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ABSTRACT The conserved kinetochore-associated NDC80 complex (composed of Hec1/ Monitoring Editor
Ndc80, Nuf2, Spc24, and Spc25) has well-documented roles in mitosis including 1) connect- Claire Walczak

ing mitotic chromosomes to spindle microtubules to establish force-transducing kinetochore- Indiana University
microtubule attachments and 2) regulating the binding strength between kinetochores and Received: May 5, 2020
microtubules such that correct attachments are stabilized and erroneous attachments are Accepted: May 8, 2020
released. Although the NDC80 complex plays a central role in forming and regulating attach-
ments to microtubules, additional factors support these processes as well, including the spin-
dle and kinetochore-associated (Ska) complex. Multiple lines of evidence suggest that Ska
complexes strengthen attachments by increasing the ability of NDC80 complexes to bind
microtubules, especially to depolymerizing microtubule plus ends, but how this is accom-
plished remains unclear. Using cell-based and in vitro assays, we demonstrate that the Hec1
tail domain is dispensable for Ska complex recruitment to kinetochores and for generation of
kinetochore-microtubule attachments in human cells. We further demonstrate that Hec1 tail
phosphorylation regulates kinetochore-microtubule attachment stability independently of
the Ska complex. Finally, we map the location of the Ska complex in cells to a region near the
coiled-coil domain of the NDC80 complex and demonstrate that this region is required for
Ska complex recruitment to the NDC80 complex--microtubule interface.

This article was published online ahead of print in MBoC in Press (http://www INTRODUCTION
.molbiolcell.org/cgi/doi/10.1091/mbc.E20-05-0286) on May 13, 2020.

Author contributions: J.G.D. and R.T.W. conceived the project, and J.G.D. super- .
vised the project. R.T.W. carried out the experiments and analyzed all data except the formation of stable attachments between chromosomes and
for the two-color fluorescence localization experiments, which were carried out spindle microtubules. These attachments are generated at kineto-

and analyzed by K.F.D. J.E.M. cloned, expressed, and purified NDC80 constructs h hich | | truct built t .
and complexes. 1.J-S. and A.AJ. cloned, expressed, and purified Ska complexes. chores, which are macromolecular structures bulit on centromeric

J.H. helped with data analysis. J.G.D. and R.T.W. wrote the paper with input from heterochromatin of mitotic chromosomes. Once stable kineto-
KFD.and AA.J. chore-microtubule connections are formed, forces generated by
* . H H . .

Address correspondence to: Jennifer G. Deluca (jdeluca@colostate.edu). plus-end microtubule dynamlcs are harnessed for the purpose of

Abbreviations used: CH, calponin homology; GFP, green fluorescent protein; . . . .
TIRF total internal refloction fluorescence congressing chromosomes to the spindle equator and silencing the

© 2020 Wimbish et al. This article is distributed by The American Society for Cell SPi”d|e assembly CheCprint' which prevents anaphase onset until
Biology under license from the author(s). Two months after publication it is avail- all kinetochores are properly attached to spindle microtubules. The
able to the public under an Attribution—-Noncommercial-Share Alike 3.0 Unported kinetochore-associated NDC80 complex, composed of the proteins

Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of Hec1 (also known as Ndc80), Nuf2, Spc24, and Spc25, serves as the

the Cell®” are registered trademarks of The American Society for Cell Biology. core linkage between kinetochores and spindle microtubules

Successful chromosome segregation during mitosis depends on

Volume 31 July 1, 2020 1453



(DeLuca and Musacchio, 2012). A direct interaction has been
mapped between the “toe” domain of Hec1, which resides in its
well-ordered, N-terminal calponin homology (CH) domain, and the
microtubule lattice (Ciferri et al., 2008; Wilson-Kubalek et al., 2008;
Alushin et al., 2010). This interaction is required for high-affinity
NDC80 complex-microtubule interactions in vitro and for kineto-
chore-microtubule attachment formation in cells from all organisms
tested to date (Ciferri et al., 2008; Sundin et al., 2011; Tooley et al.,
2011; Lampert et al., 2013; Cheerambathur et al., 2017). The Hec1
protein contains an N-terminal, unstructured “tail” domain that has
also been implicated in forming kinetochore-microtubule attach-
ments in cells, although the requirement for the tail domain in this
process varies among eukaryotic species (Wimbish and Deluca,
2020). The Hec1 tail domain in Saccharomyces cerevisiae and
Caenorhabditis elegans is dispensable for formation of stable ki-
netochore—microtubule attachments (Kemmler et al., 2009; Demirel
et al., 2012; Cheerambathur et al., 2013; Lampert et al., 2013). In
contrast, expression of Hec1 mutants lacking the N-terminal tail do-
main in mammalian cells has been reported to inhibit the formation
of stable attachments (Guimaraes et al., 2008; Miller et al., 2008).
The tail domain of Hecl from all species tested, however, is re-
quired for high-affinity binding of NDC80 complexes to microtu-
bules in vitro (Wei et al., 2007; Ciferri et al., 2008; Miller et al., 2008;
Alushin et al., 2012; Umbreit et al., 2012; Cheerambathur et al.,
2013; Lampert et al., 2013; Zaytsev et al., 2015), suggesting that
cellular factors likely compensate for Hec1 tail domain functions to
various degrees in different organisms. Why the Hec1 tail domain is
required for attachments in mammalian cells, but not in other eu-
karyotic species, remains an unanswered question.

In addition to generating attachments to spindle microtubules,
kinetochores regulate their stability. In early mitosis attachments are
labile and undergo rapid turnover, whereas in late mitosis, attach-
ments are stable and long-lived (Zhai et al., 1995; Cimini et al., 2006;
Deluca et al., 2006; Bakhoum et al., 2009). This scheme helps en-
sure that any erroneous attachments formed in early mitosis are re-
leased and corrected and that mature attachments on correctly bi-
oriented chromosomes are stabilized. Temporal regulation of
attachment strength is primarily achieved through phosphorylation
of kinetochore substrates by the Aurora family of kinases (Biggins
et al., 1999; Tanaka et al., 2002; Carmena et al., 2012; Krenn and
Musacchio, 2015), and the Hec1 N-terminal tail domain is a key
component of this phosphoregulatory system (Cheeseman et al.,
2006; Deluca et al., 2006). Nine sites in the Hec1 tail domain have
been identified as substrates of Aurora kinases A and B in vitro, and
at least five are confirmed to be phosphorylated in cells (Nousiainen
et al., 2006; Deluca et al., 2011, 2018; Kettenbach et al., 2011). In
vitro, progressive mutation of these nine target sites to aspartic acid
to mimic increasing phosphorylation results in a coordinate de-
crease in microtubule binding affinity of human NDC80 complexes
(Zaytsev et al., 2015). Increasing the number of phosphomimetic
substitutions also results in a corresponding decrease in kineto-
chore-microtubule attachment stability, as evidenced by decreased
interkinetochore distances and kinetochore-microtubule bundle
densities in mammalian cells (Zaytsev et al., 2014; Etemad et al.,
2019; Kuhn and Dumont, 2019). Conversely, expression of Hecl
mutants in which all mapped Aurora kinase target sites are mutated
to alanine to prevent phosphorylation results in hyperstabilization of
kinetochore-microtubule attachments and defective attachment er-
ror correction in mammalian cells (Deluca et al., 2011; Sundin et al.,
2011; Zaytsev et al., 2014; Tauchman et al., 2015; Long et al., 2017;
Yoo et al., 2018). A similar phenomenon is observed in embryonic
C. elegans cells, where mutation of the four mapped Hec1 tail
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domain Aurora kinase target sites to alanine results in premature
kinetochore-microtubule stabilization (Cheerambathur et al., 2017).
One model to explain these results proposes that increased phos-
phorylation of the Hec1 tail reduces the affinity of the NDC80 com-
plex for microtubules, which in turn decreases kinetochore-microtu-
bule attachment stability.

In addition to the NDC80 complex, the spindle and kinetochore-
associated (Ska) complex, a trimer composed of Ska1, Ska2, and
Ska3, contributes to the generation and stabilization of kineto-
chore-microtubule attachments. The Ska complex loads progres-
sively onto kinetochores during mitosis and is required for efficient
chromosome congression and for silencing the spindle assembly
checkpoint (Hanisch et al., 2006; Daum et al., 2009; Gaitanos et al.,
2009; Guimaraes and Deluca, 2009; Raaijmakers et al., 2009; Theis
etal., 2009; Sivakumar et al., 2014, 2016; Auckland et al., 2017). The
Ska complex binds both the NDC80 complex and microtubules and
stabilizes NDC80 complex-mediated kinetochore-microtubule at-
tachments, likely through its ability to remain bound to depolymer-
izing microtubule plus ends (Welburn et al., 2009; Jeyaprakash
et al., 2012; Schmidt et al., 2013; Abad et al., 2014; Zhang et al.,
2017; Helgeson et al., 2018). A major outstanding question is how
the Ska complex is recruited to kinetochore-bound NDC80 com-
plexes to promote kinetochore-microtubule attachment stability.
Previous studies have suggested that this recruitment is mediated
through the Hec1 tail domain (Cheerambathur et al., 2017; Janczyk
et al., 2017), the Hec1 loop domain (Zhang et al., 2012, 2017), and
the coiled-coil regions of the heterotetrameric complex (Helgeson
et al., 2018; Huis in't Veld et al., 2019); thus the recruitment mecha-
nism remains unresolved.

The Ska complex has also been implicated in regulating kineto-
chore-microtubule attachment stability. Expression of a nonphos-
phorylatable Hec1 tail domain mutant in C. elegans embryos re-
sulted in increased kinetochore recruitment of the Ska complex,
whereas expression of a phosphomimetic Hec1 tail domain mutant
led to the opposite effect (Cheerambathur et al., 2017). Importantly,
the increased stability of kinetochore-microtubule attachments ob-
served in cells expressing the nonphosphorylatable mutant version
of Hec1 was dependent on the presence of the Ska complex. Thus,
in some organisms, rather than directly regulating NDC80 complex—
microtubule affinity, phosphorylation of the Hec1 tail likely controls
recruitment of Ska complexes, which in turn regulates attachment
stability. Whether this mechanism functions in human cells remains
to be tested.

Here we investigate how the human Ska complex is recruited to
the NDC80 complex in cells and in vitro and how Hec1 tail phos-
phorylation impacts Ska function. We report that the N-terminal
Hec1 tail domain, while required for force generation and attach-
ment regulation, is not explicitly required for either kinetochore—
microtubule attachment formation or Ska complex recruitment to
kinetochores in human cells. The tail domain is also dispensable for
Ska complex-mediated enhancement of NDC80 complex—micro-
tubule binding in vitro. We demonstrate that phosphoregulation of
kinetochore-microtubule attachments occurs in the absence of the
Ska complex in human cells, providing support for a mechanism
whereby Aurora kinase phosphorylation of the Hec1 tail directly
modulates kinetochore-microtubule attachment strength. Finally,
using two-color fluorescence localization microscopy, we map the
location of the Ska complex to a region coincident with the central
coiled-coil domain of the NDC80 complex, and consistent with
this, we find that this domain of the NDC80 complex is required for
the Ska complex to enhance NDC80-microtubule interactions
in vitro.
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RESULTS

Phosphorylation of the Hec1 tail affects Ska complex
loading to kinetochores

To determine how phosphorylation of the Hec1 tail impacts recruit-
ment of Ska complexes to kinetochores, we expressed mutant ver-
sions of green fluorescent protein (GFP)-tagged Hec1 in human cells
in which the nine mapped Aurora phosphorylation sites were mu-
tated to either alanine (9A) to prevent phosphorylation or aspartic
acid (9D) to mimic constitutive phosphorylation. Western blot analy-
sis revealed that transgene expression levels were variable between
Hec1-GFP mutants; thus, we analyzed only cells with similar protein
levels based on kinetochore GFP intensity (Supplemental Figure S1,
A-C; see also Materials and Methods). We confirmed that expres-
sion of the exogenous constructs led to depletion of endogenous
Hec1 protein from kinetochores to undetectable levels by staining
cells with an antibody to phosphorylated Hec1 Ser-69 (pS69), which
does not recognize 9A- or 9D-Hec1 proteins and whose levels do
not vary during mitotic progression (Deluca et al., 2018) (Figure 1,
A and B). Similar to the situation described for C. elegans (Cheeram-
bathur et al., 2017), we found that kinetochores in cells expressing
9A-Hec1-GFP were enriched for the Ska complex, while kineto-
chores in cells expressing 9D-Hec1-GFP exhibited lower levels com-
pared with kinetochores in cells expressing WT-Hec1-GFP (Figure 1,
A and C). Similar results were observed in cells expressing Hec1-
GFP constructs and depleted of endogenous Hec1 by small interfer-
ing RNA (siRNA), confirming that Hec1 transgene expression is suf-
ficient to elicit a dominant phenotype without the additional need
for siRNA treatment (Supplemental Figure S1, D-F; Tauchman et al.,
2015).

