain, referred to as the tail 
domain. This domain is highly basic and positively charged, and in 
humans is ∼80 amino acids in length. Unfortunately, there are no 
structural data for this motif, which is predicted to be flexible and 
disordered (Wei et al., 2007; Ciferri et al., 2008; Guimaraes et al., 
2008). The Hec1 tail, however, is required for the efficient forma-
tion of stable kinetochore–microtubule attachments in cells 
(Guimaraes et al., 2008; Miller et al., 2008), and its removal results 
in a significant decrease in binding affinity of N-terminal Hec1 frag-
ments or purified NDC80Bonsai complexes for microtubules in vitro 
(Wei et al., 2007; Ciferri et al., 2008). The Hec1 tail is also likely in-
volved in regulation of kinetochore–microtubule attachment stabil-
ity, as multiple sites within this domain are phosphorylated in vitro 
by Aurora B kinase, which has been widely implicated in correcting 
kinetochore–microtubule attachment errors in mitosis by increas-
ing kinetochore–microtubule turnover (Biggins and Murray, 2001; 
Tanaka et al., 2002; Ditchfield et al., 2003; Hauf et al., 2003; 
Lampson and Kapoor, 2005; Cimini et al., 2006; Pinsky et al., 2006). 
This is supported by the finding that phosphorylation of the 
Hec1 tail domain by a purified Aurora kinase in vitro results in de-
creased binding affinity of the NDC80 complex for microtubules 
(Cheeseman et al., 2006). Furthermore, in vivo studies have shown 
that the phosphorylation state of the Hec1 tail domain affects the 
stability of kinetochore–microtubule attachments. Specifically, 
expression of a nonphosphorylatable Hec1 tail domain mutant in 
cells results in hyperstable kinetochore–microtubule attachments 
(DeLuca et al., 2006), whereas expression of phosphomimetic 
ver sions of Hec1 in cells results in unstable kinetochore–microtubule 
attachments (Guimaraes et al., 2008; Welburn et al., 2010).

Given the ability of CH domains to confer microtubule binding in 
known microtubule-associated proteins (Hayashi and Ikura, 2003; 
Dougherty et al., 2005), it has been predicted that the ability of the 
NDC80 complex to mediate kinetochore–microtubule attachment 
in cells is largely facilitated by the Hec1 and Nuf2 CH domains. 
Structural data in combination with sequence analysis from various 
species reveal a conserved face of the Hec1-Nuf2 CH domain pair 
that is highly positively charged (Ciferri et al., 2008). Charge reversal 
mutations (Lys to Glu) of even single amino acids within this con-
served face in either Hec1 or Nuf2 resulted in a loss of high-affinity 
binding of NDC80 complexes to microtubules in vitro (Ciferri et al., 
2008). These findings have led to the prediction that both Hec1 and 
Nuf2 CH domains are essential for kinetochore–microtubule attach-
ment in cells. Two recent cryo-electron microscopy studies, how-
ever, have suggested that, for microtubules decorated with recom-
binant NDC80 complexes in vitro, the CH domain of Hec1 directly 
interfaces the microtubule lattice, whereas the Nuf2 CH domain 
may not (Wilson-Kubalek et al., 2008; Alushin et al., 2010). Using a 
gene silence and rescue approach in HeLa cells, we investigated the 
respective contributions of the Hec1 and Nuf2 CH domains in the 
formation of kinetochore–microtubule attachments in vivo.

RESULTS
The Hec1 CH domain is required for chromosome alignment 
and stable kinetochore–microtubule attachment in cells
Endogenous Hec1 was depleted from HeLa cells using fluorescently 
labeled small interfering RNAs (siRNAs) directed to the 5′ untrans-
lated region of human Hec1 (Supplemental Figure 1), and either 

wild-type (WT) Hec1 fused to green fluorescent protein (GFP) or 
mutant versions of Hec1-GFP were subsequently expressed. For all 
rescue experiments, kinetochore fluorescence intensities of the GFP 
fusion proteins were quantified, and only those cells whose average 
kinetochore fluorescence intensities fell into a defined experimental 
range were used (Supplemental Figure 2). Cells were fixed and as-
sayed for their ability to align chromosomes at the spindle equator 
(Figure 1, A and B). Only cells that formed bipolar spindles were 
scored, and cells containing multipolar spindles were excluded. For 
each rescue experiment, the percentage of cells with multipolar 
spindles varied, but in all cases was under 25% (Supplemental 
Figure 3). Cells depleted of Hec1, as expected, failed to properly 
congress their chromosomes (Figure 1A), and 92% of transfected 
cells contained mostly unaligned chromosomes (defined as having 
no recognizable metaphase plate or a recognizable plate with >10 
unaligned chromosomes). Cell populations rescued with WT Hec1-
GFP, however, contained cells in all phases of mitosis, with 59% of 
cells exhibiting mostly aligned chromosomes (defined as having <5 
chromosomes off a well-defined metaphase plate), 8% of cells 
exhibiting partially aligned chromosomes (defined as having 
5–10 chromosomes off a metaphase plate), and 33% exhibiting 
mostly unaligned chromosomes (Figure 1B). To address the role of 
the Hec1 CH domain in kinetochore–microtubule attachment, we 
generated a charge reversal (positive to negative) point mutation 
within the conserved face of the CH domain at amino acid 166 from 
Lys to Asp (Hec1K166D). This residue was chosen based on x-ray 
structures of the Hec1 CH domain (Wei et al., 2007; Ciferri et al., 
2008) and the previous finding that a charge reversal mutation at 
this site decreased binding affinity of NDC80 complexes for micro-
tubules by 54-fold in vitro (Ciferri et al., 2008). Hec1K166D-GFP failed 
to rescue the chromosome alignment defect in Hec1-depleted cells, 
and 89% of transfected cells exhibited mostly unaligned chromo-
somes (Figure 1, A and B). To determine whether stable kineto-
chore–microtubule attachments were able to form, cells were 
subjected to a cold-induced microtubule depolymerization assay. In 
this assay, most nonkinetochore microtubules are depolymerized, 
and microtubules embedded by their plus ends into kinetochores 
are selectively stabilized. Cells rescued with WT Hec1-GFP retained 
abundant kinetochore fibers, whereas those rescued with Hec1K166D-
GFP did not (Figure 1C). Quantification revealed a 68% decrease in 
cold-stable microtubule polymer in cells rescued with Hec1K166D-
GFP when compared with cells rescued with WT Hec1-GFP, which 
was similar to the decrease measured in cells depleted of Hec1 
(Figure 1D). These results indicate that the conserved, charged sur-
face of the Hec1 CH domain is required for the formation of stable 
kinetochore–microtubule attachments in HeLa cells.

