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Summary

Accurate chromosome segregation is dependent upon sta-

ble attachment of kinetochores to spindle microtubules dur-
ing mitosis. A long-standing question is how kinetochores

maintain stable attachment to the plus ends of dynamic
microtubules that are continually growing and shortening.

The Ndc80 complex is essential for persistent end-on kinet-
ochore-microtubule attachment in cells [1, 2], but how the

Ndc80 complex forms functional microtubule-binding sites
remains unknown. We show that the 80 amino acid N-termi-

nal unstructured ‘‘tail’’ of Hec1 is required for generating
stable kinetochore-microtubule attachments. PtK1 cells

depleted of endogenous Hec1 and rescued with Hec1-GFP
fusion proteins deleted of the entire N terminus or the disor-

dered N-terminal 80 amino acid tail domain fail to generate

stable kinetochore-microtubule attachments. Mutation of
nine amino acids within the Hec1 tail to reduce its positive

charge also abolishes stable attachment. Furthermore,
the mitotic checkpoint remains functional after deletion of

the N-terminal 80 amino acid tail, but not after deletion of the
N-terminal 207 amino acid region containing both the tail

domain and a calponin homology (CH) domain. These results
demonstrate that kinetochore-microtubule binding is depen-

dent on electrostatic interactions mediated through the dis-
ordered N-terminal 80 amino acid tail domain and mitotic-

checkpoint function is dependent on the CH domain of Hec1.

Results and Discussion

We set out to determine the molecular requirements for kinet-
ochore-microtubule attachment in vivo by utilizing a silence
and rescue system for Hec1 in PtK1 cells. The PtK1 genome
is not yet sequenced; thus, to deplete Hec1 with RNA interfer-
ence (RNAi), we cloned PtK1 HEC1 by using techniques de-
scribed previously [3]. Consistent with its highly conserved
role in chromosome segregation, PtK1 Hec1 is 71% identical
to human Hec1 at the amino acid level (Figure S1A available
online). Treatment of PtK1 cells with small interfering RNA
(siRNA) targeted to HEC1 for 48 hr resulted in a reduction of
Hec1 in the cell population to approximately 50% of control
as determined by western blotting (data not shown). This is
probably reflective of poor transfection efficiency, given that

*Correspondence: jennifer.deluca@colostate.edu
cells positively transfected with fluorescently labeled Hec1
siRNA were depleted of kinetochore-bound Hec1 to an
average of 8%, with many kinetochores from individual cells
binding undetectable levels of Hec1, as determined by fluores-
cence-intensity measurements (Figures 1A and 1B).

Hec1-depleted PtK1 cells were able to form bipolar spin-
dles, but they failed to align their chromosomes at the spindle
equator (Figure 1B), consistent with findings in other cell types
[1, 2]. We determined whether kinetochores were associated
with the ends of spindle microtubules by analyzing decon-
volved images of PtK1 cells fixed and immunostained for
microtubules and kinetochores. On average, only 5% of kinet-
ochores in Hec1-depleted cells contained end-on microtubule
attachments, compared to 60% and 84% of kinetochores in
early-to-mid-prometaphase and late-prometaphase control
cells, respectively (Figure 1C). We measured the interkineto-
chore distance between sister kinetochores to determine
whether they were under tension, and we found that, in
contrast to mock-transfected cells, Hec1-depleted cells
failed to establish tension across sister kinetochores during
progression through mitosis (Figure 1D). Additionally, Hec1-
depleted cells retained few microtubules after a cold-induced
microtubule-depolymerization assay (Figure 1E). Together,
these results demonstrate that Hec1 is required for stable
kinetochore-microtubule attachment in PtK1 cells.

Time-lapse imaging demonstrated that Hec1-siRNA-trans-
fected cells failed to align their chromosomes, but they did
not arrest in mitosis and entered anaphase after a w40 min de-
lay when compared to mock-transfected cells (Figures 1F and
1G, Movies S1 and S2, and Figure S2). Hec1-depleted PtK1
cells failed to retain high levels of the spindle-checkpoint pro-
tein Mad2 at unattached kinetochores (Figure S3), consistent
with findings in other cell types [4–8]. The decrease in
kinetochore-bound Mad2 was not due to a defect in Mad2 re-
cruitment, given that kinetochores in Hec1-depleted, nocoda-
zole-treated PtK1 cells bound high levels of Mad2 and subse-
quently arrested in mitosis for approximately 5 hr, similar to
mock-transfected cells treated with nocodazole (Figures S2
and S3 and Movies S3 and S4).

