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Introduction
Proper chromosome segregation requires the macromolecular 
kinetochore to mediate interactions between chromosomal 
DNA and spindle microtubules (Cheeseman and Desai, 2008). 
During prometaphase, kinetochore–microtubule attachments 
are established that allow chromosomes to congress to the 
middle of the cell. In cases where erroneous interactions with 
the mitotic spindle occur, kinetochore–microtubule attach­
ments must be corrected. During metaphase, biorientation is 
maintained and microtubules undergo rapid changes in dy­
namics, resulting in kinetochore oscillations. Finally, during 
anaphase A, kinetochores move toward the spindle poles along 
depolymerizing microtubules. At present, it is unclear what 
alters kinetochore function to achieve these distinct activities.  
In principle, this could occur by regulating the activity of  
stably associated kinetochore proteins, or by changing kineto­
chore composition.

One key regulator of kinetochore function that has been 
implicated in both controlling kinetochore activity and assembly 

state is Aurora B kinase. Aurora B functions to sense and correct 
aberrant kinetochore–microtubule interactions (Ruchaud et al., 
2007). Because of a spatial separation from its substrates (Liu 
et al., 2009), Aurora B phosphorylation at the outer kinetochore 
is high on misaligned kinetochores that are not under tension, 
but is reduced at aligned kinetochores. Aurora B can directly 
modulate kinetochore–microtubule attachments by altering the 
activity of key kinetochore proteins, including the microtubule 
binding KNL-1/MIS-12 complex/NDC80 complex (KMN) net­
work (Cheeseman et al., 2006; DeLuca et al., 2006; Welburn  
et al., 2010). Aurora B has also been suggested to play a role 
in kinetochore assembly. In Xenopus laevis extracts, Aurora B  
activity is required for outer kinetochore assembly (Emanuele  
et al., 2008). Although a similarly strong effect is not observed in 
human cells (Welburn et al., 2010), Aurora B activity promotes 
the localization of Shugoshin/MEI-S332 (Resnick et al., 2006), 
MCAK (Andrews et al., 2004; Lan et al., 2004), and Kif2b 
(Bakhoum et al., 2009b) to centromeres. In contrast, Aurora B 

During mitosis, kinetochores play multiple roles 
to generate interactions with microtubules, and 
direct chromosome congression, biorientation, 

error correction, and anaphase segregation. However, 
it is unclear what changes at the kinetochore facili-
tate these distinct activities. Here, we describe a com-
plex of the spindle- and kinetochore-associated protein  
Astrin, the small kinetochore-associated protein (SKAP), 
and the dynein light chain LC8. Although most dynein- 
associated proteins localize to unaligned kinetochores 
in an Aurora B–dependent manner, Astrin, SKAP, and 

LC8 localization is antagonized by Aurora B such that 
they target exclusively to bioriented kinetochores. Astrin–
SKAP-depleted cells fail to maintain proper chromosome 
alignment, resulting in a spindle assembly checkpoint– 
dependent mitotic delay. Consistent with a role in stabiliz-
ing bioriented attachments, Astrin and SKAP bind directly 
to microtubules and are required for CLASP localization 
to kinetochores. In total, our results suggest that tension-
dependent Aurora B phosphorylation can act to control 
outer kinetochore composition to provide distinct activities 
to prometaphase and metaphase kinetochores.
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3 as Astrin-interacting proteins (Cheng et al., 2008; Du et al., 
2008), but we did not detect either protein in our purifications.