It has been previously reported that the N-terminal tail domain 
of Hec1 is required for the generation of stable kinetochore–micro-
tubule attachments in cells (Guimaraes et al., 2008; Miller et al., 
2008). Furthermore, cultured cells expressing Hec1 mutants in which 
multiple amino acids within the tail were mutated to mimic phos-
phorylation (Ser or Thr to Asp) failed to form stable kinetochore–
microtubule attachments (Guimaraes et al., 2008; Welburn et al., 
2010). To compare the phenotypes of HeLa cells rescued with a 
Hec1 CH domain mutant versus a tail domain mutant, we rescued 
Hec1-depleted HeLa cells with 9D Hec1-GFP, a mutant in which 
nine amino acids (Ser or Thr) within the tail were mutated to Asp to 
mimic phosphorylation. As expected, cells expressing 9D Hec1-GFP 
exhibited defects in aligning their chromosomes (Figure 1A); 66% 
of cells exhibited mostly unaligned chromosomes, 14% of cells 
exhibited partially aligned chromosomes, and 20% exhibited 
mostly aligned chromosomes (Figure 1B). Although these cells 
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To determine the fate of cells rescued 
with Hec1 mutants, we performed live-cell 
imaging of HeLa cells transiently transfected 
with mCherry-histone H2B to visualize chro-
mosomes. Each cell included in the analysis 
was confirmed to be transfected with Hec1 
siRNA (detected by Cy5 fluorescence). For 
all live-cell time-lapse imaging experiments, 
the GFP fluorescence intensity at kineto-
chores was quantified, and only those cells 
whose average kinetochore fluorescence in-
tensities fell into a defined experimental 
range were used (Supplemental Figure 4). 
The majority of cells depleted of endoge-
nous Hec1 and rescued with WT Hec1-GFP 
formed metaphase plates and entered ana-
phase with aligned chromosomes (Figure 2; 
Supplemental Movie 1). The average time 
from nuclear envelope breakdown to ana-
phase onset was 31 ± 5 min. By contrast, 17 
of 18 cells rescued with Hec1K166D-GFP 
failed to align their chromosomes and ar-
rested in a prometaphase-like state for >5 h 
(Figure 2; Supplemental Movie 2). Cells res-
cued with the phosphomimetic tail domain 
mutant 9D Hec1-GFP also experienced se-
vere defects in chromosome segregation 
(Figure 2). Specifically, of 16 cells filmed, 13 
failed to align chromosomes and remained 
arrested in a prometaphase-like state for 
>5 h (Figure 2; Supplemental Movie 3). Re-
sults from these experiments demonstrate 
that both the tail and CH domains of Hec1 are 
required for correct chromosome alignment 
and timely progression through mitosis.

The Nuf2 CH domain is required for 
timely progression through mitosis
We next investigated the role of the Nuf2 
CH domain in chromosome alignment and 
kinetochore–microtubule attachment using 
the silence and rescue system described 
above for Hec1. As expected, HeLa cells 
depleted of Nuf2, which results in a con-
comitant depletion of Hec1 (DeLuca et al., 
2003; Hori et al., 2003), failed to align their 
chromosomes, and 95% of transfected cells 
exhibited mostly unaligned chromosomes 
(Figures 1B and 3A). Expression of WT Nuf2-
GFP in Nuf2-depleted cells rescued the 

chromosome alignment defect; 56% of cells exhibited mostly 
aligned chromosomes, 12% of cells exhibited partially aligned chro-
mosomes, and 32% exhibited mostly unaligned chromosomes. 
By contrast, cells rescued with a Nuf2 mutant deleted of its entire 
CH domain (Δ1–142 Nuf2) fused to GFP, failed to restore normal 
chromosome alignment, and 96% of cells expressing Δ1–142 
Nuf2-GFP exhibited mostly unaligned chromosomes (Figures 1B 
and 3A). We reasoned that this may not be an appropriate approach 
to specifically test the role of the Nuf2 CH domain in mitotic func-
tions, as removal of the entire domain likely affects the structure or 
positioning of the remaining Hec1 N terminus. To more precisely 
address the role of the Nuf2 CH domain in kinetochore–microtubule 

exhibited a clear defect in chromosome alignment, we noted that a 
small population could align chromosomes at the spindle equator. 
To determine whether stable kinetochore–microtubules were able 
to form in cells rescued with 9D Hec1-GFP, we carried out a cold-
induced microtubule depolymerization assay. Cells rescued with 9D 
Hec1-GFP did not retain high levels of microtubule polymer after 
incubation in ice-cold media (Figure 1, C and D), suggesting that 
kinetochore–microtubule attachment was indeed impaired. These 
results demonstrate that both the tail and the CH domains of Hec1 
are important for the formation of stable kinetochore–microtubule 
attachments in HeLa cells, but disruption of the CH domain results 
in a somewhat more severe defect in chromosome alignment.