Although these results suggest that the phosphorylation state of
the tail domain might directly regulate Ska complex recruitment to
kinetochores, there is an important caveat to this experiment. Cells
expressing 9A-Hec1 mutants generate hyperstable kinetochore-mi-
crotubule attachments, in which kinetochore-microtubule bundle
densities are increased (Zaytsev et al., 2014), the pulling forces be-
tween two sister kinetochores are higher (Deluca et al., 2011; Yoo
et al., 2018), and end-on kinetochore-microtubule attachments are
formed earlier than in control cells (Figure 1, D and E). Conversely,
cells expressing 9D-Hec1 mutants fail to form stable kinetochore—
microtubule attachments during mitosis (Deluca et al., 2011;
Zaytsev et al., 2014). Because the Ska complex loads to kineto-
chores as microtubule attachments are progressively stabilized
(Hanisch et al., 2006; Auckland et al., 2017) (Figure 1, F and G), re-
sults from the experiment described above (Figure 1, A-C) do not
allow us to differentiate between the two following scenarios: 1)
dephosphorylation of the Hec1 tail promotes Ska complex recruit-
ment, and in turn, the Ska complex increases kinetochore-microtu-
bule attachment stability, or 2) dephosphorylation of the Hec1 tail
generates stable kinetochore-microtubule attachments, and in turn,
stable attachments promote recruitment of the Ska complex to
kinetochores.

Phosphorylation of the Hec1 tail does not affect
microtubule-independent Ska complex loading to
kinetochores

To differentiate between the two possibilities, we measured Ska
complex loading to kinetochores in cells expressing WT, 9A-, and
9D-Hec1-GFP in the absence of microtubules. This allowed us to test
how mutations in Hec1 affect Ska recruitment without the confound-
ing effects of their impact on kinetochore-microtubule attachment
stability. Previous reports have demonstrated that while Ska com-
plexes are maximally loaded onto kinetochores after microtubule
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attachment, a population of Ska complex localizes to kinetochores in
a Hec1-dependent, microtubule-independent manner (Chan et al.,
2012; Zhang et al., 2017). Cells transfected with either WT-, 9A-, or
9D-Hec1-GFP were synchronized and arrested in G2 with RO-3306
and then washed out into nocodazole before entry into mitosis. We
confirmed that microtubule-independent Ska complex recruitment
to kinetochores required the NDC80 complex (Figure 2, A and B)
and found that kinetochores in cells expressing WT-, 9D- or 9A-
Hec1-GFP all loaded similar levels of the Ska complex (Figure 2, C
and D). These results suggest that in the absence of microtubules,
the phosphorylation state of the human Hec1 tail domain does not
influence Ska complex recruitment to kinetochores. In this experi-
ment, all cells subjected to analysis entered mitosis in the presence
of nocodazole, and therefore kinetochores had no contact with mi-
crotubules before fixation. Interestingly, when we carried out a simi-
lar experiment in an asynchronous population, where nocodazole
was added to cells in various stages of mitosis, we found that kineto-
chores in cells expressing ?A-Hec1-GFP exhibited somewhat higher
levels of Ska3 compared with those in cells expressing WT-Hec1-
GFP (Supplemental Figure S2, A and B). We speculate that a popula-
tion of kinetochores in asynchronous cells expressing 9A-Hec1-GFP
had previously established kinetochore-microtubule attachments
and loaded high levels of the Ska complex to kinetochores before
exposure to nocodazole. These results suggest that once Ska com-
plexes are loaded onto kinetochores by microtubule attachment, a
subpopulation of the complex remains bound even after microtu-
bule depolymerization.

Hec1 tail phosphorylation contributes to kinetochore-
microtubule attachment stability independently of the

Ska complex

To investigate the functional dependencies between Hec1 tail de-
phosphorylation, Ska complex loading, and kinetochore-microtu-
bule attachment stability, we tested whether the stable attachments
formed in human cells expressing 9A-Hec1-GFP were dependent
on the Ska complex. For these experiments, we depleted the Ska
complex from Hela cells using siRNAs targeting the Ska complex
subunits Ska1 and Ska3, which has previously been shown to dis-
rupt kinetochore-microtubule attachments and chromosome align-
ment (Gaitanos et al., 2009). Immunofluorescence analysis revealed
an ~80% reduction in Ska3 signal at kinetochores of Ska1/Ska3
siRNA-treated cells compared with control cells in metaphase (Sup-
plemental Figure S2, C and D), and most Ska-depleted cells exhib-
ited unaligned chromosomes and defective cold-stable kineto-
chore-microtubule attachment formation (Supplemental Figure S2,
E and F). To determine how the Ska and NDC80 complexes coordi-
nate to form kinetochore-microtubule attachments, we expressed
WT- and 9A-Hec1-GFP constructs in Ska-depleted cells, treated the
cells with ice-cold media before fixation, stained them with antibod-
ies to tubulin, and scored them for cold-resistant end-on kineto-
chore-microtubule attachments. Similar to what we observed for
Ska-depleted cells alone, cells expressing WT-Hec1-GFP and de-
pleted of Ska1/Ska3 exhibited defects in chromosome alignment
and formation of end-on kinetochore-microtubule attachments
(Figure 2, E and F). However, in Ska1/Ska3-depleted cells express-
ing 9A-Hec1-GFP, we observed robust formation of end-on attach-
ments despite cells exhibiting similar defects in chromosome align-
ment (Figure 2, E and F). These results suggest that Hec1 tail
phosphorylation and Ska complex recruitment contribute to regula-
tion of kinetochore-microtubule attachments independently of
each other. We reasoned that if this were the case, then the desta-
bilizing effects of expressing a phospho-mimetic Hec1 tail mutant in
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Phosphorylation of the Hec1 tail domain affects kinetochore-microtubule attachment stability and Ska
complex loading to kinetochores. (A) Immunofluorescence images of cells expressing WT-, 9A-, and 9D-Hec1-GFP. Cells
were fixed and stained using antibodies to Hec1 pS69 and Ska3 (mouse). (B) Quantification of pSé9 kinetochore
fluorescence intensity from cells expressing WT-, 9A-, and 9D-Hec1-GFP. For each condition, at least 20 kinetochores
per cell were measured from at least five cells per experiment from three separate experiments. (C) Quantification of
Ska3 kinetochore fluorescence intensity from cells expressing WT-, 9A-, and 9D-Hec1-GFP. For each condition, at least
20 kinetochores per cell were measured from at least five cells per experiment from three separate experiments.
Statistical significance was determined by a one-way analysis of variance (ANOVA). (D) Immunofluorescence images of
cold-treated cells expressing WT- and 9A-Hec1-GFP. Cells were incubated in ice-cold DMEM for 12 min before fixation,
permeabilized, fixed, and stained using antibodies to tubulin. Insets are enlargements of the region indicated by the
dashed box. (E) Quantification of end-on attachment in cold-treated cells expressing WT- and 9A-Hec1-GFP. For each
condition, at least 15 kinetochores per cell were measured from at least nine cells per experiment from two separate
experiments. A Student'’s t test was carried out to determine statistical significance. (F) Immunofluorescence images
of untreated, control cells in different stages of mitosis fixed and stained with antibodies to Ska3 (rabbit).

(G) Quantification of Ska3 kinetochore fluorescence intensity in control cells in progressive stages of mitosis. For each
mitotic phase, at least 20 kinetochores were measured from at least four cells per experiment from two separate
experiments. On all graphs, each dot represents the average value for all kinetochores from a single cell. Scale bars:
10 and 1 pm for panels and insets, respectively.
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Ska1/Ska3-depleted cells should be more severe than the effects of
expressing a phospho-mimetic Hec1 tail mutant in non-Ska1/Ska3-
depleted cells. We found that cells expressing 9D-Hec1-GFP exhib-
ited defects in forming stable, end-on kinetochore-microtubule at-
tachments (average of ~34% of kinetochores attached per cell),
which is consistent with previous studies (Figure 2, G and H; Guima-
raes et al., 2008; Zaytsev et al., 2014). In cells depleted of Ska1 and
Ska3, expression of 9D-Hec1-GFP indeed resulted in a more pene-
trant kinetochore-microtubule attachment defect (average of ~14%
of kinetochores attached per cell) (Figure 2, G and H), providing
further evidence that in human cells, phosphorylation of the Hec
tail contributes to kinetochore-microtubule attachment stability in-
dependently of the Ska complex. Collectively, these results suggest
that the increased loading of Ska complexes to kinetochores in cells
expressing 9A-Hec1 is a consequence of increased kinetochore-
microtubule attachment stability, rather than a direct effect of block-
ing Hec1 tail phosphorylation. Similarly, we found that expression of
9A-Hec1-GFP also resulted in higher kinetochore recruitment of
Astrin, a subunit of the Astrin-SKAP complex, which has been re-
ported to specifically localize to end-on attached kinetochores
(Supplemental Figure S1, G and H; Schmidt et al., 2010; Conti et al.,
2019).

Phosphorylation of Hec1 Ser-69 prevents excess Ska

loading to kinetochores

In contrast to most Aurora target sites on the Hec1 tail, Ser-69 re-
mains phosphorylated at high levels throughout mitosis, and this
modification is important for maintaining proper kinetochore—-mi-
crotubule attachment dynamics (Deluca et al., 2018). We next
tested whether phosphorylation of this site imparted differences in
Ska recruitment compared with a completely dephosphorylated tail.
To this end, we expressed 8A-Hec1-GFP in cells, in which eight of
the nine mapped Aurora kinase target sites are mutated to alanine
and Ser-69 is kept in its wild-type state (Deluca et al., 2018). In con-
trast to what we observed for 9A-Hec1, cells expressing 8A-Hec
recruited normal, wild-type levels of Ska3 in metaphase (Supple-
mental Figure S3, A and B). In line with the need for high levels of
Hec1 tail phosphorylation in early mitosis (Zaytsev et al., 2014), 8A-
Hec1 expression resulted in premature stabilization of kinetochore—
microtubule attachments (Supplemental Figure S3, C and D). Addi-
tionally, and in a manner similar to 9A-Hec1, expression of 8A-Hec
constructs led to robust kinetochore-microtubule attachment for-
mation in the absence of the Ska complex (Supplemental Figure S3,
E and F). These results provide further support for the notion that
Hec? tail dephosphorylation strengthens attachments indepen-
dently of the Ska complex and suggest that maintenance of wild-
type Hec1 tail phosphorylation levels allow normal Ska loading to
kinetochores.