A portion of the N terminus of Hec1 folds into a calponin ho-
mology (CH) domain, which is a motif found in both actin and
microtubule-binding proteins [9–11]. N-terminal to the CH do-
main is a highly basic 80 amino acid tail domain. Its structure is
unknown because it was deleted for facilitating production of
crystals for X-ray crystallographic studies [12, 13]. This is not
surprising, given that it is predicted to be intrinsically disor-
dered and has a low probability of maintaining a stably folded
conformation [14] (Figure S1B). The remainder of Hec1 is also
predicted to be largely intrinsically disordered, but its dimer-
ization with Nuf2 results in a stably maintained coiled-coil do-
main [2, 14]. To determine the role of the N terminus of Hec1 in
mitosis, we depleted PtK1 cells of endogenous Hec1 and car-
ried out rescue experiments by expressing C-terminal GFP
fusions of human Hec1 (full-length) and Hec1 deleted of both
its CH domain and 80 amino acid tail (D1–207 Hec1-GFP). N-
terminal GFP fusions were also generated for Hec1 full-length
and deletion constructs, and their expression produced re-
sults similar to those of the corresponding C-terminal fusion

https://core.ac.uk/display/82291954?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jennifer.deluca@colostate.edu


Hec1 Tail Mediates Kinetochore-MT Attachment
1779
proteins (Figure S4). Rescue experiments in which either full-
length Hec1-GFP or D1–207 Hec1-GFP were expressed in PtK1
cells depleted of endogenous Hec1 demonstrate that D1–207
Hec1-GFP was able to localize to kinetochores identically to
full-length Hec1-GFP (Figure 2A). However, cells rescued with
D1–207 Hec1-GFP failed to align their chromosomes at the
spindle equator, in contrast to cells rescued with full-length
Hec1-GFP (Figure 2A). The D1–207 Hec1-GFP rescue resulted
in a reduction of end-on kinetochore-microtubule attach-
ments, given that only w20% of kinetochores were associated
with microtubule plus ends in these cells (Figure 2B). This is
significantly lower than that in cells rescued with full-length
Hec1-GFP, whose end-on attachments increased from w60%
in early-to-mid prometaphase to w80% in late prometaphase
(Figure 2B). In addition, we measured interkinetochore dis-
tances between sister kinetochores in D1–207 Hec1-GFP-
rescued cells and found that these kinetochores exhibited
reduced tension (Figure 2C). These results demonstrate that
the N-terminal 207 amino acids of Hec1 are required for effi-
cient formation of kinetochore microtubules in PtK1 cells.

We next tested the role of the disordered 80 amino acid tail
of Hec1 in kinetochore-microtubule attachment by generating
a D1–80 Hec1-GFP mutant. Previous in vitro studies have
shown that removal of the 80 amino acid tail domain from
Hec1 does not disrupt the structure of the CH domain [12,
13]. When expressed in PtK1 cells, D1–80 Hec1-GFP localized
to kinetochores but was incapable of compensating for en-
dogenous Hec1-depletion defects. Similar to cells rescued
with D1–207 Hec1-GFP, cells rescued with D1–80 Hec1-GFP
failed to align their chromosomes, exhibited a reduction in
end-on kinetochore-microtubule attachments, and exhibited
reduced tension across sister kinetochore pairs (Figures 2A–
2C). Thus, deletion of the 80 amino acid disordered tail domain
of Hec1 results in kinetochores that are unable to generate
a sufficient number of stable microtubule attachments re-
quired for chromosome biorientation in cells.