FiGuRE 1: Stable kinetochore–microtubule attachment depends on the charged face of the 
Hec1 CH domain. (A) Immunofluorescence images showing HeLa cells depleted of Hec1 and 
rescued with mutant versions. The upper panels show a control cell and a cell depleted of 
endogenous Hec1. The lower panels show cells depleted of endogenous Hec1 and rescued with 
either WT Hec1 or a Hec1 mutant fused to GFP. (B) Quantification of chromosome alignment 
phenotypes in cells depleted of Hec1 or Nuf2 and cells rescued with Hec1 or Nuf2 GFP fusions. 
Cells with mostly aligned chromosomes (red) exhibited <5 chromosomes off of a well-formed 
metaphase plate, cells with partially aligned chromosomes (gray) exhibited 5–10 chromosomes 
off of a metaphase plate, and cells with mostly unaligned chromosomes (black) exhibited either 
no chromosome alignment or >10 chromosomes off of a metaphase plate. For each condition, at 
least 90 cells were scored. (C) Images of cells subjected to a cold-induced microtubule-
depolymerization assay and immunostained with tubulin and ACA antibodies (recognizing 
CENP-A, -B, and -C). Cells depleted of Hec1 and cells depleted of Hec1 and rescued with either 
WT or mutant GFP fusions are shown. (D) Quantification of microtubule fluorescence intensity 
after cold-induced microtubule depolymerization. For each condition, spindles from at least 
10 cells were measured.
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attachment, we generated a single charge reversal mutation in the 
conserved, positively charged face of the CH domain (Ciferri et al., 
2008), similar to the strategy used for Hec1. We mutated Lys115 to 
Asp (Nuf2K115D), due to the previous finding that a charge reversal 
mutation at this site reduced the affinity of NDC80 complexes for 
microtubules in vitro by 46-fold (Ciferri et al., 2008). Surprisingly, 
cells rescued with Nuf2K115D-GFP were able to align their chromo-
somes nearly as well as those cells rescued with WT Nuf2-GFP 
(Figures 1B and 3A). We next generated single charge reversal 
mutations at Lys33 and at Lys41, which also reside within the con-
served face of the Nuf2 CH domain. Cells depleted of endogenous 
Nuf2 and rescued with either Nuf2K33D or Nuf2K41D were also able 
to align their chromosomes nearly as well as cells rescued with 
WT Nuf2-GFP, indicating that single amino acid charge reversal 
mutations within the Nuf2 CH domain are not sufficient to disrupt 
chromosome alignment.

To more severely disrupt the charged face of the Nuf2 CH do-
main, we generated mutants in which two or three of the Lys resi-
dues were mutated to Asp, termed 2D Nuf2-GFP (Lys33 and Lys41 
mutated to Asp) and 3D Nuf2-GFP (Lys33, Lys41, and Lys115 mu-
tated to Asp), respectively. In each case, the ability of cells to align 

chromosomes was impaired when com-
pared with cells rescued with mutants con-
taining a single amino acid change. Specifi-
cally, in cells rescued with 2D Nuf2-GFP or 
3D Nuf2-GFP, only ∼25% of the fixed cells 
scored were able to align their chromo-
somes, compared with ∼40% for any of the 
single charge reversal mutants (Figures 1B 
and 3A). Of note, the chromosome align-
ment phenotypes for cells expressing the 
2D or 3D Nuf2 CH domain mutants were 
significantly less severe than those pheno-
types in cells expressing a Hec1 CH domain 
mutant with a single amino acid change. 
Due to this, we tested whether the kineto-
chore–microtubule attachments in cells res-
cued with Nuf2 CH domain mutants with 
partially aligned or mostly aligned chromo-
somes were stable. We first quantified the 
level of cold-stable microtubule polymer in 
these cells and found that those rescued 
with a mutant containing a single amino 
acid change (Nuf2K115D-GFP) or with three 
amino acid changes (3D Nuf2-GFP) retained 
near-WT levels of cold-stable microtubule 
polymer (Figure 3, B and C). To further as-
sess kinetochore–microtubule attachment 
stability, we measured the distances be-
tween sister kinetochores on bioriented 
chromosomes. The average interkineto-
chore distance for sister kinetochores on 
bioriented chromosomes in cells rescued 
with WT Nuf2-GFP was 1.34 ± 0.24 μm 
(compared with 0.63 ± 0.15 μm in prophase, 
at “rest length”). By contrast, the average 
interkinetochore distance of sister pairs on 
bioriented chromosomes in cells rescued 
with Nuf2K115D-GFP was 1.15 ± 0.19 μm, and 
0.97 ± 0.14 μm in cells rescued with 3D 
Nuf2-GFP (Figure 3D). Although modest, 
these decreases in average interkinetochore 

distance (14% and 28%, respectively, from WT) are statistically sig-
nificant (p < 0.0001), indicating that mutation of the conserved face 
of the Nuf2 CH domain results in a defect in generating WT kineto-
chore tension on bioriented chromosomes.

