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for the assembly of a dynein-binding platform
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ABSTRACT Aurora B (AurB) is a mitotic kinase responsible for multiple aspects of mitotic
progression, including assembly of the outer kinetochore. Cytoplasmic dynein is an abundant
kinetochore protein whose recruitment to kinetochores requires phosphorylation. To assess
whether AurB regulates recruitment of dynein to kinetochores, we inhibited AurB using
ZM447439 or a kinase-dead AurB construct. Inhibition of AurB reduced accumulation of dy-
nein at kinetochores substantially; however, this reflected a loss of dynein-associated proteins
rather than a defect in dynein phosphorylation. We determined that AurB inhibition affected
recruitment of the ROD, ZW10, zwilch (RZZ) complex to kinetochores but not zwint-1 or
more-proximal kinetochore proteins. AurB phosphorylated zwint-1 but not ZW10 in vitro,
and three novel phosphorylation sites were identified by tandem mass spectrometry analysis.
Expression of a triple-Ala zwint-1 mutant blocked kinetochore assembly of RZZ-dependent
proteins and induced defects in chromosome movement during prometaphase. Expression of
a triple-Glu zwint-1 mutant rendered cells resistant to AurB inhibition during prometaphase.
However, cells expressing the triple-Glu mutant failed to satisfy the spindle assembly check-
point (SAC) at metaphase because poleward streaming of dynein/dynactin/RZZ was inhibited.
These studies identify zwint-1 as a novel AurB substrate required for kinetochore assembly
and for proper SAC silencing at metaphase.
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INTRODUCTION

Kinetochores in higher eukaryotes assemble a hierarchy of proteins
responsible for interacting with microtubules, mediating chromo-
some movement, monitoring chromosome alignment, and execut-
ing chromosome segregation. The molecular details of these pro-
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cesses are only partially deciphered, with many unresolved questions.
The complexities of microtubule-binding proteins at kinetochores
and contributions of each, for example, are poorly understood.
Phosphorylation is a widely recognized mechanism of regulation
during mitosis (Musacchio and Salmon, 2007), and multiple mitotic
kinases have been identified at the kinetochore, including BubR1,
Mps-1, Plk-1, and Aurora B (AurB). Functional targets for these ki-
nases include kinetochore attachment, chromosome biorientation,
tension sensing, chromosome movement, and kinetochore assem-
bly (Mao et al., 2003; Deluca et al., 2006; Emanuele et al., 2008;
Guimaraes et al., 2008; Vader and Lens, 2008; Kang and Yu, 2009;
Santaguida et al., 2010). AurB is a highly conserved serine/threonine
kinase believed to play important roles in kinetochore assembly and
function (Carmena et al., 2009). AurB phosphorylates histone H3 on
the inner plate (Hsu et al., 2000), HEC1 on the outer plate (Deluca
et al., 2006; Welburn et al., 2010), and MCAK at metaphase (Zhang
et al., 2007). AurB is also believed to regulate the dynamics of the
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ROD, ZW10, zwilch (RZZ) complex (Famulski and Chan, 2007). Re-
cent work highlights the antagonistic roles of protein phosphatase 1
(PP1) and AurB in kinetochore assembly (Emanuele et al., 2008).

Kinetochore dynein plays a crucial role in checkpoint silencing at
metaphase (King et al., 2000; Howell et al., 2001; Wojcik et al., 2001;
Whyte et al., 2008). A mitotic phosphorylation site was identified
recently that is required for targeting of dynein to kinetochores
(Whyte et al., 2008); however, the kinase responsible for this phos-
phorylation was not identified. Several features of AurB suggest that
this kinase is closely linked to phosphorylated dynein. PP1y was
identified as a dynein phosphatase (Whyte et al., 2008), and PP1 is
known to dephosphorylate substrates for AurB (Hsu et al., 2000;
Emanuele et al., 2008). AurB phosphorylation regulates proteins
involved in dynein-driven streaming, including the RZZ complex
(Famulski and Chan, 2007). The activated form of AurB localizes
to the layers of the kinetochore responsible for recruiting dynein
(Deluca et al., 2011).

In this study, we investigated the role of AurB in recruiting kine-
tochore dynein. Although AurB was required for recruitment of
phospho-dynein to kinetochores, dynein was not identified as the
target for AurB phosphorylation. Using ZM447439 treatment or ki-
nase-dead (KD) AurB constructs, we identified a boundary between
zwint-1 and the RZZ complex as a target for AurB regulation. Tan-
dem mass spectrometry (MS/MS) analysis revealed three novel
phosphorylation sites at the C-terminus of zwint-1 responsible for
RZZ recruitment. Analysis of phosphorylation-site mutants indicates
that triple phosphorylation is sufficient for recruitment of the RZZ
complex. At metaphase, however, dephosphorylation of these sites
is required for dynein-driven streaming of checkpoint proteins. To-
gether these studies identify zwint-1 as a novel AurB substrate cen-
tral to the regulation of the spindle assembly checkpoint (SAC).

RESULTS

Impact of Aurora B inhibition on kinetochore dynein

In previous work, a mitotic phosphorylation site was identified in the
dynein intermediate chains (ICs) that is required for recruitment of
dynein to kinetochores (Whyte et al., 2008). PP1 was identified as
the dynein phosphatase (Whyte et al., 2008), raising the possibility
that AurB is a dynein kinase (Hsu et al., 2000; Emanuele et al., 2008).
We tested this model by inhibiting AurB and measuring levels of
phospho-dynein at kinetochores using a phospho-epitope-antibody
(pT89). Inhibition of AurB with ZM447439 (ZM) (Ditchfield et al.,
2003) induced a dramatic loss of pT89 staining at kinetochores de-
spite the formation of normal mitotic spindles and normal entry into
mitosis (Figure 1A). To confirm AurB inhibition as the cause of this
effect, we expressed a dominant-negative AurB KD construct as an
alternative (Murata-Hori and Wang, 2002). Expression of this con-
struct reduced recruitment of pT89 dynein at kinetochores to back-
ground levels even though mitotic entry proceeded normally
(Figure 1A). These findings suggest that AurB activity is required for
accumulation of phospho-dynein at kinetochores.