To determine the effect of expression of the Hec1 N-terminal
deletion mutants on mitotic progression, we imaged cells
transfected with Cy5-labeled Hec1 siRNA and GFP-labeled
Hec1 fusion proteins via time-lapse microscopy. As shown in
Figure 2D, cells rescued with D1–207 Hec1-GFP or D1–80
Hec1-GFP were unable to align their chromosomes at the spin-
dle equator (Movies S5 and S6), confirming our fixed-cell im-
munofluorescence data. In contrast, most of the cells rescued
with full-length Hec1-GFP managed to align their chromo-
somes into a metaphase plate (13 of 15 cells) and enter ana-
phase with an average time of 44 6 15 min from nuclear-enve-
lope breakdown (NEBD) to anaphase onset (Figures 2D and 2E
and Movie S7). Similar to cells transfected with Hec1 siRNA
alone, most D1–207 Hec1-GFP-rescued cells were not able
to sustain a mitotic arrest in the presence of unaligned chro-
mosomes, and they entered anaphase after a w45 min delay
(NEBD to anaphase onset: 86 6 36 min, n = 23 cells;
Figure 2F). However, most of the cells rescued with D1–80
Hec1-GFP maintained a mitotic arrest for at least 3 hr (33 of
38 cells). These results suggest that the CH domain of Hec1,
but not the 80 amino acid tail, is required to maintain a func-
tional spindle-assembly checkpoint in the presence of unat-
tached kinetochores in PtK1 cells.

Given the striking effect on kinetochore-microtubule attach-
ment in cells rescued with D1–80 Hec1-GFP, we investigated
the ultrastructure of these kinetochores by electron micros-
copy. As shown in Figure 3A, serial section images of kineto-
chores in mock-transfected cells often displayed a distinct
outer plate with multiple microtubules bound. Depletion of
Hec1 resulted in distinct outer plates with few microtubules
bound (Figure 3B). Rescue with full-length Hec1-GFP restored
microtubule binding (Figure 3C), whereas rescue with D1–80
Hec1-GFP did not (Figure 3D), confirming our light-micros-
copy data. Kinetochores in Hec1-depleted cells with no rescue
or rescued with D1–80 Hec1-GFP rarely bound more than four
microtubules (Figure 3E). The detection of corona material also
indicated that these kinetochores were in a largely unbound
state [15, 16] (Figures 3B and 3D). In contrast, all kinetochores
in mock-transfected cells and full-length Hec1-GFP-rescued
cells had many bound microtubules, with an average of more
than 20 microtubules per kinetochore (Figure 3E).

Detection of an outer plate in Hec1-depleted PtK1 cells is
somewhat surprising because Nuf2 depletion from HeLa cells,
which causes a concomitant reduction in Hec1, results in loss
of the outer-plate structure [17, 18]. Currently, it is not clear
whether this is due to a difference in cell type or other factors.
Furthermore, it is not possible from two-dimensional images of
conventionally prepared specimens to know for certain
that the outer plates in the unbound kinetochores of Hec1-
depleted and D1–80 Hec1-GFP-rescued cells are structurally
the same as in unbound kinetochores of control cells. This
issue will have to be resolved by more extensive structural
studies.

The positively charged tail domain of Hec1 is a substrate for
Aurora B kinase phosphorylation in vitro, and nine target
sites within this domain of human Hec1 of have been identified
by mass spectrometry [13, 19]. Two recent in vitro studies
have shown that inclusion of purified Aurora B kinase in
microtubule-pelleting assays decreased the binding affinity
of purified Ndc80 complexes for microtubules [13, 20]. In addi-
tion, overexpression of a Hec1 mutant in which six Aurora B
target residues within the tail domain were mutated to prevent
phosphorylation resulted in robust kinetochore-microtubule
attachment, but defects in chromosome alignment and kinet-
ochore-microtubule attachment-error correction were ob-
served [19]. These studies have led to the hypothesis that
phosphorylation of Hec1 by Aurora B kinase may prevent tight
binding of microtubules to kinetochores to promote microtu-
bule release in cells. This is consistent with findings that
Aurora B promotes microtubule turnover and attachment-
error correction in budding yeast and mammalian cells [21,
22]. We tested this hypothesis by expressing a mutant in which
the nine identified target Aurora B phosphorylation serine (S)
or threonine (T) residues within the Hec1 N terminus were mu-
tated to aspartic acid (D) to mimic constitutive phosphoryla-
tion and reduce the overall positive charge of the tail domain
(Figure S1A). Hec1-depleted cells rescued with 9D-Hec1-
GFP were unable to align their chromosomes, exhibited a de-
crease in kinetochore-microtubule end-on attachments, and
failed to generate wild-type tension across sister kinetochores
(Figures 4A–4C). This is in contrast to cells rescued with either
full-length Hec1-GFP or a mutant in which the nine phosphor-
ylation target sites were mutated to alanine (9A-Hec1-GFP),
in which robust kinetochore-microtubule attachments were
observed (Figure 4A). Although cells rescued with 9A-Hec1-
GFP were able to generate kinetochore-microtubule attach-
ments, they often exhibited defects in chromosome alignment,
consistent with a previous overexpression study using a Hec1
alanine (A) mutant [19]. These experiments suggest that
the charge composition of the 80 amino acid tail domain of
Hec1 is a critical determinant of kinetochore-microtubule
attachment.
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Figure 1. Hec1 Depletion from PtK1 Cells Results in Mitotic Defects