To determine the fate of cells rescued with Nuf2-GFP fusion pro-
teins, we followed Nuf2-depleted cells rescued with WT Nuf2-GFP 
or mutant versions of Nuf2-GFP via time-lapse microscopy. Cells de-
pleted of endogenous Nuf2 and rescued with WT Nuf2-GFP 
properly aligned chromosomes at the spindle equator and entered 
anaphase in an average of 40 ± 8 min (Figure 4; Supplemental Movie 
4). As predicted from our fixed cell analysis, cells rescued with Δ1–
142 Nuf2-GFP failed to align chromosomes at the spindle equator, 
and all cells imaged arrested for >5 h in a prometaphase-like state 
(Figure 4; Supplemental Movie 5). By contrast, most cells rescued 
with the single Lys-to-Asp mutants (Nuf2K115D-GFP, Nuf2K33D-GFP, 
and Nuf2K41D-GFP) were able to align their chromosomes and gen-
erate metaphase plates (Figure 4; Supplemental Movies 6–8, 
respectively). In many cases, alignment was transient, with individ-
ual chromosomes leaving and returning to the spindle equator, or 
in some cases, the entire plate would disassemble and eventually 
reassemble. As observed in the fixed cell analysis, chromosome 

FiGuRE 2: Cells rescued with a Hec1 CH domain charge reversal mutant arrest in mitosis with 
unaligned chromosomes. (A) Still images from time-lapse acquisitions of HeLa cells depleted of 
endogenous Hec1 and rescued with either WT Hec1-GFP or Hec1 mutants fused to GFP. Time is 
shown in minutes, and anaphase onset (AO) is indicated for the WT Hec1-GFP-rescued cell that 
entered anaphase. The DIC image shows the time point corresponding to the final mCherry 
image. (B) Quantification of metaphase plate formation during live cell imaging. Bar graph 
represents the percent of cells that attained metaphase alignment at some point during 
time-lapse imaging. (C) Quantification of anaphase entry during live cell imaging. Bar graph 
represents the percent of cells that entered anaphase during time-lapse imaging. All cells were 
filmed for 5 h except those rescued with WT Hec1, which were filmed for 2 h. Error bars in 
(B) and (C) represent SD across at least 2 independent experiments. The n values for each 
experiment are as follows: WT Hec1, 12 cells; Hec1K166D, 18 cells; 9D Hec1, 17 cells.
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alignment defects were more severe in cells 
expressing 2D Nuf2-GFP and 3D Nuf2-GFP, 
but a significant population of these cells 
(60% and 32%, respectively) were able to 
align chromosomes at the spindle equator 
at some point during filming (Figure 4; Sup-
plemental Movies 9 and 10). This is in con-
trast to cells depleted of Hec1 and rescued 
with the single charge reversal mutant, 
Hec1K166D-GFP, in which no chromosome 
alignment was observed (Figure 2).

Although cells rescued with the Nuf2 CH 
domain mutants were able to align their 
chromosomes (to varying degrees), they 
failed to enter anaphase in a timely manner. 
Specifically, only 42%, 47%, and 21% of 
cells rescued with the single charge reversal 
mutants Nuf2K115D-GFP, Nuf2K33D-GFP, or 
Nuf2K41D-GFP, respectively, entered ana-
phase during the 5 h of imaging. In addi-
tion, the cells that did enter anaphase did so 
with an average delay of ∼40 min when 
compared with cells rescued with WT Nuf2-
GFP (data not shown). Similarly, only 16% 
and 26% of cells rescued with 2D Nuf2-GFP 
or 3D Nuf2-GFP, respectively, entered ana-
phase during the 5-h time lapse, and these 
cells did so with an average delay of ∼90 min 
when compared with cells rescued with WT 
Nuf2-GFP (data not shown). Together, these 
results suggest that the conserved, charged 
face of the Nuf2 CH domain is not abso-
lutely required for formation of stable kine-
tochore–microtubule attachments but is 
needed to generate WT tension across sis-
ter kinetochore pairs and for timely entry 
into anaphase.

Nuf2 CH domain mutants do not affect 
recruitment of kinetochore outer 
domain proteins
Due to the distinct phenotypes observed in 
cells rescued with Nuf2 CH domain mutants 
compared with those rescued with Hec1 
mutants, we tested whether cells expressing 
Nuf2 CH domain mutants were defective 
in recruiting kinetochore outer domain 
proteins. As expected, Hec1 was absent 
from kinetochores in Nuf2-depleted cells 
(Figure 5) but present on kinetochores in 
cells rescued with either WT Nuf2-GFP or 
3D Nuf2-GFP. We next tested for the pres-
ence of Ska complex proteins, because 
cells depleted of these proteins have been 
shown to exhibit defects similar to those we 
observed in cells rescued with Nuf2K115D-
GFP or 3D Nuf2-GFP (Hanisch et al., 2006; 
Daum et al., 2009; Gaitanos et al., 2009; 
Raaijmakers et al., 2009; Theis et al., 2009; 
Welburn et al., 2009). As previously demon-
strated, Ska1 and Rama1/Ska3 were absent 
from kinetochores in cells depleted of Nuf2 