Both phospho-dynein and dephospho-dynein are detected
on prometaphase kinetochores (Whyte et al., 2008), so we tested
whether both populations required AurB activity. AurB inhibition
with ZM led to a total loss of dynein at kinetochores but not
spindle poles (Figure 1B). These findings suggest that AurB ac-
tivity is required for accumulation of all kinetochore dynein dur-
ing prometaphase.

The level of kinetochore dynein could be affected by reducing
initial recruitment or by stimulating release through interactions with
microtubules. To distinguish between these mechanisms, we used
nocodazole treatment, which allows recruitment but not microtu-
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bule-dependent release (Whyte et al., 2008). Cells treated with no-
codazole alone displayed robust phospho-dynein at kinetochores,
whereas cells treated with nocodazole and ZM displayed a loss of
phospho-dynein at kinetochores (Figure 1C). Finally, we used re-
duced temperature to depolymerize microtubules at metaphase,
followed by rapid warming to assess the recruitment of dynein to
kinetochores that had lost microtubule attachment after alignment
(Khodjakov et al., 2000). Phospho-dynein was recruited to kineto-
chores during rewarming in controls but was reduced to background
levels in cells treated with ZM (Figure 1D). These assays confirm that
AurB is required for the recruitment of dynein to kinetochores.

As a more direct measure of dynein phosphorylation, we assayed
AurB activity using in vitro kinase assays (Supplemental Figure 1A).
Neither wild-type ICs nor T8?A/T89D mutant ICs were phosphory-
lated to any measurable levels in these assays. Recognizing the
limitations of in vitro kinase assays, we also performed Western blot
analysis of cell extracts. Comparing control extracts to ZM-treated
extracts, we measured levels of total dynein (V3) and phospho-
dynein (pT89). Total dynein was detected in both extracts (Supple-
mental Figure 1B). However, phospho-dynein was detected in
ZM-treated but not control extracts. This difference reflects the
cosedimentation of phospho-dynein with chromosomes during the
preparation of centrifuged mitotic extracts in control samples and
the failure of phospho-dynein to cosediment with chromosomes in
ZM-treated extracts. Because phospho-dynein was still detectable
after ZM treatment, these assays suggest that AurB is not a dynein
kinase. However, AurB is required for recruitment of phospho-
dynein to kinetochores during prometaphase.

Determining the boundary between AurB-dependent and
AurB-independent proteins

Although our analysis did not identify AurB as a dynein kinase, AurB
inhibition had a profound effect on recruitment of dynein to kineto-
chores during prometaphase. One possibility is that AurB regulates
the platform of dynein-associated proteins at kinetochores (Famulski
and Chan, 2007; Ditchfield et al., 2003). We measured the impact of
AurB inhibition on accumulation of dynactin, spindly, MAD2, BubR1
(see Supplemental Figure 2), and ZW10 (Figure 2A) and determined
that all were depleted substantially from kinetochores. Whereas pre-
vious studies revealed a requirement for AurB in the recruitment/
retention of ZW10, ROD, Mad2, Bub1, and BubR1 (Famulski and
Chan, 2007; Ditchfield et al., 2003), these new studies confirm and
extend the previous work to include dynein and dynein-associated
proteins. Collectively, this body of work indicates that AurB is re-
quired for the recruitment of the RZZ complex and RZZ-dependent
proteins to kinetochores during prometaphase.

To identify the boundary between AurB-dependent and AurB-
independent proteins at kinetochores, we measured the impact of
AurB inhibition on proteins implicated in RZZ recruitment. Zwint-1 is
a ZW10-binding protein important for RZZ recruitment (Starr et al.,
2000; Famulski et al., 2008; Vos et al., 2011), and both HEC1 (Lin
et al., 2006) and KNL1 (Cheeseman et al., 2008) have been pro-
posed to recruit zwint-1. Using this hierarchy, we observed that
zwint-1 (Figure 2B), HEC1 (Supplemental Figure 2E), and KNL1
(unpublished data) were not affected by AurB inhibition. Together
these experiments identify a novel boundary between zwint-1 and
RZZ that is regulated by AurB and required for recruitment of dynein
to kinetochores during prometaphase.

A novel substrate for Aurora B
Because zwint-1 binds directly to ZW10 (Starr et al., 2000), we tested
which of these proteins was phosphorylated by AurB. In vitro kinase
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assays with recombinant zwint-1 and ZW10 revealed
phosphorylation of zwint-1 but not ZW10 (Figure
3A). This suggests that AurB phosphorylation of
zwint-1 could be the basis of regulated recruitment
of RZZ to kinetochores.

To confirm AurB phosphorylation of zwint-1, we
completed MS/MS analysis of phosphorylated
zwint-1 and mapped three novel phosphorylation
sites near the C-terminus (5250, T251, S262) com-
bining tryptic and endo-GIuC proteolytic digests
(Figure 3B and Supplemental Figure 3, A and B). In
vitro kinase assays were used to assess phosphoryla-
tion at each site. Whereas single mutants [S250A (un-
published data), T251A (unpublished data), and
S262A] and a double mutant (S250A/T251A) re-
tained measurable AurB phosphorylation in kinase
assays, a triple mutant (S250A/T251A/S262A) of
zwint-1 displayed loss of AurB phosphorylation
(Figure 3C). These studies identify zwint-1 as a novel
AurB substrate and reveal the sites of phosphoryla-
tion near the C-terminus.