(A) Average Hec1 kinetochore fluorescence intensity in Hec1-siRNA-transfected and mock-transfected cells (left). Cells transfected with Cy5-labeled Hec1

siRNA were identified, and those with reduced levels of kinetochore-associated Hec1 were subjected to kinetochore fluorescence-intensity analysis (n = 11



Hec1 Tail Mediates Kinetochore-MT Attachment
1781
cells, 170 kinetochores). Kinetochores from mock-transfected cells were also analyzed (n = 13 cells, 198 kinetochores), and the fluorescence was normal-

ized to one. For one representative mock-transfected cell and one representative cell transfected with Cy5-labeled Hec1 siRNA, individual kinetochore

intensities for all kinetochores within that cell are shown (right). The p value (indicated by the asterisk) is <0.0001, as measured by Student’s t test.

(B) Images of mock-transfected and Hec1-siRNA-transfected cells. Cells were fixed 48 hr after transfection, immunostained with the indicated antibodies,

imaged, and deconvolved. Projections of image stacks are shown. The overlay shows tubulin (white), anti-centromere antibodies (ACA; red), and Hec1

(green).

(C) Quantification of end-on microtubule association with kinetochores (mock-transfected, late prometaphase: n = 10 cells, 212 kinetochores;

mock-transfected, early-mid prometaphase: n = 10 cells, 208 kinetochores; Hec1-siRNA-transfected: n = 10 cells, 229 kinetochores).

(D) Quantification of interkinetochore distances, which were measured from ACA centroid to ACA centroid (mock-transfected, prophase: n = 5 cells, 25 ki-

netochore pairs; mock-transfected, metaphase: n = 14 cells, 61 kinetochore pairs; Hec1-siRNA-transfected, prophase: n = 10 cells, 77 kinetochore pairs;

Hec1-siRNA-transfected: n = 32 cells, 307 kinetochore pairs). The asterisk indicates a p value of <0.0005, as measured by Student’s t test (Hec1-siRNA-

transfected versus mock-transfected, metaphase).

(E) Mock-transfected and Hec1-siRNA-transfected cells were subjected to a cold-induced microtubule-depolymerization assay, processed for immunoflu-

orescence, immunostained with the indicated antibodies, imaged, and deconvolved. Projections of image stacks are shown.

(F) Time-lapse image stills of mock-transfected and Hec1-siRNA-transfected cells. Elapsed time is indicated in min.

(G) Average time for progression through mitosis for mock-transfected (n = 28 cells) and Hec1-siRNA-transfected (n = 86 cells) PtK1 cells. Time was scored

from nuclear-envelope breakdown (NEBD) to anaphase onset. The vertical line in all bar graphs indicates the standard deviation.

Figure 2. The N Terminus of Hec1 Is Required for Kinetochore-Microtubule Attachment

(A) Projections of deconvolved immunofluorescence images of PtK1 cells depleted of endogenous Hec1 and rescued with the indicated GFP fusion

proteins.

(B) Quantification of end-on microtubule association with kinetochores (full-length Hec1-GFP, late prometaphase: n = 10 cells, 256 kinetochores; full-length

Hec1-GFP, early-mid prometaphase: n = 10 cells, 251 kinetochores; D1–207 Hec1-GFP: n = 10 cells, 214 kinetochores; D1–80 Hec1-GFP: n = 10 cells,

217 kinetochores).

(C) Quantification of interkinetochore distances, which were measured from Hec1-GFP centroid to Hec1-GFP centroid (full-length Hec1-GFP, prophase:

n = 11 cells, 46 kinetochore pairs; full-length Hec1-GFP, metaphase: n = 12 cells, 75 kinetochore pairs; D1–207 Hec1-GFP: n = 21 cells, 88 kinetochore pairs;

D1–80 Hec1-GFP: n = 21 cells, 90 kinetochore pairs). The p values (indicated by the asterisk and double asterisk) are <0.0005, as measured by Student’s

t test (singleasterisk: D1–80 Hec1-GFP versus full-length Hec1-GFP, metaphase; doubleasterisk: D1–207 Hec1-GFP versus full-length Hec1-GFP, metaphase).