FiGuRE 3: The charged face of the Nuf2 CH domain is not required for the formation 
of stable kinetochore–microtubule attachments. (A) Immunofluorescence images 
showing HeLa cells depleted of Nuf2 and rescued with various mutant versions. 
The upper panels show a control cell and a cell depleted of endogenous Nuf2 stained 
with Hec1 and tubulin antibodies. The lower panels show cells depleted of endogenous 
Nuf2 and rescued with either WT Nuf2 or a Nuf2 mutant fused to GFP. For the 2D Nuf2 
mutant, two Lys-to-Asp substitutions were made at amino acid positions 33 and 41; 
the 3D Nuf2 mutant contains three Lys-to-Asp substitutions at amino acid positions 
33, 41, and 115. (B) Images of cells subjected to a cold-induced microtubule-
depolymerization assay and immunostained with tubulin antibodies, DAPI, and, in Nuf2-
depleted cells, Hec1 antibodies. Cells depleted of Nuf2 alone and cells depleted of Nuf2 
and rescued with either WT or mutant GFP fusions are shown. (C) Quantification of 
microtubule fluorescence intensity after cold-induced microtubule depolymerization. For 
each condition, spindles from at least 10 cells were measured. (D) Quantification of 
interkinetochore distances, which were measured from GFP-centroid to GFP-centroid in 
cells rescued with Nuf2-GFP fusion proteins. In cells depleted of Nuf2, interkinetochore 
distances were measured from ACA-centroid to ACA-centroid. For cells depleted of 
endogenous Nuf2 and rescued with GFP-fusions, kinetochores from bioriented 
chromosomes were measured.
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(Hanisch et al., 2006; Raaijmakers et al., 
2009; Welburn et al., 2009). However, both 
Ska1 and Rama1/Ska3 were present at kine-
tochores in cells rescued with WT Nuf2-GFP 
or 3D Nuf2-GFP (Figure 5). The outer do-
main protein CLASP1, which was also ab-
sent from kinetochores in cells depleted of 
Nuf2, was present at kinetochores in cells 
rescued with WT Nuf2-GFP or 3D Nuf2-GFP 
(Figure 5). Similar results were found for 
ZW10, which was absent from kinetochores 
in cells depleted of Nuf2, but present at ki-
netochores in cells rescued with WT Nuf2-
GFP or 3D Nuf2-GFP (Figure 5). Finally, 
CENP-E and KNL1 were present at kineto-
chores in Nuf2-depleted cells and in cells 
rescued with WT Nuf2-GFP and 3D Nuf2-
GFP (Figure 5). These results suggest that 
the defects observed in cells rescued with 
the Nuf2 CH domain mutants are not due to 
impaired recruitment of kinetochore outer 
domain proteins.

Distinct roles for Nuf2 and Hec1 CH 
domains in kinetochore function
Phosphorylation of the Hec1 tail domain 
has been suggested to play an important 
role in the regulation of kinetochore–micro-
tubule attachment (Cheeseman et al., 2006; 
DeLuca et al., 2006). Cells expressing non-
phosphorylatable tail domain mutants of 
Hec1 form stable kinetochore–microtubule 
attachments but exhibit an increased rate 
of attachment errors (DeLuca et al., 2006), 
suggesting that prevention of phosphoryla-
tion of the Hec1 tail results in the genera-
tion of hyperstable kinetochore–microtu-
bule attachments. We wanted to test 
whether a nonphosphorylatable tail domain 
mutant of Hec1 could rescue the attach-
ment defects observed in cells rescued with 
the Hec1 and Nuf2 CH domain mutants. 
We first time-lapse imaged HeLa cells de-
pleted of endogenous Hec1 and rescued 
with 9A Hec1-GFP, a mutant version of 
Hec1 in which all 9 putative Aurora B kinase 
phosphorylation sites (Ser or Thr) in the tail 
domain were mutated to Ala to prevent 
phosphorylation. The majority of cells res-
cued with 9A Hec1-GFP were unable to 
completely align their chromosomes, but 
19 of 20 cells filmed entered anaphase in 
an average of 75 ± 30 min after nuclear 
envelope breakdown with multiple lag-
ging chromosomes (Figure 6; Supplemen-
tal Movie 11). Fixed-cell analysis of cells 
rescued with 9A Hec1-GFP demonstrated 
that stable kinetochore–microtubule attach-
ments were able to form, and interkineto-
chore distances of sister kinetochore pairs 
on bioriented chromosomes were increased 

FiGuRE 4: Cells rescued with Nuf2 CH domain charge reversal mutants arrest in mitosis with 
at least partially aligned chromosomes. (A) Still images from time-lapse acquisitions of HeLa 
cells depleted of endogenous Nuf2 and rescued with either WT Nuf2-GFP or Nuf2 mutants 
fused to GFP. Time is shown in minutes, and anaphase onset (AO) is indicated for the cell 
expressing WT Nuf2-GFP that entered anaphase. The DIC image shows the time-point 
corresponding to the final mCherry image. (B) Quantification of metaphase plate formation 
during live cell imaging. Bar graph represents the percent of cells that attained metaphase 
alignment at some point during time-lapse imaging. (C) Quantification of anaphase entry 
during live cell imaging. Bar graph represents the percent of cells that entered anaphase 
during time-lapse imaging. All cells were filmed for 5 h, except those rescued with WT Nuf2, 
which were filmed for 2 h. Error bars in (B) and (C) represent SD across at least 2 independent 
experiments. The n values for each experiment are as follows: WT Nuf2, 10 cells; Δ1–142 
Nuf2, 8 cells; Nuf2K41D, 19 cells; Nuf2K33D, 15 cells; Nuf2K115D, 12 cells; 2D Nuf2, 25 cells; 
3D Nuf2, 34 cells.
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FiGuRE 5: Charge reversal mutations within the Nuf2 CH domain do not affect recruitment of outer kinetochore 
proteins. (A) Images showing single kinetochore pairs from control cells, Nuf2-depleted cells, cells rescued with WT 
Nuf2-GFP, and cells rescued with 3D Nuf2-GFP. For each series, the first panel shows immunostaining for the antibody 
listed on the far left. ACA staining is shown as well a merge of ACA staining with each test antibody. (B) Chart 
summarizing immunofluorescence data shown in (A).

from those measured in metaphase cells expressing WT Hec1-GFP 
(data not shown).