To determine the functional impact of zwint-1
phosphorylation, we performed blot overlay assays
and identified phosphorylation-dependent binding
partners (Figure 3D). Recombinant zwint-1 (dephos-
phorylated) failed to bind proteins in mitotic extracts,
although endogenous zwint-1 is detected as part of
the assay. When recombinant zwint-1 was phospho-
rylated in vitro by AurB, the assays revealed binding
to a band comigrating with ZW10. This interaction
was confirmed with dot blot assays of recombinant
ZW10 (Supplemental Figure 3, C and D). We also
tested the ability of a triple-E mutant (S250E/T251E/
S262E) of zwint-1 to bind ZW10 in these assays.

Impact of Aurora B inhibition of
recruitment of dynein to kinetochores. (A) NRK2 cells
stained for chromatin (DAPI, blue), pT89 dynein (red),
and tubulin (green) or ACA (green) in controls (1-4),
ZM-treated cells (5-8), or cells expressing KD AurB
(9-12). Intensity gradients represent a range of
0-13,000 for pT89 staining. Average pixel intensity
was 11,870 + 825 for controls and 374 + 132 for
ZM-treated cells (p < 0.0001). Bar, 5 um. (B) NRK2
cells stained for chromatin (DAPI, blue), ACA (green),
and total dynein (red) in controls (1-4) and ZM-treated
cells (5-8). Overlays reveal colocalization of dynein
with ACA in controls but not ZM-treated cells (insets).
Intensity gradients represent a range of 0-13,000 for
dynein staining. Average pixel intensity was 11780 +
985 for controls and 1325 + 477 for ZM-treated cells
(p < 0.0001). Bar, 5 pm. (C) NRK2 cells stained for
chromatin (DAPI, blue), ACA (green), and phospho-
dynein (red) in cells treated with nocodazole (1-4) or
nocodazole plus ZM (5-8). Intensity gradients
represent a range of 0-1300 for pT89 staining.
Average pixel intensity was 1277 + 435 for controls
and 654 + 101 for ZM-treated cells. Bar, 5 pm.

(D) BSC-1 cells expressing GFP-tubulin were subjected
to cooling after chromosome alignment followed by
rewarming to allow spindle assembly and stained for
total dynein in controls (1-4) and ZM-treated cells
(5-8). Dynein accumulates at metaphase kinetochores
(arrows) in controls but not ZM-treated cells.

Molecular Biology of the Cell



1. Control

5. ZM Treated

1. Control

5. ZM Treated

Impact of Aurora B inhibition on RZZ proteins at kinetochores. (A) Hela cells stained
for chromatin (DAPI, blue), ACA (green), and ZW10 (red) in controls (1-4) and ZM-treated cells
(5-8). Overlays reveal colocalization of ZW10 with ACA in controls but not ZM-treated cells
(insets). Intensity gradients represent a range of 0-12,000 for ZW10 staining. Average pixel
intensity was 10,380 + 619 for controls and 751 + 152 for ZM-treated cells (p < 0.0001). Bar,

5 pm. (B) Hela cells stained for chromatin (DAPI, blue), ACA (green), and zwint-1 (red) in controls
(1-4) and ZM-treated cells (5-8). Overlays reveal colocalization of zwint-1 with ACA in both
controls and ZM-treated cells (insets). Intensity gradients represent a range of 015,000 for
zwint-1 staining. Average pixel intensity was 12,510 + 531 for controls and 12,050 + 441 for

ZM-treated cells (p = 0.508). Bar, 5 pm.

Similar to phospho-zwint-1, triple-E mutant zwint-1 bound ZW10 in
mitotic extracts (Figure 3D). Consistent with the results with recom-
binant zwint-1, triple-A mutant (S250A/T251A/S262A) failed to bind
ZW10 (Figure 3D). Together these assays reveal three novel AurB
phosphorylation sites in zwint-1 that mediate a phosphorylation-
dependent interaction with ZW10.

Impact of zwint-1 phosphorylation-site mutants on
kinetochore assembly

To test the requirement for triple phosphorylation of zwint-1 in cells,
we expressed wild-type and triple-A zwint-1 mutant constructs in
cells and assessed recruitment of dynein and ZW10. Both the wild-
type and triple-A mutant constructs accumulated at kinetochores to
similar levels (Figure 4). Although recruitment of phospho-dynein
was normal in cells expressing wild-type zwint-1, recruitment of
phospho-dynein was reduced significantly in cells expressing the
triple-A mutant (Figure 4A). Similar defects were observed for ZW10
(Figure 4B). We also analyzed single and double zwint-1 mutants in
these assays, but the impacts on dynein and ZW10 recruitment were
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incomplete, with intermediate levels of both
proteins retained at kinetochores (unpub-
lished data). Because the outcomes with the
triple-A mutant zwint-1 mimic the effects of
ZM treatment closely, these findings sup-
port a requirement for AurB phosphoryla-
tion of zwint-1 in kinetochore assembly.

Impact of zwint-1 phosphorylation-site
mutants on chromosome movement
The triple-A zwint-1 mutant mimicked ZM
treatment in disrupting kinetochore assem-
bly; however, other AurB substrates (e.g.,
HEC1) are known to play roles in microtu-
bule attachment and chromosome move-
ment during prometaphase. To assess
whether loss of zwint-1 phosphorylation is
sufficient to explain ZM-induced defects
during prometaphase, we compared cells
treated with ZM to cells expressing zwint-1
or HEC1 phosphorylation-site mutants us-
ing live-cell imaging (Figure 5). To establish
the details of the ZM phenotype, we per-
formed time-lapse imaging and followed
chromosome movements. These assays re-
vealed chromosome immobilization after
initial association with the mitotic spindle
(Figure 5A, Supplemental Figure 4, Aand B,
and Supplemental Videos S1-54). Chromo-
somes failed to congress during ZM treat-
ment and retained this “locked” phenotype
for the duration of time-lapse sequences
(Figure 5C). Interestingly, if ZM-washout was
performed after cells had achieved this
"locked” phenotype, chromosomes did
progress to anaphase onset (Figure 5A and
Supplemental Video 4). This suggests that
the AurB inhibition induces defects in
dynamic chromosome movement and is
reversible.