(D) Image stills from time-lapse image acquisitions. Cells positive for both Cy5-labeled Hec1 siRNA and the GFP fusion protein indicated (first panel of each

series) were identified and imaged with a 1003 phase-contrast objective. Time is indicated in min.

(E) Quantification of mitotic timing (full-length Hec1-GFP: n = 15 cells; D1–207 Hec1-GFP: n = 23 cells; D1–80 Hec1-GFP: n = 38 cells). Time was scored from

NEBD to anaphase onset. Cells were imaged for 3 hr, and those cells still in mitosis at the end of imaging were scored as >180 min. The vertical line in all

bar graphs indicates the standard deviation.
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Figure 3. Kinetochore Ultrastructure in Hec1-De-

pleted and D1–80 Hec1-GFP-Rescued PtK1 Cells

(A) Mock-transfected cell. On the left is a low-

magnification image showing the metaphase

alignment of the chromosomes. On the right are

higher-magnification images of two serial

sections through the kinetochore indicated by

the box in the low-magnification view. Images

show a distinct outer plate (indicated by arrows)

and robust kinetochore fibers (indicated by

arrowheads).

(B) Hec1-siRNA-transfected cell. On the left is

a low-magnification image showing that Hec1

cells are unable to achieve metaphase alignment

or form robust kinetochore fibers. On the right are

higher-magnification images of two serial sec-

tions through the kinetochore indicated by the

box in the low-magnification image. Although

a distinct outer plate is frequently observed (indi-

cated by arrows), few bound microtubules were

detected. In addition, a fibrous corona character-

istic of unbound kinetochores is evident (indi-

cated by arrowheads). The scale bar for low-mag-

nification images in (A) and (B) represents 1.0 mm.

(C) Hec1-depleted cells rescued with full-length

Hec1-GFP. High-magnification views showing

a distinct outer plate (indicated by arrows) with

numerous bound microtubules (indiated by

arrowheads), similar to that seen in (A).

(D) Hec1-depleted cells rescued with D1–80 Hec1-GFP. High-magnification views show unbound kinetochores with distinct outer plate (indicated by arrows)

and corona (indicated by arrowheads), similar to that seen in (B). The scale bar for high-magnification images in (A)–(D) represents 200 nm.

(E) Quantification of kinetochore-microtubule attachment. The number of kinetochores scored (# kt), number of cells analyzed (# cell), average number of

attached microtubules per kinetochore (avg), standard deviation (std), and range of attached microtubules per kinetochore (range) are listed for each exper-

imental condition.
Both N termini of Hec1 and Nuf2 contain CH domains [12,
13], which have been implicated in microtubule binding [9,
11]. We show here that the 80 amino acid unstructured tail
domain of Hec1 is required for the efficient formation of stable
kinetochore-microtubule attachments in cells, and the CH do-
mains of Hec1 and Nuf2 are not sufficient to carry out this task
alone. Our findings are corroborated by recent in vitro data that
demonstrate a decrease in binding affinity of the Ndc80 com-
plex for microtubules upon deletion of the 80 amino acid Hec1
tail domain [12, 13]. It is surprising, however, that in the context
of a living cell, defects due to deletion of this domain are not
rescued by either redundant microtubule-binding factors at
kinetochores or by the CH domains in Hec1 and Nuf2 them-
selves [13, 20].

What is the role of the 80 amino acid tail domain at the kinet-
ochore-microtubule interface? Our results suggest that the tail
domain mediates kinetochore-microtubule binding through
electrostatic interactions. Nine amino acid substitutions within
the Hec1 tail domain were made to mimic the charge brought
on by phosphorylation. When these nine target residues within
the tail domain were mutated to aspartic acid (D), the isoelec-
tric point of this domain decreased from w10.8 to w8.0, and we
observeda kinetochore-nullphenotype, inwhich chromosomes
failed to align and very few stable end-on kinetochore-microtu-
bule attachments were generated. Loss of kinetochore-micro-
tubule attachments due to a change in the charge composition
of the Hec1 tail domain has important implications for how the
cell generates and regulates kinetochore-microtubule attach-
ments. Microtubules extend from their surface highly acidic
C-terminal tail domains of alpha and beta tubulin. These tail
domains can be cleaved by subtilisin, which reduces the affinity
of a truncated, engineered Ndc80 complex (Ndc80bonsai) for
microtubules in vitro [13]. A model for kinetochore-microtubule
attachment can be envisioned in which the N-terminal tail do-
mains of Hec1 bind directly to the C-terminal acidic domains
of tubulin and charge modification of Hec1 tails through phos-
phorylation regulates attachment status.