We next designed a 9A Hec1K166D-GFP mutant and used this to 
rescue cells depleted of endogenous Hec1. The nonphosphorylat-
able Hec1 tail failed to rescue the attachment defect resulting from 
the K166D mutation, and cells remained arrested in mitosis rather 
than entering anaphase as did the cells rescued with 9A Hec1-GFP 
(Figure 6; Supplemental Movie 12). To determine whether the non-
phosphorylatable Hec1 tail could compensate for the defects ob-
served in cells rescued with the Nuf2 CH domain mutants, we car-
ried out double silence and rescue experiments, in which siRNAs 
directed to the sequences of both Nuf2 and Hec1 were transfected 
into HeLa cells, and cells were subsequently rescued with 
Nuf2K115D-GFP and either WT Hec1 or 9A Hec1. As shown in 
Figure 6, time-lapse imaging reveals that cells rescued with 
Nuf2K115D-GFP and WT Hec1 exhibited a phenotype similar to that 
of cells rescued with Nuf2K115D-GFP alone, and the majority of cells 
arrested in mitosis for >5 h (Figure 6; Supplemental Movie 14). We 
did note that when compared to the Nuf2-alone silence and rescue 
experiments (Figure 4C), there was a modest decrease in the aver-
age number of cells that entered anaphase in the double silence 
and rescue experiments. By contrast, most cells rescued with 
Nuf2K115D-GFP and 9A Hec1 did not arrest (16 of 19 cells), but in-
stead initiated anaphase in an average of 55 ± 34 min (Figure 6; 
Supplemental Movie 15). Not unexpectedly, many cells exhibited 
one or multiple lagging chromosomes in anaphase (data not shown). 
Similar results were observed in cells depleted of Nuf2 and Hec1 
and rescued with 3D Nuf2-GFP and 9A Hec1. Here, an increased 
number of cells (44%) entered anaphase when compared with cells 
depleted of Nuf2 and Hec1 and rescued with 3D Nuf2-GFP and WT 
Hec1 (14%) (Figure 6; Supplemental Movies 16 and 17). Similar to 
cells rescued with Nuf2K115D-GFP and 9A Hec1, we often observed 
lagging chromosomes in cells rescued with 3D Nuf2-GFP and 9A 
Hec1 that entered anaphase. These results suggest that the Nuf2 
CH domain is not absolutely required for the formation of tension-

generating, end-on kinetochore–microtubule attachments. The 
Hec1 CH domain, together with the Hec1 tail domain, can generate 
sufficiently stable kinetochore–microtubule attachments to silence 
the spindle assembly checkpoint.

DISCUSSION
We find that mutating a single Lys residue within the CH domain of 
Hec1 (Lys166 to Asp) severely perturbs kinetochore–microtubule at-
tachment stability in vivo. This is not surprising, since recombinantly 
expressed, purified NDC80Bonsai complexes containing a charge re-
versal mutation at this residue have been shown to bind microtu-
bules in vitro with 54-fold less affinity than WT NDC80Bonsai com-
plexes (Ciferri et al., 2008). We also demonstrated that a 
nonphosphorylatable Hec1 tail-domain mutant, which has been pre-
viously shown to induce hyperstable kinetochore–microtubule at-
tachments (DeLuca et al., 2006), was not able to rescue the Hec1K166D 
phenotype, further suggesting that the CH domain of Hec1 is abso-
lutely essential for high-affinity kinetochore–microtubule binding. In 
contrast, we found that mutating single Lys residues in the CH do-
main of Nuf2 had a significantly less severe effect on the formation 
of stable kinetochore–microtubule attachments. The same muta-
tions, however, resulted in a decrease in binding affinity of purified 
NDC80Bonsai complexes in vitro. Specifically, a charge reversal muta-
tion at Lys115 decreased the microtubule binding affinity 46-fold, 
whereas mutations at Lys33 and Lys41 resulted in a 9-fold and 6-fold 
decrease in affinity, respectively (Ciferri et al., 2008). In our study, 
cells expressing Nuf2 CH domain charge reversal mutants were able 
to generate stable kinetochore–microtubule attachments and exhib-
ited only a partial loss of interkinetochore tension and cold-stable 
microtubule polymer. Furthermore, the partial loss of kinetochore–
microtubule attachment stability could be compensated for by 
coexpression of a nonphosphorylatable Hec1 tail domain mutant. 
Our results support a model in which the Hec1 protein interfaces 
the microtubule lattice to generate high-affinity kinetochore–
microtubule attachments, whereas the Nuf2 protein does not.
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Our results are consistent with two re-
cently published studies that generated 
models of the NDC80 complex–microtu-
bule interface based on cryo-electron mi-
croscopy data fitted to the crystal struc-
tures of tubulin and the CH domains of 
Hec1 and Nuf2 (Wilson-Kubalek et al., 
2008; Alushin et al., 2010). These models 
suggest that the interface between the mi-
crotubule lattice and the NDC80 complex 
is made up of only a small region within the 
Hec1 CH domain, and this region includes 
Lys at position 166. In both reconstructed 
models, the Nuf2 CH domain does not in-
terface the microtubule, but faces away 
from the lattice (Wilson-Kubalek et al., 
2008; Alushin et al., 2010). The Nuf2 Lys 
residues that were mutated in our study 
(Lys33, Lys41, and Lys115) lie within the re-
gion of the Nuf2 CH domain that faces 
away from the microtubule lattice accord-
ing to both of these studies, which may 
explain the difference in severity of pheno-
types exhibited by cells expressing Hec1 
and Nuf2 CH domain mutants.