To assess the contribution of known AurB
substrates to this “locked” phenotype, we
compared ZM treatment to expression of
zwint-1 or HEC1 mutants (Guimaraes et al., 2008). The triple-A
zwint-1 construct accumulated at kinetochores similar to the wild-
type construct and induced a “locked” phenotype in which chromo-
somes stopped moving after initial binding to the mitotic spindle
(Figure 5, B and C, and Supplemental Videos S5 and Sé). In contrast,
cells expressing the 9A HEC1 construct displayed delays in chromo-
some alignment and a failure to align all chromosomes. However,
chromosomes continued to move in these cells, and the majority of
chromosomes aligned at the metaphase plate (Figure 5, B and C,
and Supplemental Videos S7 and S8). Although the zwint-1 mutant
mimics ZM treatment closely during prometaphase, this represents
a subset of the defects induced by AurB inhibition. It will be impor-
tant to determine the contributions of other AurB substrates in fu-
ture studies.

Zwint-1 phosphomimetics overcome AurB inhibition

As another method to test whether zwint-1 is a primary target
for AurB regulation during prometaphase, we prepared a triple-E
mutant (S250E/T251E/S262E) zwint-1 construct for expression in
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and 5262 near the C-terminus. (C) In vitro kinase assays of single, double, and triple zwint-1
mutants with purified AurB. CBB staining (SDS-PAGE) confirms equal loading of substrate,
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lished data). These findings suggest that
triple-E mutant zwint-1 is sufficient to rescue
kinetochore assembly of the dynein-binding
L platform during AurB inhibition.

Because the triple-E zwint-1 mutant
overcame AurB inhibition of kinetochore as-
sembly, we also measured the impact on
chromosome movement (Figure 7). There
was no significant difference in the time
from nuclear envelope breakdown to meta-
phase between cells expressing wild-type
and those expressing triple-E mutant zwint-1
(16.4£1.13 min vs. 18.4 £ 0.98 min). Image
sequences of cells expressing the triple-E
mutant displayed normal chromosome
alignment similar to cells expressing the
wild-type construct (Figure 7, A-C, and Sup-
plemental Video S9). Of interest, however,
cells expressing the triple-E mutant spent an
extended time at metaphase compared
with cells expressing wild-type zwint-1
(18.2+ 4.4 minvs. 5.3 £ 1.8 min; p =1.58 x
107%). The time spent at metaphase for cells
expressing triple-E zwint-1 is likely an under-
estimate because these cells displayed pho-
totoxicity before the full duration of delay
could be measured. For this reason, we
scored the stage of mitosis when imaging
was stopped (Figure 7C). Examples of ana-
phase onset were not observed for cells ex-
pressing triple-E zwint-1.

We also tested whether the triple-E mu-
tant construct could rescue the defects in
chromosome movement induced by ZM
treatment. Whereas cells expressing wild-
type zwint-1 displayed the “locked” pheno-
type described earlier, cells expressing the
triple-E mutant progressed to metaphase
chromosome alignment (Figure 7, B and C,
and Supplemental Videos S10 and S11). To-
gether, these experiments indicate that the
triple-E zwint-1 protein mimics phospho—
zwint-1 in kinetochore assembly and in me-
diating dynamic chromosome movement
during prometaphase. Despite alignment,
however, the triple-E construct delays the
transition from metaphase to anaphase.

of recombinant zwint-1, phosphorylated zwint-1, triple-E zwint-1, and triple-A zwint-1.

Phosphorylated zwint-1 and triple-E zwint-1 bound to ZW10, but neither dephospho—zwint-1
nor triple-A zwint-1 bound. Native zwint-1 is detected in the samples as part of the assay.

mammalian cells. This construct accumulated at kinetochores similar
to the wild-type construct (Figure 6). To assess whether this con-
struct mimicked phospho-zwint-1 in kinetochore assembly, we in-
hibited AurB in cells expressing the triple-E mutant and measured
accumulation of dynein and RZZ (Figure 6). Despite a ZM-induced
defect in recruitment of both dynein and ZW10 in cells expressing
wild-type zwint-1, cells expressing the triple-E zwint-1 construct
were resistant to AurB inhibition and displayed accumulation of
both dynein and ZW10 at kinetochores (Figure 6, A and B). Single
and double zwint-1 phosphomimetics were also assessed; however,
they displayed incomplete resistance to AurB inhibition (unpub-
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Zwint-1 dephosphorylation is required
at metaphase

Previous work on kinetochore dynein re-
vealed a sequence of events at metaphase including dynein de-
phosphorylation and dynein-mediated poleward transport of check-
point proteins that was required for silencing the SAC in response to
chromosome alignment (Whyte et al., 2008). Defects in any one of
these events could explain the defects observed in cells expressing
the triple-E zwint-1 construct. To determine which aspects of SAC
silencing were defective, we monitored dynein dephosphorylation
and poleward transport (Figure 8). Using the pT89 phospho-anti-
body to measure dynein dephosphorylation, we observed typical
loss of phospho-dynein from metaphase kinetochores in cells ex-
pressing either wild-type or triple-E zwint-1 constructs (Figure 8A).

Molecular Biology of the Cell
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Impact of triple-A mutant zwint-1 expression on kinetochore dynein and ZW10. (A) NRK2 cells stained for
chromatin (DAPI, blue), zwint-1-GFP (green), and pT89-dynein (red) in cells expressing wild-type zwint-1 (1-4) or triple-A
mutant zwint-1 (5-8). Overlays reveal colocalization of pT89 dynein with wild-type zwint-1 but a loss of pT89 dynein in
cells expressing the triple-A mutant (insets). Intensity gradients represent a range of 0-12,000 for pT89 dynein staining.
Statistical analysis of pT89 signal intensity in cells expressing wild-type zwint-1 (blue) and triple-A mutant zwint-1 (red).
PT89 signal is reduced significantly in cells expressing the triple-A mutant (p < 0.0001). Bar, 5 pm. (B) HeLa cells stained
for chromatin (DAPI, blue), zwint-1-GFP (green), and ZW10 (red) in cells expressing wild-type zwint-1 (1-4) or triple-A
mutant zwint-1 (5-8). Overlays reveal colocalization of ZW10 with wild-type zwint-1 but a loss of ZW10in cells
expressing the triple-A mutant (insets). Intensity gradients represent a range of 0-6000 for ZW10 staining. Statistical
analysis of ZW10 signal intensity in cells expressing wild-type zwint-1 (blue) and triple-A mutant zwint-1 (red). ZW10
signal is reduced significantly in cells expressing the triple-A mutant (p < 0.0001). Bar, 5 pm.