The Hec1 tail domain is not required for Ska complex—
mediated enhancement of NDC80 complex-microtubule
binding

Independent of its phosphorylation state, the tail domain of Hec
has been implicated in recruiting the Ska complex to the NDC80
complex-microtubule interface in vitro and to kinetochores in hu-
man cells (Janczyk et al., 2017). In contrast, other studies have re-
ported that the Hec1 tail is dispensable for the NDC80-Ska complex
interaction (Helgeson et al., 2018; Huis in't Veld et al., 2019). To
further investigate these discrepancies, we first asked whether the
tail domain is required in vitro for Ska complexes to enhance NDC80
complex-microtubule affinity. Previous studies have shown that pu-
rified, recombinant Ska complexes increase the affinity of NDC80
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complexes for microtubules in vitro (Schmidt et al., 2012; Helgeson
et al., 2018). We therefore measured the microtubule binding affin-
ity of GFP-tagged, recombinantly expressed, purified NDC80 com-
plexes containing WT-Hec1 and Hec1 deleted of its N-terminal
80-amino-acid tail domain (A80-Hec1) using a total internal reflec-
tion fluorescence (TIRF) microscopy-based assay. For these experi-
ments, we generated NDC80 complexes in which Nuf2 is fused to
Spc24 and Hec1 is fused to Spc25-GFP (Figure 3A), termed NDC-
80Brorsal. These complexes are missing the tetramerization domains
from all four subunits but contain the majority of the central coiled-
coil region of the complex (Ciferri et al., 2005, 2008), as well as the
"loop” domain of Hec1, which is a 40-amino-acid region that briefly
disrupts the coiled-coil region (Maiolica et al., 2007). The name rep-
resents a hybrid between “NDC808°",” which is an engineered,
truncated version of the NDC80 complex composed of a Nuf2-
Spc24 fusion and a Hec1-Spc25-GFP fusion missing the central
coiled-coil and tetramerization domains (Ciferri et al., 2008) and
“NDC808Bccoll " which is a dimer of nearly full-length Nuf2 and Hec'
containing the coiled-coil and loop domains (Schmidt et al., 2012).
For the binding assays, we incubated increasing concentrations of
GFP-labeled NDC808msai complexes with Alexa®*-labeled microtu-
bules in the presence or absence of 10 nM recombinantly expressed
human Ska complex and measured the average fluorescence inten-
sity along microtubules. WT-NDC808nsai complexes robustly bound
microtubules, and binding affinity was increased approximately two-
fold upon the addition of Ska complexes (Figure 3, A and B). The
AB0-NDCB80Bms2 complexes bound to microtubules with signifi-
cantly lower affinity than the WT complexes (Figure 3, C and D),
which is consistent with previously published studies (Ciferri et al.,
2008; Miller et al., 2008; Umbreit et al., 2012; Zaytsev et al., 2015).
However, addition of purified Ska complex increased the affinity of
AB0-NDCB808Bmsa complexes for microtubules by nearly two-fold,
similar to the case for WT-NDC80B°s?' (Figure 3D). These results
confirm that the Hec1 tail domain is not required for Ska complex—
mediated enhancement of microtubule binding by NDC80 com-
plexes in vitro and that Ska complexes are able to compensate for
the decreased microtubule binding observed with NDC80 com-
plexes lacking the N-terminal tail domain (Helgeson et al., 2018;
Huis in't Veld et al., 2019). These results also demonstrate that the
tetramerization domain of the NDC80 complex is not required for
Ska complex binding.

We note that one difference between the TIRF-based micro-
tubule binding assays described here and those described in our
previous study (Zaytsev et al., 2015) is the choice of assay buffer.
When we used standard microtubule binding assay buffers BRB80
(80 mM PIPES, 1 mM MgCl, T mM EGTA, pH 6.8) or BRB20 (20 mM
PIPES, 1 mM MgCly, 1 mM EGTA, pH 6.8), purified Ska complexes
aggregated in the presence of microtubules (Supplemental
Figure S4A). In addition, Ska complexes induced aggregation of
NDCB80 complexes on microtubules in the presence of BRB8O (Sup-
plemental Figure S4B), which precluded quantitative analysis of flu-
orescence intensities along microtubules. We therefore developed
"SN" buffer (for “Ska-NDC80") for our assays (20 mM Tris, 50 mM
NaCl, pH 7.0), which did not induce aggregation of either Ska or
NDC80 complexes (Supplemental Figure S4A).

The Hec1 tail domain is not required for Ska complex
recruitment to kinetochores or for kinetochore-MT
attachment in human cells

In light of our in vitro results, we next wanted to ask whether
the Hec1 tail domain is required for Ska complex recruitment to
kinetochores in human cells. For these experiments, we expressed
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The Hec1 tail domain is not required for Ska complex-mediated enhancement of NDC80 complex—
microtubule binding. (A and C) Top: schematics of NDC808 "3 complexes used in the TIRF-based microtubule binding
experiments. Bottom: GFP fluorescence images of NDC80 complexes decorating microtubules in the presence and
absence of Ska complex. All images show a single concentration of the NDC80 complex from the experiment (1 nM)
with and without added Ska complex (10 nM). (B and D) Binding curves from the microtubule binding assays. Datapoints
and curve fits shown in black are from experiments without added Ska complex. Those shown in burgundy are from
experiments with added Ska complex. Each point on the curve represents the average fluorescence intensity from three
separate experiments. At each concentration, GFP-NDC80 complex fluorescence intensity was measured from at least
40 individual microtubules from at least 10 different TIRF fields per experiment. Scale bars: 10 ym.

Hec1 tail dephosphorylation does not affect microtubule-independent Ska complex kinetochore loading and
stabilizes attachments in the absence of the Ska complex. (A) Immunofluorescence images of untreated cells (top row)
or RO3306-synchronized cells released into mitosis in the presence of 10 uM nocodazole (bottom two rows). Cells were
stained with ACA (anti-centromere) antibodies and antibodies to Hec1 and Ska3 (rabbit). (B) Quantification of Ska3
kinetochore fluorescence intensity from cells described in panel A. For each condition, at least 20 kinetochores per cell
were measured from at least five cells per experiment from two separate experiments. Ska3 intensity was measured
only for Hec1 siRNA-treated cells with <20% of endogenous kinetochore-associated Hec1 as determined by staining
with an antibody to the CH domain of Hec1 (9G3). A Student’s t test was carried out to determine statistical
significance. (C) Immunofluorescence images of cells expressing the indicated Hec1-GFP fusion protein in the absence
(top row) or presence of RO3306 synchronization and release into 10 pM nocodazole (remaining rows). Cells were
stained with antibodies to Ska3 (rabbit). (D) Quantification of Ska3 kinetochore fluorescence intensity from cold-treated
cells described in panel C. For each condition, at least 20 kinetochores per cell were measured from at least five cells
per experiment from three separate experiments. Statistical significance was determined by a one-way ANOVA
between RO3306-synchronized WT-Hec1-GFP expressing cells and cells expressing the indicated Hec1 fusion proteins.
(E) Immunofluorescence images of cold-treated cells expressing WT- and 9A-Hec1-GFP and treated with Ska1 and Ska3
siRNA. Cells were incubated in ice-cold DMEM for 12 min, permeabilized, fixed, and stained using antibodies to tubulin.
Insets are enlargements of the regions indicated by the dashed boxes. (F) Quantification of end-on attachment in cells
expressing WT- and 9A-Hec1-GFP and treated with Ska1 and Ska3 siRNA. For each condition, at least 15 kinetochores
were measured from at least 10 cells from three separate experiments. A Student’s t test was carried out to determine
statistical significance. (G) Immunofluorescence images of cells expressing 9D-Hec1-GFP and treated with (bottom
panel) or without (top panel) Ska1 and Ska3 siRNA. Cells were incubated in ice-cold DMEM for 12 min, permeabilized,
fixed, and stained using antibodies to tubulin. Insets are enlargements of the regions indicated by the dashed boxes.
(H) Quantification of end-on attachments in cold-treated cells expressing 9D-Hec1-GFP and treated with or without
Ska1 and Ska3 siRNA. For each condition, at least 15 kinetochores were measured per cell from at least nine cells per
experiment from at least three separate experiments. A Student's t test was carried out to determine statistical
significance. On all graphs, each dot represents the average value for all kinetochores from a single cell. Scale bars:

10 and 1 pm for panels and insets, respectively.
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exogenous A80-Hec1-GFP in Hela cells and analyzed only cells
with undetectable levels of Hec1-pSeré9 at kinetochores. Previous
studies in mammalian cells demonstrated that Hec1 tail deletion
impacts kinetochore—microtubule attachment stability as evi-
denced by reductions in interkinetochore distances, decreased
cold-resistant microtubule attachments, failure to align chromo-
somes, and significant mitotic delays (Guimaraes et al., 2008;
Miller et al., 2008; Etemad et al., 2015; Janczyk et al., 2017). In line
with this, we found that cells expressing A80-Hec1-GFP exhibited
significant chromosome alignment defects and decreased interki-
netochore distances and were unable to silence the spindle assem-
bly checkpoint (Figure 4, A and B, and Supplemental Figure S5,
A-C). However, contrary to previous studies, we found that cells
expressing A80-Hec1-GFP were competent to form cold-resistant
kinetochore-microtubule attachments (Figure 4C). This is in con-
trast to cells expressing 9D-Hec1, which are able neither to prop-
erly align chromosomes nor to form stable, cold-resistant kineto-
chore-microtubule attachments (Figure 4, A-C; Deluca et al.,
2011). Analysis of spindle morphology in A80-Hecl expressing
cells revealed that the majority of cells with unaligned chromo-
somes contained multipolar spindles (Figure 4D). Identical defects
in alignment and spindle bipolarity were observed in cells express-
ing A80-Hec1-GFP and depleted of endogenous Hecl by siRNA
(Supplemental Figure S5, D-F). To further investigate this pheno-
type, we carried out time-lapse imaging of mCherry-tubulin and
Hec1-GFP expressing cells. In the case of WT-Hec1-GFP express-
ing cells, we found that almost all cells formed bipolar spindles and
entered anaphase without errors, with only ~5% of cells undergo-
ing spindle fragmentation before anaphase. Strikingly, while most

A80-Hec1-GFP expressing cells aligned their chromosomes in a
timely manner, cells experienced a metaphase arrest followed by
spindle pole fragmentation and subsequent loss of chromosome
alignment, resulting in prolonged mitotic delays (Figure 4, E-H).
Several non-centrosomal processes, including cohesin fatigue and
defective kinetochore force generation, have been suggested to
contribute to loss of spindle bipolarity (Daum et al., 2011; Maiato
and Logarinho, 2014). Interestingly, live cell imaging revealed that
A80-Hec1 expressing cells undergo spindle fragmentation with a
frequency similar to that of cells expressing a scrambled loop mu-
tant of Hec1 (ML-Hec1; Figure 4F; see also Figure 7 later in this
article), which are unable to form stable kinetochore-microtubule
attachments and experience dramatic delays in mitotic exit (Varma
et al., 2012; Zhang et al., 2012; see Figure 7, H-K, later in this ar-
ticle). Taken with the observation that kinetochores in cells express-
ing A80-Hec1 retain end-on attachments that are under signifi-
cantly lower tension than kinetochores in cells expressing WT-Hec'
(Figure 4D and Supplemental Figure S5, A and B), these results
suggest that the Hec1 tail is dispensable for attachments, but is
required for sustaining force at the kinetochore-microtubule inter-
face and timely transit through mitosis.

Given that cells expressing A80-Hec1 form cold-stable attach-
ments, we hypothesized that these attachments are mediated
through the Hec1 CH domain and have lost their ability to be nega-
tively regulated through Aurora kinase phosphorylation. To test this
hypothesis, we analyzed cold-resistant end-on attachments in early
prometaphase cells shortly after nuclear envelope breakdown. Simi-
lar to 9A-Hec1-GFP expressing cells, and in contrast to WT-Hec1-GFP
expressing cells, early prometaphase cells expressing A80-Hec1-GFP

FIGURE 4: The Hec1 tail domain is not required for the formation of stable end-on kinetochore-microtubule
attachments in cells. (A) Immunofluorescence images of cold-treated cells expressing WT-, 9D-, and A80-Hec1-GFP. Cells
were incubated in ice-cold DMEM for 12 min, permeabilized, fixed, and stained using antibodies to tubulin. Insets are
enlargements of the regions indicated by the dashed boxes. Three examples of cells expressing A80-Hec1-GFP are
shown. (B) Quantification of chromosome alignment in cells expressing WT-, 9D-, and A80-Hec1-GFP. For each condition,
chromosome alignment was assessed in at least 100 cells per experiment from two separate experiments. Cells were
scored as “aligned” if they had a metaphase plate with <5 chromosomes off the plate. Statistical significance was
determined by a one-way ANOVA. (C) Quantification of end-on attachment in cells expressing WT-, 9D-, and A80-Hec1-
GFP and cold-treated prior to fixation. For each condition, at least 15 kinetochores per cell were measured from at least
10 cells per experiment from two separate experiments. Statistical significance was determined by a one-way ANOVA.
(D) Quantification of multipolarity observed in cells expressing WT-, 9D- and A80-Hec1-GFP. Cells with unaligned
chromosomes were scored for containing bi- vs multipolar spindles, and the percent of cells with multipolar spindles is
shown. For each condition, at least 100 cells per experiment were analyzed from two separate experiments. Statistical
significance was determined by a one-way ANOVA. (E) Still images from time-lapse experiments of cells expressing
Hec1-GFP and mCherry-tubulin. Time from nuclear envelope breakdown (NEBD) is denoted on bottom right corner of
each image (hours:minutes). (F) Quantification of spindle pole fragmentation frequency quantified from time-lapse
imaging experiments. Cells were scored as undergoing fragmentation events if loss of spindle bipolarity was observed
during time-lapse imaging as determined from the mCherry-tubulin signal. Quantifications shown are averages from two
(WT-, ML-) or four (A80-Hec1) independent experiments. Statistical significance was determined by a one-way ANOVA.
(G) Quantification of chromosome alignment efficiency in cells from the experiment shown in panel E. Cell fate was
tracked after mitotic entry (as determined by NEBD) for 3 h, and cells were scored as “aligned” upon metaphase plate
formation (as determined by Hec1-GFP fluorescence). Data for WT- and A80-Hec1 are from 175 cells from two
independent experiments and 165 cells from four independent experiments, respectively. (H) Quantification of mitotic
exit timing in cells from the experiment shown in panel E. Cell fate was tracked after mitotic entry (as determined by
NEBD) for 3 h, and cells were scored as “exiting mitosis” upon anaphase entry. Data for WT- and A80-Hec1 are from
175 cells from two independent experiments and 165 cells from four independent experiments, respectively.