Although the Nuf2 CH domain is not 
likely required for direct microtubule bind-
ing, cells expressing Nuf2 CH domain mu-
tants do experience mitotic defects. Spe-
cifically, sister kinetochores fail to generate 
WT interkinetochore tension, and cells ar-
rest in mitosis with aligned or partially 
aligned chromosomes. One possibility is 
that the Nuf2 CH domain serves to recruit 
other outer kinetochore proteins. To ad-
dress this, we tested the localization of 
outer kinetochore proteins known to be 
important at the microtubule interface. Of 
the proteins investigated, which included 
Ska1, Rama1, CLASP1, ZW10, CENP-E, 
and KNL1, all localized to kinetochores in 
cells expressing the 3D Nuf2 CH domain 
mutant. This suggests that lack of protein 
recruitment is not likely responsible for 
the observed phenotypes; however, it is 
possible that the Nuf2 CH domain recruits 
an outer kinetochore protein required for 

Hec1-GFP. Time is shown in minutes, and 
anaphase onset (AO) is indicated for cells 
that enter anaphase in (A) and (B). 
(C) Quantification of anaphase entry during 
live cell imaging. Bar graph represents the 
percent of cells that entered anaphase during 
time-lapse imaging. All cells were filmed for 
5 h. Error bars represent SD across at least 
2 independent experiments. The n values for 
each experiment are as follows: 9A Hec1, 
20 cells; 9A Hec1K166D, 18 cells; WT Nuf2/9A 
Hec1, 28 cells; Nuf2K115D/ WT Hec1, 20 cells; 
Nuf2K115D/9A Hec1, 19 cells; 3D Nuf2/WT 
Hec1, 29 cells; 3D Nuf2/9A Hec1, 39 cells.

FiGuRE 6: Expression of a nonphosphorylatable Hec1 tail domain overcomes the mitotic arrest 
observed in cells rescued with a Nuf2 CH domain charge reversal mutant, but not a Hec1 CH 
domain charge reversal mutant. (A) Still images from time-lapse acquisitions of HeLa cells 
depleted of endogenous Hec1 and rescued with either 9A Hec1-GFP or 9A Hec1K166D-GFP. The 
DIC image shows the time point corresponding to the final mCherry image. (B) Still images from 
time-lapse acquisitions of HeLa cells depleted of endogenous Nuf2 and Hec1 using siRNAs 
targeted to both Nuf2 and Hec1 genes, and rescued with either WT Nuf2-GFP or a mutant 
Nuf2-GFP containing Lys-to-Asp mutations in the CH domain, and either WT Hec1- or 9A 
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Electroporation
For live cell imaging experiments, a combination of lipid-based 
transfection and electroporation using a Nucleofector apparatus 
(Lonza, Cologne, Germany) was used. Cells were seeded in 
T25 flasks and grown to 50% confluency. Cells were transfected 
with Nuf2 or Hec1 siRNA using Oligofectamine (as described 
above). Eight hours posttransfection, cells were trypsinized and 
counted to ensure that 106 cells were used for each reaction. 
Cells were harvested and pelleted by centrifugation. The cell 
pellet was resuspended in 100 μl of Solution L (Lonza) per 106 
cells. DNA constructs to be transfected were aliquoted at ap-
propriate volumes to yield 4–8 μg per transfection into Eppen-
dorf tubes. To each tube, 100 μl of cell suspension was added; 
the mixture was then added to an electroporation cuvette 
(Lonza). Cells were electroporated using program number V-001 
and plated onto acid-washed coverslips or into glass-bottomed 
dishes in OptiMem + 10% FBS. Cells were analyzed 24 h 
postelectroporation.