This indicates that stretch-activated dynein dephosphorylation
(Whyte et al., 2008) is retained in cells expressing triple-E zwint-1.
We also measured levels of proteins that normally “stream” from
kinetochores to spindle poles at metaphase. In contrast to cells ex-
pressing wild-type zwint-1, kinetochores of cells expressing triple-E
zwint-1 retained dynein, dynactin, ZW10, MAD2, and BubR1 at kine-
tochores despite chromosome alignment and evidence of kineto-
chore stretch (Figure 8B and Supplemental Figure 5, A-D). The re-
tention of dynein and dynactin, in particular, reflects an inability to
transport checkpoint proteins away from the kinetochores. These
experiments reveal that although triple-E zwint-1 is capable of mim-
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icking the role of phosphorylated zwint-1 in mediating kinetochore
assembly, it is not capable of mimicking zwint-1 dephosphorylation
in response to chromosome alignment. This suggests that zwint-1
dephosphorylation is required to release streaming proteins at
metaphase.

DISCUSSION

Our analysis of AurB and kinetochore dynein provides improved in-
sight into the roles of AurB in kinetochore assembly and the conse-
quences of AurB inhibition. In addition to proposed roles in regulat-
ing the microtubule-binding activities of HEC1 and MCAK, AurB
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present work defines the molecular basis of
this regulation. AurB-mediated phosphory-
lation of zwint-1 also defines the boundary
between stable kinetochore proteins and
those that stream to mediate checkpoint
silencing at metaphase. This represents a
fundamental advance in our understanding
of spindle assembly checkpoint regulation
during mitosis.

Aurora B regulates dynein recruitment
indirectly

AurB inhibition was achieved using either
ZM447439 or expression of a KD AurB con-
struct. Because both approaches had the
same effect on assembly of the dynein-bind-
ing platform, these experiments add further
B. B support for the importance of AurB in the
recruitment of the RZZ complex and RZZ-
dependent proteins to kinetochores during
prometaphase. Although AurB inhibition re-
duced accumulation of dynein at kineto-
chores, in vitro and in vivo assays reveal that
AurB is not the kinase responsible for gener-
ating the pT89 phospho-epitope. Using im-
munofluorescence microscopy analysis of a
WT HEC-1-GFP hierarchy of kinetochore proteins, we deter-
mined that AurB is required for recruitment
of the RZZ complex to kinetochores and for
recruitment of RZZ-dependent proteins, in-
cluding dynactin and dynein.

S250A/T251A/S262A-GFP|

HEC-1 9A-GFP The phenotypes observed after AurB in-
Z.A,»,( . L hibition also shed light on potential roles for

o > S ; » : % e ) RZZ-dependent proteins during prometa-

f - " " phase. Dynein has been proposed to medi-
0:00 ] : i ate initial microtubule capture and to drive

early aspects of chromosome movement.
Dynactin is also believed to play a role in
both of these processes; however, the mo-
lecular details of this coordination are not
s understood. Other microtubule-binding
= Al Algred proteins (e.g., spindly, CLIP-170) interact di-
rectly or indirectly with the RZZ complex and
could contribute to microtubule binding. Of
interest, this entire set of microtubule-bind-
ing proteins is distal to the RZZ complex and
lost after AurB inhibition. Despite this loss,
initial association of chromosomes with the
FIGURE 5: Comparison of zwint-1 triple-A mutant to AurB inhibition. (A) Time-lapse imaging of  mitotic spindle appears functional. This
NRK2 cells expressing mCherry-H2B. Control cells display normal mitotic progression. Cells highlights the contributions of more-proxi-
treated with ZM (middle) display prometaphase arrest with “locked” chromosomes. ZM-treated mal microtubule-binding proteins (e.g.,
cells with subsequent washout (bottom) reinitiate chromosome alignment and progress to
anaphase onset. Bar, 5 pm. (B) Time-lapse imaging of NRK2 cells expressing mCherry-H2B and
EGFP-Zwint-1 or EGFP-HEC1. Cells expressing wild-type zwint-1 EGFP (top) display normal
mitotic progression. Cells expressing triple-A mutant zwint-1 EGFP (second from top) display
prometaphase arrest with “locked” chromosomes. Cells expressing with-type HEC1 EGFP (third
from top) display normal mitotic progression. Cells expressing HEC1 9A EGFP (bottom) display ~ Proximal microtubule-binding proteins be-
movement but errors in alignment. Bar, 5 pm. (C) Graphical representation of chromosome come dominant during AurB inhibition as a
movement phenotypes for each condition. result of the atypical composition of kineto-
chores under these conditions. Consistent
phosphorylates zwint-1 during prometaphase. Consistent with pre-  with this possibility, the “locked” phenotype we observe after AurB
vious studies that highlighted the requirement for AurB activity in  inhibition is abnormal and might reflect an incomplete kinetochore
the recruitment of the RZZ complex (Famulski and Chan, 2007), the structure. Of interest in this regard, dynein is believed to release

Percent Cells

HEC1) in initial interactions between chro-
mosomes and microtubules or proteins re-
cruited independent of the RZZ complex.
An alternative interpretation is that more-