(I) Immunofluorescence images of cold-treated, early prometaphase cells expressing WT, 9A-, and A80-Hec1-GFP.

Cells were incubated in ice-cold DMEM for 12 min, permeabilized, fixed, and stained with antibodies to tubulin. Insets
are enlargements of the regions indicated by the dashed boxes. (J) Quantification of end-on attachment in early
prometaphase cells expressing WT-, 9A-, and A80- Hec1-GFP. The WT- and 9A-Hec1 data shown are from the
experiment presented in Figure 2. For each condition, at least 15 kinetochores per cell were measured from at least six
cells per experiment from at least two separate experiments. Statistical significance was determined by a one-way
ANOVA. On all dot plots, each dot represents the average value for all kinetochores from a single cell. Scale bars:

10 and 1 pm for panels and insets, respectively.
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formed end-on kinetochore-microtubule attachments that resisted
cold depolymerization (Figure 4, | and J), suggesting that the Hec1
tail domain is required for temporal regulation of attachments. Col-
lectively, these data support a role for the Hec1 tail in force genera-
tion and attachment regulation at the kinetochore, but suggest that it
is not required for kinetochore—microtubule attachment formation.

We were somewhat surprised at the ability of cells expressing
A80-Hec1-GFP to retain end-on attachments after cold treatment,
since it was previously observed that the tail domain contributes
to the formation and/or maintenance of kinetochore-microtubule
attachments in both human and marsupial cells (Guimaraes et al.,
2008; Miller et al., 2008; Etemad et al., 2015; Janczyk et al., 2017).
To confirm that this was not a cell type-specific phenomenon, we
expressed WT- and A80-Hec1-GFP constructs in human RPE1 cells
and found that, similar to what was observed in Hela cells, RPE1
cells expressing A80-Hec1-GFP were competent to form cold-re-
sistant end-on kinetochore-microtubule attachments (Supplemen-
tal Figure S6A). Interestingly, we found that location of the GFP
had a major impact on the ability of A8O-Hec1 expressing cells to
form kinetochore-microtubule attachments. Hela cells expressing
either C- or N-terminally GFP-tagged WT-Hec1 constructs formed
stable, end-on attachments, as previously reported (Guimaraes
et al., 2008; Miller et al., 2008; DelLuca et al., 2011; Mattiuzzo
etal., 2011; Etemad et al., 2015; Janczyk et al., 2017). In contrast,
Hela cells expressing C-terminally GFP-tagged A80-Hec1 formed
end-on kinetochore-microtubule attachments, while those ex-
pressing N-terminally GFP-tagged A80-Hec1 did not (Supplemen-
tal Figure S6B). Similar results were found in RPE1 cells (Supple-
mental Figure S6D). We quantified cold-resistant attachment
stability in HeLa cells expressing either C- or N- terminally GFP-
tagged A80-Hec1 and confirmed that while cells expressing C-
terminally tagged A80-Hec1 were able to form cold-stable, end-
on attachments, cells expressing N-terminally tagged A80-Hec1
were not (Supplemental Figure S6, C and D).

After characterizing the phenotype of cells expressing A80-
Hec1-GFP, we returned to our original question of whether the
Hec1 tail is required for Ska complex recruitment to kinetochores.
Immunofluorescence analysis revealed no significant difference in
Ska3 levels at kinetochores in metaphase cells expressing WT- ver-
sus A80-Hec1-GFP (Figure 5, A and B). Similarly, microtubule-inde-
pendent Ska3 recruitment to kinetochores also remained high in
cells expressing A80-Hec1-GFP (Figure 2, C and D), suggesting
that the tail domain is dispensable for both microtubule-depen-
dent and -independent Ska complex recruitment. Because puri-
fied Ska complexes compensated for the weak binding affinity of
A80-NDC80 complexes in vitro (Figure 3), we asked whether for-
mation of kinetochore-microtubule attachments in cells express-
ing A80-Hec1-GFP required the presence of an intact Ska com-
plex. We depleted Skal and Ska3 from Hela cells, expressed
either WT- or A80-Hec1-GFP, incubated the cells in cold media,
and measured the abundance of end-on kinetochore-microtubule
attachments. Kinetochore-microtubule attachments failed to form
in Ska1/Ska3-depleted cells expressing either WT- or A80-Hec1-
GFP (Figure 5, C and D), which is in contrast to cells expressing
8A- and 9A-Hec1-GFP (Figure 2, E and F; Supplemental Figure S3,
E and F). Thus, tail-less NDC80 complexes, similar to WT com-
plexes, require the Ska complex to form attachments to microtu-
bules. Collectively, our results suggest that the tail domain of Hec'
is not explicitly required for either Ska complex recruitment to ki-
netochores or formation of stable kinetochore-microtubule attach-
ments, but it likely plays a role in force generation at the attach-
ment interface in human cells.

1462 | R.T.Wimbish etal.

The Ska complex is recruited to the internal coiled-coil
domain region of the NDC80 complex to enhance
NDCB80-MT binding

To home in on the Ska complex recruitment domain within the
NDCB80 complex, we carried out two-color fluorescence localization
mapping of Ska complex components at metaphase kinetochores
(Wan et al., 2009). Since the C-terminal half of Ska3 contains the
putative NDC80 binding site, we first mapped the distance between
a Ska3 antibody that recognizes amino acids 226-253 (Figure 6A;
"Ska3-M,"” for “middle”) and both CENP-C (inner kinetochore) and
the N-terminus of Hec1 (outer kinetochore). These measurements
revealed that amino acids 226-253 of Ska3 reside ~47 nm outside of
CENP-C and ~29 nm inside of the N-terminus of Hec1 (Figure 6,
A-D), suggesting that a region encompassed by the NDC80 com-
plex—binding domain is localized near the internal, coiled-coil re-
gion of the NDC80 complex. Reconstituted, purified human Ska
complexes have been shown to exist as either monomers or dimers
of the Ska1, Ska2, and Ska3 trimer, which are formed through oligo-
merization of the N-termini of each protein to form a three-helix
bundle (Jeyaprakash et al., 2012; Helgeson et al., 2018). Skal’s
C-terminus contains a winged-helix domain that has microtubule
binding activity, and Ska3 contains a predominantly unstructured
C-terminal region that is responsible for interaction with the NDC80
complex (Jeyaprakash et al., 2012; Abad et al., 2014, 2016). To
better understand how the Ska complex components are organized
at the kinetochore-microtubule interface, we carried out further
paired fluorescence localization mapping using N- and C-terminal
GFP tags on the Ska complex components. The N-terminal GFP
tags on Ska1, Ska2, and Ska3 all mapped to a similar domain within
the kinetochore, which was 52-65 nm outside of CENP-C and
12-24 nm inside the CH domain of Hec1 (Figure 6, C and D). This is
not surprising, since the N-termini of Ska1, 2, and 3 form a well-
folded, relatively compact oligomerization domain (Jeyaprakash
et al., 2012). Furthermore, we found that all C-terminal domains of
Ska1, Ska2, and Ska3 also mapped to a region inside the Hec1 CH
domain. However, we note that the C-terminal GFP tag on Ska3 was
localized very close to this region, with a mapped distance of
~73 nm outside of CENP-C and ~6 nm inside the Hec1 CH domain
(Figure 6, B-D). This suggests that the unstructured domain of Ska3
may extend substantially along the length of the coiled-coil domain
of the NDC80 complex. These experiments were carried out using
a 2D analysis of kinetochore domain localization (Wan et al., 2009),
and we note that our reported average distance between CENP-C
and the CH domain of Hec1 is consistent with previously reported
2D and 3D measurements (Figure 6, C and D; Wan et al., 2009;
Suzuki et al., 2018; Roscioli et al., 2019).

The mapping experiments suggested that the Ska complex is
recruited to the central coiled-coil region of the NDC80 complex.
To further investigate a role for this region in Ska complex binding,
we carried out microtubule binding experiments in the presence
and absence of purified Ska complexes using NDC80B°<#, a trun-
cated NDC80 complex missing most of the central coiled-coil re-
gion and the loop domain (Ciferri et al., 2008). Indeed, we found
that while the NDC808°"* complexes bound robustly to microtu-
bules, the affinity of NDC808"s2" complexes for microtubules was
not increased with the addition of Ska complexes (Figure 6, E and
F). These findings are consistent with recent results from the Liu
and Musacchio labs, which demonstrate that NDC808B° 2 com-
plexes are unable to bind to purified Ska complexes (Zhang et al.,
2017; Huis in't Veld et al., 2019). Additionally, we found that in
BRB80 buffer, addition of the Ska complex did not induce cluster-
ing of NDC80Bersa! complexes on microtubules, in contrast to
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The Hec1 tail domain is dispensable for Ska complex recruitment to kinetochores and is required for
kinetochore-microtubule attachments in the absence of the Ska complex. (A) Immunofluorescence images of cells
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(B) Quantification of Ska3 kinetochore fluorescence intensity from cells expressing WT, 9D-, and A80-Hec1-GFP. For each
condition, at least 20 kinetochores per cell were measured from at least five cells per experiment from three separate
experiments. Statistical significance was determined by a one-way ANOVA. (C) Immunofluorescence images of
cold-treated cells expressing WT-, 9A-, and A80-Hec1-GFP and treated with Ska1 and Ska3 siRNA. Cells were incubated
in ice-cold DMEM for 12 min, permeabilized, fixed, and stained with antibodies to tubulin. Insets are enlargements of
the regions indicated by the dashed boxes. (D) Quantification of end-on attachment in cells expressing WT-, 9A-, and
A80-Hec1-GFP and treated with Skal and Ska3 siRNA. The WT- and 9A-Hec1 data shown are from the experiment
presented in Figure 2. For each condition, at least 15 kinetochores per cell were measured from at least 10 cells per
experiment from three separate experiments. Statistical significance was determined by a one-way ANOVA. On all dot
plots, each dot represents the average value for all kinetochores from a single cell. Scale bars: 10 and 1 pm for panels

and insets, respectively.

NDC80B°rssl complexes (Supplemental Figure S3B), further sup-
porting the idea that the central coiled-coil region of the NDC80
complex is required for Ska complex association.

We next generated a version of NDC80B™s? in which the amino
acids that make up the “loop” region of Hecl (amino acids 420-
460; Maiolica et al., 2007) were substituted with alternative amino
acids predicted to form a flexible motif (Varma et al., 2012) (ML-
NDCB80Brnsai, Figure 7A). We then tested whether the microtubule
binding affinity of this mutant version of the complex was increased
by addition of purified Ska complexes. We found that while ML-
NDCB808°s2 bound to microtubules with an affinity similar to that of
WT-NDC808™n=#, the addition of purified Ska complex had no sig-
nificant effect on its microtubule binding affinity (Figure 7, B and C).
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These results suggest that mutation of the loop domain either pre-
vents the Ska complex from directly interacting with the NDC80
complex or precludes a conformation that promotes formation of a
NDCB80/Ska/microtubule complex.