immunofluorescence and image acquisition
HeLa cells were initially fixed for 10 s in 4% paraformaldehyde 
(preheated to 37°C) followed by a 5-min permeabilization in fresh 
PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM 
MgCl2, pH 7.0) + 0.5% Triton-X 100 at 37°C. Cells were then fixed 
for 20 min at room temperature in 4% paraformaldehyde (solution 
preheated to 37°C) in PHEM buffer and rinsed in PHEM + 0.1% Tri-
ton-X 100 for 15 min. To block nonspecific antibody binding, 10% 
boiled donkey serum (BDS) was added to the cells and left to incu-
bate for 60 min at room temperature. Antibodies were prepared in 
5% BDS and used at the following concentrations: Hec1 (9G3) at 
1:1000 (GeneTex, Irvine, CA), ACA (anti-centromere antibody) at 
1:300 (Antibodies Inc., Davis, CA), α-tubulin at 1:200 (Sigma, St. 
Louis, MO), α-Ska1 at 1:3000, α-Rama1 at 1:3000, α-KNL1 at 1:500 
(Ska1, Rama1, and KNL1 antibodies were generous gifts from Iain 
Cheeseman), α-CLASP1 at 1:1000 (a generous gift from Helder 
Maiato), α-ZW10 at 1:500 (Abcam, Boston, MA), and α-CENP-E at 
1:500 (Abcam). Secondary antibodies conjugated to Cy5, Alexa488, 
or Rhodamine RedX (Jackson ImmunoResearch, West Grove, PA) 
were used at a dilution of 1:300. Primary antibodies were incubated 
with the samples overnight at 4°C, and then coverslips were washed 
for 15 min in PHEM + 0.1% Triton-X 100 and rinsed with PHEM. 
Secondary antibodies were applied to the samples for 45 min at 
room temperature. Coverslips were washed for 15 min in PHEM + 
0.1% Triton-X 100, counterstained with 4′,6-diamidino-2-phenylin-
dole (DAPI; 1:50,000 in PHEM buffer), and mounted in an antifade 
solution containing 90% glycerol and 0.5% N-propyl gallate. Cells 
were initially chosen for analysis if they were both Cy5-positive 
(siRNA) and GFP-positive (Nuf2 or Hec1-GFP fusion protein). All mi-
croscopy was performed using a DeltaVision PersonalDV Imaging 
System (Applied Precision, Issaquah, WA) equipped with a Photo-
metrics CoolSnap HQ2 camera (Roper Scientific, Trenton, NJ) and a 
60×/1.42NA Planapochromat DIC oil immersion lens (Olympus, 
Center Valley, PA). For fixed cell immunofluorescence experiments, 
a Z-stack composed of 40 images at 0.2-μm intervals was acquired 
for each cell. For time-lapse microscopy Leibovitz’s L-15 medium 
without phenol red supplemented with 10% FBS and 4.5 g/l glucose 
were added to live cells cultured in glass bottomed dishes (MatTek). 
A Precision Control WeatherStation was used throughout time-lapse 
imaging to maintain stage temperature at 37°C. GFP, mCherry, and 
DIC images were captured from a single Z plane every 4 min for up 
to 5 h. Kinetochore fluorescence intensities were measured using 
MetaMorph software (as described in Hoffman et al., 2001).

the generation of WT interkinetochore tension that was not 
tested.

A second possibility is that the Nuf2 CH domain plays a role in 
properly oligomerizing NDC80 complexes at the kinetochore or 
tethering NDC80 complexes to one another so that optimal ten-
sion-generating kinetochore–microtubule associations can be 
formed. It has been demonstrated in vitro that NDC80 complex 
binding to microtubules is cooperative, and oligomerization of com-
plexes is required for high-affinity binding (Cheeseman et al., 2006; 
Ciferri et al., 2008; Powers et al., 2009; Alushin et al., 2010). If the 
Nuf2 CH domain is required for such oligomerization, it could pro-
vide an explanation for the phenotype severity differences observed 
between in vitro and in vivo experiments with Nuf2 CH domain 
charge reversal mutants. The defects in cells may be less severe 
because the kinetochore serves to position NDC80 complexes into 
a specific geometry in relation to the microtubule lattice, reducing 
the need for explicit oligomerization of NDC80 complexes to facili-
tate kinetochore–microtubule binding. As kinetochore–microtubule 
attachments become stabilized during metaphase, however, oli-
gomerization of adjacent NDC80 complexes may be critical for the 
generation of WT levels of interkinetochore tension. For NDC80 
complex–microtubule binding studies carried out in vitro, the com-
plexes are not specifically arranged and concentrated by a structure 
such as the kinetochore; therefore, the requirement for domains that 
facilitate oligomerization may be more stringent. Because of this, 
mutation of such domains would likely result in a significant loss in 
high-affinity microtubule binding in vitro.

MATERIALS AND METHODS
Cell culture
HeLa cells were cultured in DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, 
Norcross, GA) and 1% antibiotic/antimycotic solution at 37°C in 5% 
CO2. Cells were plated at 50% confluency 24 h prior to transfection 
on acid-washed glass coverslips for immunofluorescence or on 
glass-bottomed dishes for live cell imaging (MatTek, Ashland, MA). 
For cold-induced depolymerization assays, cells on coverslips were 
incubated in ice-cold DMEM for 15 min on ice, then prepared for 
immunofluorescence as described below.

Transfection
siRNAs against Nuf2 (DeLuca et al., 2002) and Hec1 (5′-AACCCT-
GGGTCGTGTCAGGAA-3′) were purchased from QIAGEN 
(Valencia, CA). Both siRNAs were tagged with a 3′ Cy5 label. 
For siRNA transfection, 6 μl Oligofectamine (Invitrogen) was added 
to 48 μl OptiMem (Invitrogen), and the tube was flicked intermit-
tently for 5 min. To this, 8 μl of 20 μM siRNA and 200 μl of Op-
tiMem were added and incubated for 30 min with periodic flicking 
of the tube. After incubation, the siRNA solution was added to 
1 ml OptiMem + 10% FBS and added to cells on coverslips in six-
well dishes or in glass-bottom dishes. Twenty-four hours posttrans-
fection, 1 ml OptiMem (supplemented with 10% FBS) was added 
to the cells; cells were assayed at 48 h posttransfection. For silence 
and rescue experiments, cells were transfected with plasmid DNA 
using FuGene6 (Roche Diagnostics, Indianapolis, IN) 24 h after 
transfection using siRNA. For these experiments, 4 μl FuGene6 
and 96 μl OptiMem were incubated for 5 min with regular flicking 
of the tube, and 1 μg plasmid DNA was added and incubated for 
30 min with periodic flicking of the tube. The DNA solution was 
added to 1 ml OptiMem + 10% FBS and added to cells that had 
been previously transfected with siRNA. Cells were assayed 24 h 
following DNA transfection.
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