In support of this model, the tail domain of Hec1 is a sub-
strate for Aurora B kinase in vitro [13, 19, 20]. Mutation of mul-
tiple residues in the tail domain to prevent phosphorylation
in vivo results in robust kinetochore-microtubule attachment,
whereas mutation of these residues to mimic constitutive
phosphorylation in vivo results in loss of kinetochore-microtu-
bule attachment (Figure 4). It is likely that mutation of multiple
phosphorylation sites is required for an effect on kinetochore-
microtubule attachment, and a single site may not modify the
charge to a level that will induce detachment. Aurora B kinase
phosphorylates C. elegans Ndc80 in vitro, and mutation of four
consensus Aurora B kinase phosphorylation sites to alanine
(probably corresponding to residues 5, 15, 44, and 55 in human
Hec1) prevents phosphorylation [20], suggesting that one or
more of these four residues is a key phosphorylation target.
Future work is needed to test the minimum number of Hec1
point mutations that are required to elicit an attachment pheno-
type in vertebrate cells and to determine which specific
residues or combinations of residues are the effectors of the
phenotype. Our data support a model in which the tail domain
of Hec1 acts as a regulator of kinetochore-microtubule attach-
ment in cells. When kinase activity is elevated, the tail domain is
phosphorylated, and microtubule turnover at the kinetochore-
microtubule interface is high. As chromosomes align at the spin-
dle equator, kinase activity decreases at the outer kinetochore,
the tail domain of Hec1 becomes dephosphorylated, and kinet-
ochore-microtubule attachments are stabilized. Future studies
that correlate Hec1 phosphorylation in vivo with chromosome
biorientation status will be key in testing this model.
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Our findings do not rule out recently proposed alternative
models in which the N-terminal tail domain of Hec1 mediates
kinetochore-microtubule binding by tethering Ndc80 com-
plexes together at the kinetochore-microtubule interface
[13]. Here, direct binding of the Ndc80 complexes to microtu-
bules is largely mediated by electrostatic interactions between
positive residues within the CH domains of Nuf2 and Hec1 and
the C-terminal tubulin tails. In support of this model, the affinity
of the Ndc80bonsai complex for microtubules was significantly
reduced when point mutations were made in the CH domain
of either Nuf2 or Hec1 that reduced the positive charge of
these domains [13].

Although the 80 amino acid N-terminal tail domain is required
for kinetochore-microtubule attachment, it is not needed to
maintain the mitotic checkpoint. The CH domain, however, is
required. A previous study has demonstrated an interaction be-
tween Hec1 and the Mad2-binding partner Mad1 in a yeast
two-hybrid assay [4]. It will be important to establish whether
the CH domain of Hec1 directly mediates this binding to Mad1
or to other mitotic-checkpoint factors. It will also be important
to determine whether loss of the Hec1 CH domain affects the
ability of Nuf2 to participate in checkpoint protein binding.

Figure 4. Charge Modification of the Hec1 80

Amino Acid Tail Domain Inhibits Kinetochore-

Microtubule Attachment

(A) Deconvolved immunofluorescence images of

Hec1-depleted PtK1 cells expressing the indi-

cated GFP fusion proteins. The insets show

higher-magnification images of individual kineto-

chores.

(B) Quantification of end-on microtubule associa-

tion with kinetochores. Full-length Hec1-GFP

data from Figure 2 are compared to data from

9D-Hec1-GFP-expressing cells: n = 10 cells,

295 kinetochores.

(C) Quantification of interkinetochore distances,

measured from Hec1-GFP centroid to Hec1-

GFP centroid (full-length Hec1-GFP, metaphase

data from Figure 2 are compared to data from

9D-Hec1-GFP: n = 10 cells, 82 kinetochore pairs).

The p value (indicated by asterisk) is <0.0005, as

measured by Student’s t test (9D-Hec1-GFP ver-

sus full-length Hec1-GFP, metaphase). The verti-

cal line in all bar graphs indicates the standard

deviation.
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