3324 | J. M. Kasuboski et al. Molecular Biology of the Cell



1. ZM Treated

S250E/T251E/S262E

5. ZM Treated

1. ZM Treated
S250E/T251E/S262E
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Impact of triple-E mutant expression on kinetochore dynein and ZW10.
(A) ZM-treated NRK2 cells (during prometaphase) expressing wild-type (1-4) or triple-E mutant
(5-8) EGFP-zwint-1 (green) and stained for chromatin (DAPI, blue) and pT89-dynein (red).
Intensity gradients represent a range of 0-12,000 for pT89 dynein staining. Bar, 5 pm.
(B) ZM-treated Hela cells (during prometaphase) stained for chromatin (DAPI, blue), zwint-1-GFP
(green), and ZW10 (red) in cells expressing wild-type (1-4) or triple-E mutant (5-8) EGFP-zwint-1
(green). Intensity gradients represent a range of 0-6000 for pT89 dynein staining. Bar, 5 pm.

initial, lateral microtubule attachments under normal conditions
(Varma et al., 2008), and the loss of dynein could contribute to the
“locked” phenotype. Future studies will be needed to assess the
type of microtubule attachment in cells expressing the triple-A mu-
tant zwint-1 and to compare this to ZM treatment.

Zwint-1 is a novel AurB substrate during mitosis

AurB was implicated previously in regulating MCAK and HECT;
however neither of these proteins is clearly linked to the recruitment
of dynein to kinetochores. Focusing on this aspect of kinetochore
assembly, we monitored a linear sequence of protein—protein inter-
actions implicated in dynein recruitment. The simplest interpreta-
tion of our imaging studies is that recruitment of the RZZ complex
was affected by AurB inhibition, but more-proximal layers of the ki-
netochore are not affected. Consistent with this hypothesis, zwint-1
is recognized as the primary ZW10-binding protein (Starr et al.,
2000; Famulski et al., 2008; Vos et al., 2011), and we identified
zwint-1 as an AurB substrate (Figure 3).

Two aspects of our MS/MS mapping are intriguing. The identifi-
cation of three phosphorylation sites in close proximity was not ex-
pected in comparison to a single phosphorylation required for dy-
nein recruitment (pT89) (Whyte et al., 2008). However, multiple
phosphorylation sites have been proposed in both HEC1 (Guimaraes
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et al., 2008; Deluca et al., 2011) and MCAK
(Zhang et al., 2007), suggesting that this
mechanism might be shared with other AurB
substrates. Second, the specific residues of
phosphorylation are not absolutely con-
served among mammals (Supplemental Fig-
ure S3B). Compared to rodent sequences,
human zwint-1 contains an extended C-ter-
minal tail harboring the phosphorylation
sites we mapped. Mouse and rat zwint-1
lack this tail but contain a series of potential
C-terminal phosphorylation sites missing in
the human sequence. The C-terminus of
zwint-1 was shown to contain the ZW10-
binding domain (Vos et al., 2011), consistent
with C-terminal phosphorylation playing a
role in ZW10 binding. Future work will be
needed to test for analogous phosphoryla-
tion of zwint-1 in other species.

Proper regulation of zwint-1 is
required for checkpoint silencing

These studies suggest that phosphorylation-
dependent recruitment of the RZZ complex
by zwint-1 is important for several reasons.
During prometaphase, it drives the sequen-
tial assembly of the multilayered kineto-
chore through the activity of a mitotic kinase
(Figure 9). At metaphase, however, this
mechanism defines a boundary between
stable kinetochore proteins and those that
stream poleward in response to chromo-
some alignment (Figure 9). The latter is dy-
nein-driven process that requires dephos-
phorylation of dynein by PP1y (Whyte et al.,
2008). Mechanistically, it was unclear
whether the release of RZZ and other check-
point proteins simply reflected the strength
of dynein as a motor or other events were
coordinated by phosphatase activity at metaphase. Our work sug-
gests that streaming of the RZZ complex at metaphase involves ac-
tivation of dynein (Whyte et al., 2008) and release of the RZZ com-
plex by zwint-1 dephosphorylation (Figure 9). Consistent with this
model, the triple-E zwint-1 mutant mediates assembly of the RZZ
platform but does not release RZZ at metaphase despite normal
dephosphorylation of dynein. Together, these findings define a
new aspect of the checkpoint-silencing process that is regulated
by AurB.

MATERIALS AND METHODS

Cell culture, drug treatments, and transfection

NRK2 and Hela cells were cultured in 5% CO, and 95% air in a
Narco 4200 cell culture incubator at 37°C. NRK2 cells were cultured
using Nutrient Mixture F12 Ham Kaighn's Modified (F12K) media
(Sigma-Aldrich, St. Louis, MO). Hela cells were cultured using
DMEM (Sigma-Aldrich). Media were supplemented with 10% fetal
bovine serum and 1% L-glutamine with penicillin/streptomycin.
NRK2 and/or Hela cells were treated with 2 pM ZM447439 (Tocris
Bioscience, Bristol, United Kingdom) for 2 h. Plasmids were tran-
siently transfected into NRK2 cells using nucleoporation (Lonza,
Basel, Switzerland) or into Hela using Fugene HD (Promega,
Madison, WI). Aurora B kinase-dead mutant-green fluorescent
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FIGURE 7: Analysis of metaphase—anaphase transition in cells expressing triple-E mutant zwint-1. (A) NRK2 cells
expressing mCherry-H2B and wild-type zwint-1 EGFP (top) or triple-E mutant zwint-1 (bottom) were subjected to
time-lapse imaging. Bar, 5 pm. (B) ZM-treated NRK2 cells expressing mCherry-H2B and wild-type zwint-1 EGFP (top) or
triple-E mutant zwint-1 (bottom) were subjected to time-lapse imaging. Bar, 5 pm. (C) Graphical depiction of the mitotic
progression events for each condition. Colors indicate the mitotic stage at the end of each imaging experiment.

protein (GFP) construct was a gift from Y. Wang (University of Mas-
sachusetts Medical School, Worcester, MA). HEC1 constructs were
provided by J. DelLuca (Colorado State University, Fort Collins, CO).