We then asked whether the loop domain was required for Ska
complex recruitment to kinetochores in cells. For this purpose, we
expressed the Hec1 loop mutant (ML-Hec1-GFP) in Hela cells and
found that Ska3 levels were significantly reduced at kinetochores
compared with kinetochores from cells expressing WT-Hec1-GFP
(Figure 7, D and E). We also found, consistent with previously pub-
lished results, that end-on kinetochore—microtubule attachments
failed to form and chromosome alignment was abolished in cells
expressing ML-Hec1-GFP (Figure 7, F-H) (Varma et al., 2012;
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The Ska complex localizes to kinetochores at the central coiled-coil domain of the NDC80 complex. (A) Left:
schematic showing the domain architecture of the Ska complex components. White regions indicate predicted
disordered domains (Jeyaprakash et al., 2012). The Ska3 antibody directed to amino acids 226253 is indicated on the
schematic and represents the “Ska3-Middle Domain” (“Ska3-M"). Right: schematic of a single Ska complex (one copy of
each subunit), showing the trimerization domains located in the N-termini of Ska1, Ska2, and Ska3, the microtubule
binding domain of Ska1 (green), and the proposed NDC80 complex-binding region in Ska3 (blue). (B) Immuno-
fluorescence images of metaphase cells expressing N- and C-terminally GFP-tagged Ska3 and stained with antibodies
to inner kinetochore protein CENP-C (top two rows) and immunofluorescence images of a metaphase cell stained with
antibodies to Ska3-M (rabbit) and CENP-C (bottom row). Arrows point to the kinetochore pairs shown in the insets.

(C) Plots of the mean distance between the indicated kinetochore proteins/protein domains. Measurements with
“Hec1-N" were carried out with an antibody to the CH domain in the N-terminus of Hec1 (9G3). “N” and “C" epitopes
for each of the Ska complex components are N- and C-terminal GFP moieties, respectively. Each point on the graph
represents a distance measurement for a pair of sister kinetochores. (D) Summary of data presented in panel C. Positive
values indicate that epitope 1 was mapped inside epitope 2. Negative values indicate that epitope 1 was mapped
outside of epitope 2. The numbers of cells (n cells) and kinetochore pairs (n kin) are indicated. (E) Top: schematic of the
NDC80Besal complex. Bottom: GFP fluorescence images of the NDC80B°"2 complex decorating microtubules in the
presence and absence of Ska complex. Images show a single concentration of the NDC808°"* complex from the
experiment (1 nM) with and without added Ska complex (10 nM). (F) Binding curves from the microtubule binding
assays. Datapoints and curve fits shown in black are from experiments without added Ska complex. Those shown in
burgundy are from experiments with added Ska complex. Each point on the curve represents the average fluorescence
intensity at that concentration from three separate experiments. For each concentration, fluorescence intensities of
GFP-NDC80 complexes were measured on at least 40 individual microtubules from at least 10 different TIRF fields per
experiment. Scale bars: 10 and 1 pm for panels and insets, respectively.
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Zhang et al., 2012). Live cell imaging revealed that cells expressing
ML-Hec1 failed to align chromosomes and exit mitosis and that
these cells exhibited high levels of spindle fragmentation (Figures
7,1-K, and 4F). Given that Ska complexes maximally load to kineto-
chores with end-on attachments, again we could not distinguish
between two possibilities: 1) the Hec loop domain promotes Ska
complex recruitment, and in turn, the Ska complex is required for
end-on attachment formation; or 2) the Hecl loop domain is re-
quired for generation of stable kinetochore-microtubule attach-
ments, and in turn, stable attachments promote Ska complex load-
ing. We therefore measured Ska complex loading to kinetochores
in the absence of microtubules and found that cells expressing ML-
Hec1-GFP exhibited reduced levels of Ska3 at kinetochores (Figure
2, C and D), suggesting that an intact loop domain is required for
efficient Ska complex recruitment to kinetochores.

Both chromosome alignment and kinetochore-microtubule at-
tachment formation were severely impaired in cells expressing ML-
Hec1-GFP. We therefore tested whether these defects were exclu-
sively due to loss of Ska complex recruitment to kinetochores.
Experiments in Figure 2 demonstrated that cells expressing 9A-
Hec1-GFP formed hyperstable kinetochore-microtubule attach-
ments, and this phenotype was independent of the Ska complex
(Figure 2, E and F). These results indicate that attachment defects
arising from Ska1/Ska3 depletion can be compensated for by the
strong attachments generated in cells expressing 9A-Hec1-GFP.
We therefore reasoned that if a mutated loop domain results in at-
tachment defects solely due to loss of Ska complex recruitment,
then preventing phosphorylation of the tail domain should rescue
this defect. Thus, we generated a hybrid mutant containing a 9A tail
domain and the mutant loop sequence (9A/ML-Hec1-GFP). We
found that in cells expressing 9A/ML-Hec1-GFP, stable kineto-
chore-microtubule attachments failed to form and chromosome
alignment was severely defective, similar to what we observed in
cells expressing ML-Hec1-GFP (Figure 7, F-H). These results sug-
gest that although the loop domain may participate in recruiting
the Ska complex to kinetochores, it likely plays an additional, non-
Ska complex-dependent role in generating kinetochore-microtu-
bule attachments, perhaps through recruitment of other kineto-
chore proteins. It is also possible that mutation of the loop domain
results in changes in NDC80 complex architecture at kinetochores
that preclude formation of end-on, stable kinetochore-microtubule
attachments.

A variety of loop mutations (including mutants with the loop se-
quence scrambled, reversed, or deleted altogether) have been re-
ported to result in severe defects in chromosome alignment and
end-on attachment formation when expressed in human cells (Varma
etal., 2012; Zhang et al., 2012; Figure 7). To narrow down the region
of the loop required for wild-type function, we generated systematic
alanine substitutions of short stretches of 5-6 amino acids within the
Hec1 loop (Supplemental Figure S7A) and expressed these mutants
in cells. Expression of several, but not all, of these mutants mimicked
the phenotype observed in cells expressing the ML-Hec1-GFP mu-
tant and led to severe chromosome alignment defects (Supplemen-
tal Figure S7, A and B). We noted that mutating regions within the
loop that resulted in substantial changes in local net charge pro-
duced the strongest chromosome misalignment phenotypes, while
mutating regions with low net charge density resulted in no observ-
able defects (Supplemental Figure S7, A-C). This suggests that the
distributed charge of the loop region is likely critical for formation of
kinetochore-microtubule attachments, potentially through forming
interactions with the Ska complex and/or other kinetochore-associ-
ated proteins such as Cdt1 (Varma et al., 2012).
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DISCUSSION

Hec1 tail phosphorylation affects kinetochore-microtubule
attachments independently of the Ska complex

The positively charged, N-terminal tail domain of Ndc80/Hec1 is a
target of Aurora kinases, and it has been suggested that phosphory-
lation of the tail directly reduces the affinity of NDC80 complexes
for the negatively charged microtubule lattice, which in turn reduces
kinetochore-microtubule attachment strength. It is also possible
that phosphorylation of the Hec1 tail domain indirectly affects ki-
netochore-microtubule attachment strength by regulating the re-
cruitment of additional kinetochore-associated microtubule-binding
proteins. One possible candidate for imparting this regulation is the
Ska complex, which loads to kinetochores progressively during mi-
tosis and contributes to the stabilization of kinetochore—microtubule
attachments. We found here that cells expressing a nonphosphory-
latable Hec1 mutant (9A-Hec1) recruited increased levels of Ska
complex components to kinetochores in human cells, similar to
what has been reported in C. elegans (Cheerambathur et al., 2017).
However, we found that stable kinetochore—microtubule attach-
ments were not dependent on the Ska complex in cells expressing
9A-Hec1, in which tail phosphorylation is completely blocked, or in
cells expressing 8A-Hec1, where Ser-69 is left intact and remains
phosphorylated throughout mitosis (Deluca et al., 2018). Further-
more, we demonstrated that the phosphorylation state of the tail
domain did not affect the levels of Ska complexes recruited to ki-
netochores in the absence of microtubules. Finally, we showed that
kinetochore-microtubule attachments were additively destabilized
in cells expressing a mutant version of Hec1 containing a phospho-
mimetic tail (9D-Hec1) and depleted of the Ska complex. Collec-
tively, these results suggest that, despite coincidental timing, Hec'
tail dephosphorylation and Ska complex recruitment to kineto-
chores likely contribute to kinetochore-microtubule attachment sta-
bilization independently.

It is noteworthy to mention that the metaphase recruitment of
Ska3 to kinetochores differed between 9A-Hec1 and 8A-Hec1 ex-
pressing cells. Previous studies have demonstrated that complete
dephosphorylation of the Hec1 tail results in hyperstable kineto-
chore-microtubule attachment formation as evidenced by increases
in interkinetochore distance and kinetochore-fiber intensity, lagging
chromosomes in anaphase, and dampened metaphase chromo-
some oscillations (Guimaraes et al., 2008; DelLuca et al., 2011, 2018;
Zaytsev et al., 2014, Long et al., 2017). Strikingly, leaving Ser-69 un-
perturbed while blocking phosphorylation at all other Aurora sites
(8A-Hec1) was sufficient to restore chromosome oscillation kinetics
to wild-type levels (DeLuca et al., 2018). Similarly, we showed here
that cells expressing 8A-Hec1 recruited wild-type levels of Ska3 to
kinetochores, while cells expressing A-Hec1 recruited significantly
higher levels. Despite this, and similar to the case for 9A-Hec1, cells
expressing 8A-Hec1 formed cold-stable attachments prematurely
and retained robust attachments in the absence of the Ska complex,
supporting the model that Hec1 tail dephosphorylation modulates
kinetochore-microtubule attachment strength in a Ska complex-in-
dependent manner.

Also of note are the somewhat divergent mechanisms for Ska
complex recruitment and NDC80 complex—mediated kinetochore—
microtubule attachment regulation described in this study com-
pared with those described in C. elegans. In C. elegans, but not in
human cells, depletion of the Ska complex rescued hyperstable ki-
netochore—microtubule attachment formation caused by expression
of a nonphosphorylatable Hec1 tail domain mutant (Cheerambathur
et al., 2017). Furthermore, while a pool of attachment-independent
Ska complex localizes to kinetochores in human cells, C. elegans Ska

NDCB80 and Ska complex coordination | 1465



A Wild-type loop (WT): 420 RKLKLIPKGAENSKGYDFEIKFNPEAGANCLVKYRAQVYVP 460

Mutant loop (ML) : 420 ASQGQGQOGAAQGASSSGQQOOGSASAASGAGQSASASAGGQQ 460
B C 100004  ML-NDC80Bronsai.GFP
>
\ @ 8000
] g =
€3
o & 6000+
w v
GE
o = 4000
| o g
'+,1 onM g 2000-] -~ ML-Bronsai: Kd = 4.6 nM
'Elska Comf)lex 2 -~ ML-Bronsai + Ska-C: Kd = 4.5 nM

[ML-NDC808ronsai nMm

& ; p <0.0001
O s
< g2 =
Q o %
T S © 1.01 =
(<] .Q o °
B E —| —
= oo T
X O R DS
o @ § 0.5 °|®
& g8 -
1 (7] 3 o0
o S
0] S
T = 0.0 T T
WT-Hec1 ML-Hec1
. . 100+
F Tubulin/GFP G °
[
£ 80
o £
NG T £ 60
S 29
|3 8% 40
2 “3
c
S 207
®
o 0-
™ WT-Hec1  ML-Hec1 9A/ML-Hect
_II C? p <0.0001
A
=%
[} p <0.0001
I
100 i g
w T ofe
o o
' & 8% o
- S e .
= O 8%
- © 5 50+ p=0.998
2 [&] =3
© 0 RS :
T eigfToe  eeziTee
o_

WT-Hec1 ML-Hec1 9A/ML-Hec1
Meta

' mCherry-Tubulin / Hec1-GFP J

% of cells with
aligned chromosomes
o
=3
1

WT.
Hec1-GFP

0 50 100 150
K Time (min)
& 1007
L O g
= £
E T o
c
8 ?-; 50 — WT-Hect
I ° ML-Hec1
8
P
S
=
T T prerery
0 50 100 150
Time (min)

1466 | R.T. Wimbish etal. Molecular Biology of the Cell



complex localizes to kinetochores at detectable levels only upon
chromosome alignment. These results suggest that in C. elegans,
dephosphorylation of the Hec1 tail domain promotes Ska complex
association to kinetochores, which in turn promotes stabilization of
kinetochore-microtubule attachments. As such, the mechanism for
Ska complex recruitment to kinetochores is likely not completely
conserved from C. elegans to humans.