Western blot analysis
After protein transfer, membranes were blocked with 5% milk or 5%
PhosphoBLOCKER (Cell Biolabs, San Diego, CA) for phospho-

3326 | J. M. Kasuboski et al.

specific antibodies in TBST (50 mM Tris, pH 8.0, 150 mM NaCl,
0.05% Tween 20) for 1 h at room temperature (RT) with gentle agita-
tion. Primary antibodies were used at the indicated dilutions: anti-
pT89, 1:1000 (Whyte et al., 2008); anti—total dynein (V3), 1:2000
(Vaughan et al., 2001); anti-tubulin (DM1A), 1:1000 (Santa Cruz Bio-
technology, Santa Cruz, CA); glutathione S transferase-horseradish
peroxidase (HRP), 1:1000 (Abcam, Cambridge, MA); and polyclonal
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anti-hZwint-1, 1:1000 (Abcam). Membranes
were incubated with primary antibodies di-
luted in blocking buffer for 1 h at RT with
gentle agitation. After four 5-min washes
with TBST, membranes were incubated with
HRP-conjugated secondary antibodies and
diluted at 1:10,000 in blocking buffer for 1 h
at RT with gentle agitation. After four 5-min
washes with TBST, membranes were incu-
bated with LumiGLO chemiluminescent
substrate (KPL, Gaithersburg, MD) for 1 min
at RT. Chemiluminescence was recorded on
autoradiographic film and digitalized using
an HP 1370 scanner and PhotoShop (Adobe,
San Jose, CA).

Recombinant protein purification

and mutagenesis

Full-length pDEST47 Zwint-1 (G. Chan,
University of Alberta, Alberta, CA) was
cloned into pET14B. PET14B plasmids
containing full-length Zwint-1 or full-length
ZW10 (provided by R. Vallee, Columbia
University, New York, NY) were expressed
in Rosetta cells (Novagen, EMD4Biosci-
ences, Gibbstown, NJ) and purified by
nickel affinity chromatography using His-
Bind resin (Novagen) as previously de-
scribed (Vaughan and Vallee, 1995). Puri-
fied proteins were dialyzed against 1x TBS
buffer and cleaved with thrombin (Nova-
gen) to remove HIS tags. Protein concen-
tration was determined by standard Brad-
ford assay using Coomassie Plus Protein
Assay reagent (Pierce, Rockford, IL). Mu-
tants were generated by site-directed mu-
tagenesis (Phusion; Finnzymes, Lafayette,

Impact of triple-E mutant
expression on metaphase—anaphase
transition. (A) NRK2 cells (at metaphase)
stained for chromatin (DAPI, blue) and pT89
dynein (red) after expression of wild-type
zwint-1-EGFP (1-4) or triple-E mutant
zwint-1-EGFP (5-8). Intensity gradients
correspond to intensity values of 0-6000 for
pT89 dynein. Bar, 5 pm. (B) NRK2 cells (at
metaphase) stained for chromatin (DAPI,
blue) and kinetochore proteins (red) after
expression of wild-type zwint-1-EGFP (1-4)
or triple-E-mutant zwint-1-EGFP (5-24).
Expression of triple-E mutant zwint-1 induced
metaphase kinetochore retention of total
dynein (5-8), ZW10 (9-12), dynactin (13-16),
MAD?2 (17-20), and BubR1 (21-24). Locations
of spindle poles (yellow arrows) and
kinetochores (white arrows) are indicated.
Intensity gradients correspond to intensity
values of 0-12,000 (total dynein), 0-10,000
(dynactin and ZW10), 0-13,000 (MAD2), and
0-11,000 (BubR1). Bar, 5 pm.
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FIGURE 9: Model for zwint-1 phosphorylation by AurB. (A) During prometaphase, AurB phosphorylation of zwint-1 is
required for recruitment of ZW10-, pT89 dynein-, and RZZ-dependent proteins to kinetochores. This is defective after
AurB inhibition or after expression of the triple-A zwint-1 mutant. Triple-E mutant zwint-1 mimics phospho-zwint-1 in
RZZ recruitment, even after AurB inhibition. (B) At metaphase, dephosphorylation of zwint-1 is required for poleward
streaming of dynein and checkpoint proteins to silence the spindle assembly checkpoint. This process is defective in
cells expressing the triple-E mutant despite typical dephosphorylation of pT89 dynein in response to chromosome

alignment.

CO), using full-length pET14B Zwint-1 or pDest47 Zwint-1 as
a template. Primers used were as follows: S262A, forward
primer, AGAGACCCTGGTGTGGCCTTCAAGGCTGTTGG; and
S250A/T251A, reverse primer, CCCCATGGTGTCTCCTGCAC-
CCTGCTCCTGGGG. Enhanced GFP-tagged versions of wild-
type and mutant zwint-1 for mammalian expression were pre-
pared using standard methods.

In vitro kinase assays

Recombinant Aurora B kinase (Cell Signaling Technology, Danvers,
MA) was incubated with recombinant wild-type Zwint-1, ZW10, MCAK
(a gift from C. Walczak, Indiana University, Bloomington, IN), MBP
(New England Biolabs, lpswich, MA), or zwint-1 mutants. Reactions
were performed with the buffer provided (Cell Signaling Technology),
ATP, and y32P-ATP at 30°C for 30 min. Samples were boiled for 5 min,
separated by SDS-PAGE, and stained with Coomassie brilliant blue
for 15 min. After destaining, gels were exposed to autoradiograph
film and processed to analyze the level of 32P incorporation.