The Hec1 tail is dispensable for kinetochore-microtubule
attachments in cells

Consistent with our findings here, chromosome alignment errors
and decreased interkinetochore distances have been previously ob-
served in mammalian cells expressing tail-less, A80-Hec1 mutants
(Guimaraes et al., 2008; Miller et al., 2008; Etemad et al., 2015;
Janczyk et al., 2017). These phenotypes have been widely attributed
to loss of stable kinetochore-microtubule attachments (Guimaraes
et al., 2008; Miller et al., 2008). Contrary to this, we found that A80-
Hec1 expression did not prevent formation of cold-resistant, stable
kinetochore-microtubule attachments in either Hela or RPE1 cells.
Instead, we report that cells lacking the tail domain formed kineto-
chore-microtubule attachments prematurely, presumably due to a
lack of Aurora kinase-mediated regulation. In such a scenario, cells
expressing tail-less Hec1 are unable to negatively regulate the initial
formation of end-on kinetochore-microtubule attachments, and the
NDC80 complex is able to bind spindle microtubule plus ends
through strong Hecl CH domain-mediated interactions, which
would otherwise be kept labile by a highly phosphorylated Hec1 tail
domain. Despite this early accumulation of attachments, however,
we found that cells expressing A80-Hec1-GFP exhibited decreased
interkinetochore distances, suggesting that attachments are unable
to produce sufficient forces to generate wild-type tension across sis-
ter kinetochore pairs.

Maintenance of a bipolar mitotic spindle requires a balance of
forces within the spindle, some of which are derived from chromo-
somes and their attachments to spindle microtubules (Manning
and Compton, 2007; Maiato and Logarinho, 2014). Fragmenta-
tion of spindles leading to multipolarity can be caused by altera-
tions in forces generated at the kinetochore-microtubule inter-
face and by loss of sister chromatid cohesion (Daum et al., 2011;
Stevens et al., 2011; Maiato and Logarinho, 2014). In the case of
cells expressing tail-less Hec1, we observed a high incidence of
multipolarity, similar to what we observed in cells expressing the
Hec1 loop mutation, in which kinetochore-microtubule attach-
ments failed to form altogether. Cells expressing A80-Hec1 were
able to form cold-stable end-on attachments, but these attach-
ments did not generate wild-type force and were not sufficient to
allow cells to exit mitosis with normal timing. Thus, defective force
generation and/or cohesin fatigue may contribute to the high in-
cidence of multipolarity observed in A80-Hec1 expressing cells.
Alternatively, the Hec1 tail may have an uncharacterized role at
the centrosome, perhaps involving the Hecl-Hicel interaction,
which is required for maintenance of spindle bipolarity (Wu et al.,
2009). Future studies will be required to fully characterize the
causes of multipolarity in A80-Hec1 expressing cells.

It is noteworthy to mention that a recent in vitro study has also
implicated the Hec1 tail domain in force generation at the kineto-
chore-microtubule interface: Huis int Veld et al. (2019) artificially
trimerized NDC80 complexes on the surface of beads and mea-
sured the ability of NDC80 complex trimers to resist force from an
optical trap. NDC80 complex trimers lacking the Hec1 tail—despite
binding to microtubules with high affinity—detached from depoly-
merizing microtubules in both the presence and absence of applied
force, whereas wild-type NDC80 trimers remained bound under
these conditions (Huis int Veld et al., 2019). These results led the

FIGURE 7: The Hec1 loop domain contributes to Ska complex recruitment to kinetochores and generation of
kinetochore-microtubule attachments. (A) Sequence of the wild-type (WT) and mutated (ML) loop region in Hec1.

(B) GFP fluorescence images of the ML-NDC80Br"% complex decorating microtubules in the presence and absence of
the Ska complex. Images show a single concentration of the ML-NDC80B™"=2 complex from the experiment (1 nM) with
and without added Ska complex (10 nM). (C) Binding curves from the microtubule binding assays. Datapoints and curve
fits shown in black are from experiments without added Ska complex. Those shown in burgundy are from experiments
with added Ska complex. Each point on the curve represents the average fluorescence intensity at that concentration
from three separate experiments. For each concentration, fluorescence intensities of GFP-NDC80 complexes were
measured on at least 40 individual microtubules from at least 10 different TIRF fields per experiment. (D) Immuno-
fluorescence images of cells expressing WT- and ML-Hec1-GFP. Cells were fixed and stained using antibodies to Ska3
(mouse). (E) Quantification of Ska3 kinetochore fluorescence intensity from cells expressing WT- and ML-Hec1-GFP.

For each condition, at least 20 kinetochores per cell were measured from at least four cells per experiment from two
separate experiments. (F) Immunofluorescence images of cold-treated cells expressing WT-, ML-, and 9A/ML-Hec1-GFP.
Cells were incubated in ice-cold DMEM for 12 min, permeabilized, fixed, and stained with antibodies to tubulin. Insets
are enlargements of the regions indicated by the dashed boxes. (G) Quantification of chromosome alignment in cells
expressing WT-, ML-, and 9A/ML-Hec1-GFP. For each condition, chromosome alignment was assessed in at least

100 cells per experiments from two separate experiments. Cells were scored as “aligned” if they contained a
metaphase plate with <5 chromosomes off the plate. (H) Quantification of end-on attachment in cells expressing WT-,
ML-, and 9A/ML-Hec1-GFP. Statistical significance was determined using a one-way ANOVA. For each condition, at least
15 kinetochores per cell were measured from at least nine cells per experiment from two separate experiments. (I) Still
images from time-lapse experiments of cells expressing Hec1-GFP and mCherry-tubulin. Time from nuclear envelope
breakdown (NEBD) denoted at bottom right corner of each image (hours:minutes). (J) Quantification of chromosome
alignment efficiency in cells from the experiment shown in Figure I. Cell fate was tracked after mitotic entry (as
determined by NEBD) for 3 h, and cells were scored as “aligned” upon metaphase plate formation (as determined by
Hec1-GFP fluorescence). Data for WT- and ML-Hec1 are from 175 cells from two independent experiments and 165 cells
from two independent experiments, respectively. (K) Quantification of mitotic exit timing in cells from the experiment
shown in Figure |. Cell fate was tracked after mitotic entry (as determined by NEBD) for 3 h, and cells were scored as
“exiting mitosis” upon anaphase entry. Data for WT- and ML-Hec1 are from 175 cells from two independent
experiments and 165 cells from two independent experiments, respectively. Scale bars: 10 and 1 um for panels and

insets, respectively.
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authors to conclude that the Hec1 tail is critical for force coupling at
the kinetochore—-microtubule interface.

An important distinction between our study and several previ-
ously published studies is the requirement for the Hec1 tail in forma-
tion of kinetochore—-microtubule attachments. Notable experimen-
tal differences may explain the conflicting results. For example, in
one previous study, N-terminally tagged Hec1 constructs were used
(Etemad et al., 2015). In our current study, when we tagged WT-
Hec1 with GFP on either the C- or N-terminus, we found that both
constructs were competent to support formation of kinetochore—mi-
crotubule attachments. However, while cells expressing C-terminally
tagged A80-Hec1-GFP were able to form attachments, those ex-
pressing N-terminally tagged GFP-A80-Hec1 were not (Supplemen-
tal Figure S6, B—D). Thus, replacing the N-terminal tail of Hec1 with
a GFP moiety results in a failure to form kinetochore-microtubule
attachments. In other published studies, researchers used A80-Hec1
mutants lacking a GFP tag to rescue depletion of endogenous Hec'
and reported failure to form kinetochore-microtubule attachments
(Miller et al., 2008; Janczyk et al., 2017). In our study, we found that
transfection of equal amounts of Hec1 transgenic DNA led to signifi-
cant differences in protein expression, with A80-Hec1 being ex-
pressed at ~50% lower levels than WT-Hec1 (Supplemental Figure
S1, A'and B). In the case of siRNA silence-rescue experiments, this
difference in expression would likely result in an incomplete rescue
and defects in kinetochore-microtubule attachments. In most of our
experiments, we did not treat cells with Hecl siRNA, but rather
measured endogenous Hec1 depletion from kinetochores using an
antibody to the constitutively phosphorylated residue Ser-69 on the
Hec1 tail. In this experimental scheme, we analyzed only cells with
similar kinetochore GFP levels (Supplemental Figure S1C; see also
Materials and Methods), thus avoiding any discrepancies associated
with incomplete rescue. Finally, a previous study from our lab ex-
pressed C-terminally tagged A80-Hec1 mutants in PtK1 cells and
reported defective kinetochore-microtubule attachment (Guima-
raes et al., 2008). This study was done using PtK1 cells stably ex-
pressing photo-activatable (PA)-GFP-tubulin, and it is possible that
the expression levels of this tubulin construct specifically compro-
mised the kinetochore-microtubule interface in a manner that sensi-
tized cells to Hec1 tail loss. Alternatively, it is possible that PtK1 cells
have a requirement for this domain of Hec1 different from that of
human cells. Expressing A80-Hec1 in otherwise unperturbed PtK1
cells will be important to address this question.

Our results describing the formation of end-on attachments in
human cells expressing tail-less Hec1 are consistent with results
from both budding yeast and C. elegans, where the Ndc80 tail do-
main is not strictly required for kinetochore—microtubule attachment
(Kemmler et al., 2009; Demirel et al., 2012; Cheerambathur et al.,
2013; Lampert et al., 2013). However, similar to the scenario in hu-
man cells, the tail domain does play some role at the kinetochore—
microtubule interface in these organisms. For example, in budding
yeast the tail domain becomes required for cell survival upon pertur-
bation of the Dam1 complex, a kinetochore-associated complex
found in yeasts but not higher eukaryotes, which contributes to gen-
erating stable kinetochore-microtubule attachments (Demirel et al.,
2012; Lampert et al., 2013). In addition, a study using a tension sen-
sor inserted near the N-terminus of budding yeast Hec1 demon-
strated that while the tail domain is not required for kinetochore—-mi-
crotubule attachment formation per se in cells, its deletion results in
reduced tension at the NDC80 complex—microtubule interface
(Suzuki et al., 2016). Taken with the result that the Hec1 tail is re-
quired for load-bearing attachments of NDC80 complexes to micro-
tubules (Huis in't Veld et al., 2019), the available data suggest that
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this function of the Hec1 tail domain is generally conserved from
yeast to humans.

The Ska complex compensates for Hec1 tail domain
function

Studies using NDC80 complexes purified from various organisms
have demonstrated that the Hec1 tail domain is required for high-
affinity NDC80 complex-microtubule binding in vitro (Cheeseman
et al., 2006; Wei et al., 2007; Alushin et al., 2012; Umbreit et al.,
2012; Cheerambathur et al., 2013; Lampert et al., 2013; Zaytsev
et al., 2015). In the case of human NDC80 complexes, addition of
the Ska complex compensates for deletion of the Hec1 tail in a num-
ber of in vitro NDC80 complex—microtubule interaction assays.
Helgeson et al. (2018) carried out optical trapping experiments us-
ing NDC80 complex—coated beads to demonstrate that while
NDC80 complexes lacking the Hec1 tail generated weak attach-
ments to microtubules that could be disrupted under low rupture
forces, addition of soluble Ska complexes significantly strengthened
these attachments. Consistent with these findings, Huis in't Veld
et al. (2019) found that addition of the Ska complex to trimerized
NDCB80 complexes lacking the Hec1 tail enabled these complexes
to track depolymerizing microtubules, a property not observed in
the absence of the Ska complex. The notion that the Ska complex
can functionally compensate for Hec1 tail deletion is reminiscent of
studies carried out in budding yeast with the Dam1 complex, which
has been suggested to be a functional orthologue of the Ska com-
plex (Welburn et al., 2009). Analogous to the experiments described
above for human Ska and NDC80 complexes, Dam1 is able to en-
hance the affinity of tail-less budding yeast NDC80 complexes for
microtubules in vitro (Lampert et al., 2010; Tien et al., 2010; Lampert
et al., 2013). Consistently, deletion of the Ndc80/Hec1 tail is not le-
thal in budding yeast (Kemmler et al., 2009; Demirel et al., 2012;
Lampert et al., 2013), but deletion or mutation of Dam1 sensitizes
cells to loss of the Ndc80/Hec1 tail, resulting in cell death due to cell
division defects (Demirel et al., 2012; Lampert et al., 2013; Suzuki
etal., 2016). In line with these results, we found that cells expressing
A80-Hec1-GFP were able to form cold-stable kinetochore-microtu-
bule attachments, but this required the presence of the Ska com-
plex. Collectively, our in vitro and cell-based results suggest that the
Ska complex can compensate for the Hec1 tail’s role in forming
stable kinetochore-microtubule attachments in human cells.

The Ska complex is recruited to the internal coiled-coil
domain of the NDC80 complex rather than the Hec1 tail
domain

Ska complex loading to kinetochores requires the NDC80 complex
(Gaitanos et al., 2009; Welburn et al., 2009; Chan et al., 2012; Zhang
et al., 2012), and the two complexes directly interact (Zhang et al.,
2017; Helgeson et al., 2018; Huis in't Veld et al., 2019). Although
Ska3 is known to mediate the interaction, its binding site on the
NDCB80 complex remains unresolved (Zhang et al., 2018). Our results
demonstrate that the Hec1 tail is not required for Ska complex-me-
diated enhancement of NDC80-microtubule interactions or for Ska
complex localization to kinetochores in cells. We note that these re-
sults are inconsistent with a previous report from Janczyk et al. (2017),
where it was shown that mutations in the Hec1 tail abolish Ska re-
cruitment to the NDC80 complex-microtubule interface in vitro and
to kinetochores in cells. It is unclear why our results differ from theirs,
although a potential explanation is that the tail mutations made in
the Janczyk et al. study impacted overall kinetochore architecture in
a manner that precluded Ska recruitment independently of the Hec'
tail. To map the Ska complex kinetochore recruitment domain, we
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used two-color colocalization imaging and found that the Ska com-
plex colocalized with the coiled-coil region of the NDC80 complex,
inside the Hecl CH domain. Interestingly, most of the N- and
C-termini of all Ska complex components also mapped near this
region, suggesting that the bulk of the complex is not significantly
extended along the NDC80 complex axis. The one exception is the
C-terminus of Ska3, which mapped closely to, but still inside, the CH
domain of Hec1, suggesting that the unstructured region of Ska3
may be somewhat elongated along the length of the NDC80 com-
plex. These results are consistent with a recent study from Helgeson
et al. (2018), in which the authors found a large number of contact
points between Ska3 and the coiled-coil region of the NDC80 com-
plex using cross-linking mass spectrometry.

The Hec1 loop domain has Ska complex-dependent and
-independent functions in chromosome alignment

We report that mutation of the Hecl loop domain prevents en-
hancement of NDC80 complex-microtubule binding by the Ska
complex. This is possibly at odds with a recent study from Huis int
Veld et al. (2019), which reported that removal of the loop domain
from Hec1 did not affect the interaction between soluble NDC80
and Ska complexes. This difference could possibly reflect a require-
ment for the loop domain in the interaction of NDC80 and Ska com-
plexes specifically on microtubules. Alternatively, since Ska3 phos-
phorylation by CDK1 increases the affinity of soluble Ska and
NDCB80 complexes for each other (Zhang et al., 2017; Huis in't Veld
et al., 2019), the phosphorylation state of Ska3 might impact the
requirement of the Hec1 loop domain for the two complexes to as-
sociate. In such a scenario, dephosphorylated Ska complexes bind
more weakly to NDC80 complexes in the presence of microtubules,
and the loop domain is required for high-affinity interactions, spe-
cifically under these suboptimal binding conditions. Given our result
that the loop domain is required in cells for microtubule-indepen-
dent Ska complex loading to kinetochores, we do not favor the lat-
ter hypothesis.

Both chromosome alignment and kinetochore-microtubule at-
tachments were severely perturbed in cells expressing Hecl con-
structs containing a mutated loop domain—more so than in cells
expressing 9D-Hec1 mutants or in cells depleted of Ska1 and Ska3.
This was observed in previous studies (Zhang et al., 2012; Varma
et al., 2012) and led us to ask whether the defects observed were
entirely due to loss of Ska complex recruitment. To test this, we
modified the loop mutant to include a nonphosphorylatable N-ter-
minal tail domain, since we demonstrated that expression of the
9A-Hec1 mutant abrogated the need for Skal and Ska3 to form
stable kinetochore-microtubule attachments. Cells expressing the
9A/ML-Hec1 mutant showed no improvement in either chromo-
some alignment or formation of stable kinetochore-microtubule at-
tachments compared with those expressing ML-Hec1. Thus, we
conclude that in addition to contributing to efficient Ska complex
recruitment to kinetochores, the Hec loop has an additional, non-
Ska complex—dependent role in forming stable attachments. We
found that mutating short stretches of the loop sequence that con-
tain at least two charged residues phenocopied expression of the
full ML-Hec1 construct. Thus it is possible that the loop domain re-
cruits additional factors, such as Cdt1, that are required for genera-
tion of stable, end-on kinetochore-microtubule attachments (Varma
etal., 2012). Alternatively, the loop region could be critical for adop-
tion of a conformation of NDC80 that is required for maintaining
proper, end-on attachments to microtubules.

Overall, our results support a model in which the Hec1 tail do-
main, while not explicitly required for forming end-on kinetochore—
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microtubule attachments, is important in regulating the force-
generating attachments between kinetochores and microtubule
plus ends. They also suggest that the Ska complex is loaded to the
central coiled-coil region of the NDC80 complex during mitosis to
ensure proper force coupling at the kinetochore—-microtubule inter-
face, which may be particularly important at kinetochores containing
NDC80 complexes with lower microtubule binding capacity (e.g.,
with highly phosphorylated tail domains). How tail domain phos-
phorylation and dephosphorylation are coordinated with Ska com-
plex loading to kinetochores to ensure proper regulation of kineto-
chore-microtubule attachments is an important issue that requires
future investigation.

MATERIALS AND METHODS

Cell culture

Hela Kyoto cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic/antimycotic solution.
RPE1T (American Type Culture Collection) cells were cultured in 1:1
Ham’s F12:DMEM supplemented with 10% FBS and 1% antibiotic/
antimycotic solution. All cell lines were maintained at 37°C in 5%
COs.

Cell treatments and transfections

For all fixed cell experiments, cells were grown on sterile, acid-
washed coverslips in six-well plates. All nucleic acid transfections
were done in Optimem (Life Technologies). siRNA duplexes were
transfected as follows: Ska3 (5-AGACAAACAUGAACAUUAA-3’;
Gaitanos et al., 2009) at 80 nM, Ska1 (5"-CCCGCTTAACCTATAAT-
CAAA-3’; Hanisch et al., 2006) at 80 nM, and Hec1 (5-CCCUGGGU-
CGUGUCAGGAA-3’; Deluca et al., 2011) at 160 nM. All siRNA du-
plexes were transfected into Hela cells using Oligofectamine
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
For all siRNA transfections, cells were processed for immunofluores-
cence 48 h after addition of siRNA. Plasmids encoding Hec1-GFP
and mCherry-tubulin were transfected into Hela Kyoto cells with
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. RPE1 cells were transfected using a nucleo-
fector (Lonza) and using Lonza Kit L according to the manufacturer’s
protocol with program X-001. Cells were processed for immunofluo-
rescence 24 h following DNA transfection. For silence-rescue ex-
periments of Hec and expression of Hec1 mutants in Ska-depleted
cells, cells were transfected with siRNA using Oligofectamine and
24 h later were transfected with DNA using Lipofectamine 2000. At
24 h after DNA transfection (48 h post-siRNA addition), cells were
processed for immunofluorescence. For end-on attachment experi-
ments, transfection media was replaced with ice-cold DMEM 24 h
post-DNA transfection and cells were incubated on ice for 12 min
prior to fixation. For attachment-independent analysis of Ska3 local-
ization, Hec1-GFP-transfected cells were arrested at the G2/M tran-
sition by inhibiting CDK1/Cyclin-B with 9 pM RO-3306 (Sigma-Al-
drich) for 16 h and then extensively washed out with warm DMEM
and placed into DMEM supplemented with 10 pM nocodazole
(Tocris Bioscience), where they were incubated at 37°C for 1 h be-
fore being processed for immunofluorescence. For analysis of asyn-
chronous, attachment-independent Ska3 levels (Supplemental
Figure S2), cycling Hela cell populations were treated with 10 pM
nocodazole for 1 h without any synchronization and then were pro-
cessed for immunofluorescence. For live cell experiments, cells
were synchronized with thymidine the day after being seeded into
glass-bottom live cell dishes (35 mm), washed out of the first thymi-
dine treatment 16 h later, and subsequently transfected with plas-
mids encoding Hec1-GFP and mCherry-tubulin. At eight hours
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post-transfection, cells were subjected to a second thymidine treat-
ment. The following day (16 h after the second thymidine treat-
ment), cells were washed out into warm DMEM and incubated for
nine hours prior to live cell imaging.

Western blotting

Hec1-GFP transfected cells were harvested 24 h post-transfection
and stored at —20°C until use, at which time they were thawed on ice
and resuspended in lysis buffer (4 mM dithiothreitol [DTT] in phos-
phate-buffered saline with protease inhibitors). Cells were lysed by
sonication and subjected to Western blot analysis. Hec expression
was detected using mouse anti-Hec1 9G3 (Novus Biologicals) at
1:500 and donkey anti-mouse horseradish peroxidase (Jackson Im-
munoResearch) at 1:10,000. Hec1-GFP band intensity was quanti-
fied using MetaMorph software with ponceau-stained blots as a
loading control. All mutant Hec1-GFP band intensities were normal-
ized to WT-Hec1-GFP.

Immunofluorescence microscopy

Cells were rinsed in PHEM buffer (60 mM PIPES, 25 mM HEPES,
10 mM EGTA, 4 mM MgCly, pH 7.0) and permeabilized in lysis
buffer (PHEM + 1.0% Triton X-100) for 5 min at 37°C. Post-lysis,
cells were quickly washed in PHEM and subsequently fixed in
freshly made fixative solution (4% paraformaldehyde in PHEM) for
20 min at 37°C. After fixation, cells were subjected to three 5-min
washes in PHEM-T (PHEM + 0.1% Triton X-100), quickly rinsed in
PHEM, and blocked in 10% boiled donkey serum (BDS) in PHEM
for 1 h at room temperature. Following blocking, primary anti-
bodies diluted in 5% BDS in PHEM were added to cells and incu-
bated for 1 h at room temperature followed by 16 h at 4°C. Pri-
mary antibodies were used as follows: human anti-centromere
antibody (ACA) at 1:300 (Antibodies, Inc.), mouse anti-tubulin
(DM1a) at 1:600 (Sigma-Aldrich), mouse anti-Hec1 (9G3) at
1:3000 (Novus Biologicals), rabbit anti-phosphorylated Hec1-
pSer69 (pS69) at 1:3000 (Deluca et al., 2018), mouse anti-Ska3 at
1:500 (Santa Cruz Biotechnology), rabbit anti-Ska3 at 1:300
(GeneTex), and rabbit anti-Astrin at 1:1000 (Sigma-Aldrich). After
primary antibody incubation, unbound antibody was washed off
using three 5-min PHEM-T rinses, followed by a quick wash in
PHEM. Secondary antibodies (conjugated to Alexa 488, Cy3 dye,
or Alexa 647; Jackson ImmunoResearch) were diluted 1:1000 in
5% BDS except mouse Ska3 and rabbit Ska3, for which secondary
antibodies were diluted 1:500 and 1:300, respectively. Cells were
incubated in secondary antibody for 45 min at room temperature,
and unbound antibody was washed off with 3 x 5 min PHEM-T
washes followed by a quick rinse in PHEM. Cells were then incu-
bated in a 2 ng/ml 4’,6-diamidino-2-phenylindole (DAPI) solution
(diluted in PHEM) for 30 s, subjected to two 5-min PHEM-T
washes, quickly rinsed in PHEM, and mounted onto glass slides
using an antifade solution (?0% glycerol + 0.5% N-propyl gallate).
Following mounting, coverslip edges were sealed with nail polish
and slides were stored at 4°C.