Liquid chromatography/MS/MS analysis

Full length, wild-type Zwint was phosphorylated by AurB using the
manufacturer-supplied buffer, ATP, at 30°C for 30 min and subjected
to digestion with trypsin or Endoproteinase GIuC (New England
Biolabs), followed by liquid chromatography/MS/MS of the result-
ing peptides on a nanoACQUITY UPLC (Waters, Milford, MA) cou-
pled to an amaZon ion trap mass spectrometer (Bruker Daltonics,
Billerica, MA) in the Mass Spectrometry and Proteomics Facility at
the University of Notre Dame. MS data searches of the Swiss-Prot
database were performed using the Mascot search engine.

Blot overlay assays
Blot overlay assays were performed as previously described (Vaughan
and Vallee, 1995). Cell extracts were fractionated by SDS-PAGE and
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transferred to polyvinylidene fluoride membranes. Membranes were
incubated in 5% milk or 5% PhosphoBLOCKER overnight at 4°C with
gentle agitation. Recombinant protein was diluted in blocking buffer
at concentrations from 0.25 to 5.0 pg/ml and incubated with mem-
branes for 2 h at room temperature. To visualize binding partners,
membranes were washed four times for 5 min in TBST, incubated
with primary antibody against the probe protein in blocking buffer
for 1 h at room temperature, washed four times for 5 min in TBST,
incubated with HRP-conjugated secondary antibodies in blocking
buffer for 1 h at room temperature, washed four times for 5 min in
TBST, and processed for enhanced chemiluminescence.

Immunofluorescence microscopy

NRK2 or Hela cells were fixed in methanol at —20°C or 4% para-
formaldehyde (PFA). PFA-fixed cells were extracted with 0.05% Tri-
ton X-100 in TBS (50 mM Tris, pH 7.4, 150 mM NaCl). Cells were
rehydrated in TBS for 30 min and blocked for 1 h at RT with 3% bo-
vine serum albumin (BSA) in TBS. Primary antibodies were used at
the following dilutions: pT89, 1:600 (Whyte et al., 2008); V3, 1:200
(Vaughan et al., 2001); D'art, 1:300 (Echeverri et al., 1996); anti-cen-
tromere antibody, 1:50 (Antibodies, Davis, CA); ZW10, 1:200 (Fam-
ulski and Chan, 2007); polyclonal Zwint, 1:200 (Abcam, Cambridge,
MA); HEC1, 1:300 (Imgenex, San Diego, CA); Spindly, 1:200 (Novus,
Littleton, CO); DM1A, 1:100 (Cell Signaling); BubR1, 1:100 (BD,
Franklin Lakes, NJ); and Mad2, 1:200 (BD). Cells were incubated
with primary antibodies diluted in 3% BSA/TBS for 1 h at RT. Cells
were washed four times for 5 min with TBS and incubated with Cy2-,
Cy3-, or Cy5-conjugated secondary antibodies (Jackson ImmunoRe-
search Laboratories, West Grove, PA) diluted in 3% BSA/TBS at
1:300 for 1 h at RT. Cells were washed four times for 5 min with TBS
and incubated with 4’,6-diamidino-2-phenylindole (DAPI) diluted
1:20,000 in TBS for 5 min. Coverslips were mounted using ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA).
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Images were acquired on a microscope (Axiovert 200MOT; Carl
Zeiss, Jena, Germany) operated with MetaMorph software (MDS
Analytical Technologies, Sunnyvale, CA) and a charge-coupled de-
vice (CCD) camera (CoolSNAP HQ; Roper Scientific, Sarasota, FL) or
DeltaVision deconvolution workstation (Applied Precision, Issaquah,
WA). Images were collected at RT using a 63x 1.4-numerical aperture
(NA) oil immersion objective. Data were collected as z-series and sub-
jected to digital deconvolution with Metamorph or Delta Vision soft-
ware. Using matched illumination and antibody conditions, we used
raw image intensities to determine intensity scales for each experi-
ment. These raw data were maintained through image processing in
Photoshop and Coreldraw (Corel, Mountain View, CA) and presented
in a pseudo-color scale to convey relative image intensities.

Live-cell imaging

NRK2 cells expressing mCherry-H2B, enhanced GFP-tubulin, and
zwint-1 constructs or HEC1 constructs were cultured in complete
media, supplemented with 12 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid buffer (HyClone, Dubuque, 1A), at 37°C in
the absence of CO, for 24 h prior to imaging. Cells were treated
with inhibitors as previously described. Images were acquired and
deconvolved on a microscope (Axiovert 200MOT) operated with
Metamorph software and a camera (Cascade 1k; Roper Scientific).
Images were collected at 37°C using a 63x 1.4-N.A. objective. Data
were collected as time-lapse image sequences.

Chilling/rewarming assays

Time-lapse images of BSC-1-GFP—tubulin cells (Hornick et al., 2011)
were captured using a Leica DM RXA2 microscope (Leica Microsys-
tems, Bannockburn, IL) with a Plan Apo 63x, 1.3-NA, 37°C glycerol
immersion objective enclosed in a custom-made Plexiglas box main-
tained at 37°C and a Hamamatsu ORCA-ER CCD camera (Hama-
matsu Photonics, Hamamatsu, Japan). When the chromosomes
were judged to have aligned, either vehicle (dimethyl sulfoxide) or
ZM was added to the custom-built imaging chamber (Horick et al.,
2011), and then the chamber was chilled (-20°C for 5 min, followed
by 35 min at 4°C; Khodjakov et al., 2000). The chamber was re-
warmed on the microscope for time-lapse imaging, and a nosepiece
diamond scribe was used to mark the cell position. After methanol
fixation, cells were stained using anti-dynein antibodies (V3).

Statistical analysis

Statistical analysis of intensity measurements and live-cell analysis
was performed using GraphPad 5 (GraphPad Software, La Jolla,
CA). Average kinetochore intensities were analyzed by averaging
the peak intensities of the 10 brightest kinetochores in deconvolved
images of 10 or seven different transfected cells. The p values of
comparisons between control and experimental measurements
were determined with a two-tailed t test, assuming unequal vari-
ance. Confidence levels were chosen at p <0.05.
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