Fixed cell imaging

All fixed cell images were acquired using a DeltaVision Personal DV
Imaging system (GE Healthcare) on an IX71 inverted microscope
(Olympus) using SoftWoRx software (GE Healthcare). All fixed cell
experiments were imaged using a 60 x 1.42 NA differential interfer-
ence contrast Plan Achromat oil immersion lens (Olympus). Images
were acquired using a CoolSNAP HQ2 camera (Photometrics/Roper
Technologies) for a final magnification of 107 nm/pixel. For two-
color distance measurements, a 1.6 magnification lens was inserted
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in the light path, providing a final magnification of 67 nm/pixel at
the camera sensor.

Live cell imaging

For live cell imaging experiments, cells were seeded into custom-
built glass-bottom 35 mm dishes and imaged in Leibovitz's L-15 me-
dium (Invitrogen) supplemented with 10% FBS, 7 mM HEPES, and
4.5 g/l glucose, pH 7.0. Hela Kyoto cells were double thymidine
synchronized and transfected with plasmids encoding Hec1-GFP
and mCherry-tubulin as described above. After incubation for 9 h
after the second thymidine washout, cells were imaged at 37°C on
a Nikon Ti-E microscope equipped with a Piezo Z-control (Physik
Instrumente), stage top incubation system (Okolab), and spinning
disk confocal scanner unit (CSUX1; Yokogawa), using a 0.6 NA 40X
objective and an iXon DU888 EM-CCD camera (Andor). Z-stacks
were acquired taking seven planes at 1 pm steps using 488 and 594
nm lasers to excite GFP and mCherry, respectively. For each experi-
ment, 20 fields were imaged at 5-min intervals for 12 h.

Protein expression and purification

Glutathione-S-transferase (GST)-NDC808Besai (Ciferri et al., 2008)
was a generous gift from Andrea Musacchio (Max Planck Institute of
Molecular Physiology, Dortmund, Germany). GST-NDC8QBonsai
constructs were generated from GST-NDC80B°msa! (parent vector
backbone = pGEX6P1-2RBS). Specifically, Nuf2'-34/Spc24122197,
Hec11-50¢/Spc25'18-224 fragments were obtained by PCR from parent
vectors of each protein while creating 20-base pair overhangs for
Gibson reaction for cloning back into BamH1/Age1-digested GST-
Bonsai plasmid. Cloning of A80-NDC808"@ was carried out using
the same fragments, except the Hec1 PCR used a forward primer
with amino acid 81 immediately following the start codon. ML-NDC-
80Brorsal was generated by producing a PCR fragment of Hec1'-4¢
with the mutant loop sequence from the cell expression vector used
in this study and annealing it into the NDC808™"sai vector digested
with Sac1/Afl2. NDC80B°s# and NDCB80B"s? constructs were ex-
pressed and purified using the following scheme: BL21-DE3 cells
were transformed with NDC80 constructs, and cultures were grown
to the appropriate ODggg before induction overnight (16 h) at 18°C
with 400 pM isopropyl B-p-1-thiogalactopyranoside. All steps after
induction were carried out at 4°C. The next morning, cells were pel-
leted by centrifugation and resuspended in lysis buffer (25 mM Tris,
pH 7.6, 300 mM NaCl, 1 mM EDTA) supplemented with protease
inhibitors (Pierce Protease Inhibitor tablets; Thermo Scientific) and
1 mM DTT (Gold Bio). Resuspended cells were lysed using a micro-
fluidic chamber at 80 psi. The resulting lysed mixture was cleared of
cell debris by centrifugation at 40,000 rpm for 45 min in a Beckman
L8-70M ultracentrifuge using a TY70-TI rotor. Supernatant was ap-
plied to glutathione-agarose resin (Pierce resin; Thermo Scientific)
(preequilibrated in lysis buffer), and the mixture was rocked gently
for 1 h. Following binding, unbound protein was washed from the
resin with lysis buffer, and resin-bound protein was eluted by GST-
tag cleavage overnight with human rhinovirus 3C protease (HRV3C
protease, expressed and purified in-house). Elutions were pooled,
concentrated, and run on a GE Superdex 200 HiLoad 16/60 sizing
column in lysis buffer supplemented with 5% glycerol and 1 mM
DTT. Protein fractions were pooled and concentrated, and glycerol
was added to 20% final volume before small aliquots were snap-
frozen in liquid nitrogen and stored at —80°C.

Purification of recombinant human Ska complex (SkaC) was car-
ried out as described previously (Abad et al., 2016). Briefly, BL21-
Gold Escherichia coli cells were cotransformed with equal amounts
of the individual Ska1, GST-Ska2, and Ska3 plasmids. Cells were
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grown to the appropriate ODygg before induction overnight (16 h) at
18°C with 400 pM isopropyl B-p-1-thiogalactopyranoside.. All steps
after induction were carried out at 4°C. The next morning, cells were
pelleted by centrifugation and resuspended in SkaC lysis buffer (20
mM Tris, pH 8.0, 500 mM NaCl) supplemented with protease inhibi-
tors and 5 mM DTT. Resuspended cells were lysed by microfluidics
as specified in NDC80 complex purifications. The resulting lysed
mixture was cleared of cell debris by centrifugation at 40,000 rpm
for 45 min as noted for NDC80 complex purifications. The superna-
tant from lysed cells was applied to glutathione-agarose resin (pre-
equilibrated in SkaC lysis buffer) and rocked gently for 3 h. Follow-
ing binding, unbound protein was washed away with lysis buffer,
and resin was further washed with chaperone buffer (20 mM Tris, pH
8.0, 1 M NaCl, 50 mM KCI, 10 mM MgCl,, 2 mM ATP, 5 mM DTT) to
remove associated protein chaperones. Resin-bound protein was
then eluted using three sequential elutions for 1 h each in elution
buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 50 mM glutathione, 5 mM
DTT). Elutions were pooled and dialyzed overnight into column buf-
fer (20 mM Tris, pH 8.0, 100 mM NaCl, 5 mM DTT), and tags were
simultaneously cleaved with tobacco etch virus (TEV) protease over-
night while rocking. Cleaved SkaC was further purified by gel filtra-
tion on a Superose 6 Increase 10/300 in column buffer. Protein-con-
taining fractions were collected and concentrated, and the protein
was snap-frozen in liquid nitrogen and stored at -80°C.

TIRF microscopy

Immediately prior to the microtubule binding assays, the protein
was flash-thawed and centrifuged at 90,000 x g to remove large
aggregates. Supernatant was collected and concentration mea-
sured by Bradford assay. TIRF microscopy (TIRFM) binding assays
were performed as described previously (Ecklund et al., 2017).
Briefly, flow chambers were constructed by adhering plasma
cleaned, silanized coverslips (22 x 30 mm) to glass slides with
double-sided tape. Silanized coverslips were incubated with a rat
anti-tubulin antibody (8 ug/ml, YL1/2; Accurate Chemical & Scien-
tific Corporation) for 5 min, and then blocked with 1% Pluronic
F-127 solution (Fisher Scientific) for 5 min. Taxol-stabilized,
Alexab47-labeled microtubules (made by mixing fluorescently la-
beled and unlabeled porcine tubulin at a 1:12.5 ratio) diluted in
BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCly) supplemented
with 20 uM taxol were flowed into the chamber and incubated for
5-10 min, and then unbound microtubules were washed out with
one chamber volume of SN (“Ska-NDC80") buffer (20 mM Tris, pH
7.0, 50 mM NaCl, 6 mg/ml bovine serum albumin [BSA], 4 mM
DTT, 20 puM taxol). GFP-NDC80 complex (either alone or supple-
mented with 10 nM unlabeled Ska complex) diluted to the appro-
priate concentration in SN buffer was introduced to the chamber,
and the binding reaction was incubated for 2 min. Two more addi-
tions of NDC80 complex (or NDC80 complex + Ska complex) were
subsequently perfused into the chamber to allow the binding re-
action to reach equilibrium. Two minutes after the third addition
(after binding reaction had reached equilibrium as determined by
time-lapse imaging), TIRF images were collected from 10 individ-
ual fields. For analysis in BRB80 and BRB20 (Supplemental Figure
S4), all steps were performed as above, except protein (either
GFP-NDC80 alone or supplemented with SkaC, or SkaC-GFP) was
diluted into either BRB80 or BRB20 supplemented with 6 mg/ml
BSA, 4 mM DTT, and 20 pyM taxol. All TIRFM images were col-
lected at room temperature using a 1.49 NA 100 X Plan Apo TIRF
oil immersion lens on a Nikon Ti-E inverted microscope equipped
with an iXon3 DU897 EM-CCD camera (Andor) for a final pixel size
of 160 nm/pixel.
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Data analysis

For all mutant expression studies, cells were initially scored for ki-
netochore GFP fluorescence intensity as “low,” “intermediate,” or
"high.” Cells scored as having low Hec1-GFP fluorescence were
discarded from analysis. Subsequently, cells were scored for Hec-
pS69 staining, and only cells with undetectable Hec1-pS69 were
analyzed where appropriate (for mutants lacking intact Ser-69).
For experiments in which kinetochore fluorescence intensity was
quantitatively measured, only cells within a defined range of
Hec1-GFP kinetochore fluorescence intensity were analyzed to
ensure that expression levels were equal for all mutants (see Sup-
plemental Figure S1C). Measurement of kinetochore fluorescence
intensity in fixed cells was measured from non-deconvolved, non-
compressed images using a custom program in MatLab (Math-
works) courtesy of X. Wan (University of North Carolina at Chapel
Hill; Wan et al., 2009). For analysis of Ska3 levels at attached ki-
netochores (Figures 1, A-C, and 4, G and H, and Supplemental
Figure S1), cells from mutants lacking Hec1 Ser-69 with greater
than 25% Hec1-pS69 levels measured in WT-Hec1-GFP cells were
discarded from analysis to reduce effects of endogenous, non-
mutant kinetochore Hec1. Measurements of end-on attachment
and interkinetochore distances in cold-treated cells were per-
formed in SoftWoRx Explorer software. End-on attachment was
analyzed by selecting random kinetochores in the kinetochore
channel and then subsequently overlaying the tubulin channel
and scoring whether spindle microtubules terminated at the pre-
selected kinetochores (lateral attachments were not quantified).
For analysis of end-on attachment in Ska-depleted cells, only ki-
netochores between the spindle poles were analyzed, as polar
chromosomes remained unattached in all conditions (Figure 2E).
Interkinetochore distances were analyzed by measuring the dis-
tance between Hec1-GFP signals from two kinetochores in a sister
pair in the same z-plane. For chromosome alignment analysis,
bipolar Hec1-GFP expressing cells post-nuclear envelope break-
down were scored as either aligned (metaphase plate with
<5 chromosomes off the plate) or unaligned (no metaphase plate,
or metaphase plate with five or more chromosomes off the plate).
For analysis of multipolarity, Hec1-GFP expressing cells were
stained with anti-tubulin antibodies and assessed for the number
of spindle poles.

For two-color distance measurements, analyses were performed
on kinetochore pairs in which their maximum fluorescence intensity
centroids were not separated by more than one focal plane of
0.2 um. Centroids of each test antibody signal were calculated using
the custom program SpeckleTracker in MatLab (MathWorks), which
was provided by X. Wan and T. Salmon (University of North Carolina,
Chapel Hill). Distances were also calculated in the SpeckleTracker
program. A detailed description of the protocol can be found in
Wan et al. (2009).

For analysis of TIRFM microtubule binding assays, GFP-NDC80
complex-microtubule binding was quantitated using ImageJ soft-
ware (National Institutes of Health). The NDC80 fluorescent signal
was measured along the microtubule axis (as determined from the
Alexab47-tubulin signal), and the “background” signal was mea-
sured using the same mask (created along the microtubule’s length)
in a region immediately adjacent to the microtubule. Corrected sig-
nal intensity was measured by subtracting the background signal
from the GFP signal on the microtubule. Raw GFP-NDC80 fluores-
cence intensity at each concentration (averaged across all three rep-
licates) was plotted, and curves were fitted using a Specific binding
model with a Hill fit in Prism (GraphPad). All statistical analyses were
carried out using Prism (GraphPad).
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