Consistent with a direct interaction and with previous  
observations of Astrin localization (Mack and Compton, 2001; 
Thein et al., 2007; Manning et al., 2010), Astrin localized identi­
cally to SKAP throughout the cell cycle, including a preference 
for metaphase kinetochores relative to unaligned prometaphase 
kinetochores (Fig. 2 C; not depicted). Astrin and SKAP also dis­
played largely interdependent localization to spindles and kineto­
chores (Fig. 2 C), although small amounts of Astrin remain at 
kinetochores in SKAP-depleted cells. Both Astrin and SKAP 
were depleted by >90% after 48 h of treatment with the corre­
sponding siRNAs, whereas the levels of the other complex com­
ponent were subtly reduced (Fig. 2 D). In total, these results 
identified a complex of the spindle and kinetochore-associated 
proteins Astrin and SKAP.

SKAP and Astrin associate with 
microtubules directly
The localization of the Astrin–SKAP complex to spindle micro­
tubules led us to test whether either protein associated with micro­
tubules directly. In microtubule cosedimentation assays, we found 
that both full-length GST-SKAP and a C-terminal fragment of 
Astrin associated with microtubules (Fig. 2 E). In contrast, the  
C terminus of SKAP did not bind to microtubules. The dissocia­
tion constant for binding of GST-SKAP to microtubules is be­
tween 2 and 5 µM, which is slightly weaker than that of the Ndc80 
complex under similar conditions (Cheeseman et al., 2006). These 
observations suggest that the Astrin–SKAP complex can associ­
ate with microtubules via domains in both SKAP and Astrin.

The Astrin–SKAP complex localizes 
preferentially to aligned chromosomes
We next sought to determine the relationship of the Astrin–SKAP 
complex to other established outer kinetochore components in 
both human and chicken cells. Depletion of KNL1 or the Ndc80 
complex subunit Nuf2 prevented SKAP localization to kineto­
chores (Fig. 2 F and Fig. S1, A and B). In contrast, depletion of 
other established outer kinetochore components including Ska3, 
CENP-E, CENP-F, and CLASP1/2 codepletion did not completely 
prevent Astrin–SKAP localization to kinetochores (Fig. 2 F and 
Fig. S1 A). However, although these depletions had no effect on 
SKAP localization to kinetochores aligned at the metaphase plate, 
SKAP failed to localize to the misaligned chromosomes caused 
by each of these perturbations (Fig. 2 F, enlarged panels on the 
right). Because similar results are observed in multiple distinct 
depletions, this suggests that the Astrin–SKAP complex preferen­
tially localizes to bioriented kinetochores.

Aurora B activity counteracts  
Astrin–SKAP localization to kinetochores
As kinetochores become bioriented, the tension that is applied to 
the sister kinetochores changes substantially (Maresca and Salmon, 
2009; Uchida et al., 2009). This tension decreases phosphoryla­
tion of outer kinetochore substrates for Aurora B kinase such 
that levels are high on misaligned chromosomes relative to 
aligned chromosomes (Liu et al., 2009; Welburn et al., 2010). 

phosphorylation opposes the recruitment of its counteracting 
protein phosphatase PP1 to kinetochores (Liu et al., 2010).

Here, we describe a complex composed of the spindle 
and kinetochore proteins Astrin (Chang et al., 2001; Mack and 
Compton, 2001; Gruber et al., 2002; Thein et al., 2007) and 
small kinetochore-associated protein (SKAP; Fang et al., 2009). 
The Astrin–SKAP complex is recruited only to kinetochores 
that are aligned at the metaphase plate. We demonstrate that  
Astrin–SKAP localization is antagonized by Aurora B phosphory­
lation such that they are enriched at kinetochores when Aurora B 
activity is inhibited and reduced when additional Aurora B  
kinase is recruited to the outer kinetochore. Astrin and SKAP also 
associate with the dynein light chain LC8 and are required for 
proper LC8 localization to kinetochores. Astrin–SKAP depletion 
results in a Mad2-dependent mitotic delay, and prevents CLASP 
from localizing to kinetochores. In total, our results suggest that 
tension-dependent Aurora B phosphorylation functions directly 
or indirectly to control the composition of the outer kinetochore 
in a chromosome-specific manner to stabilize metaphase-aligned 
chromosomes and prepare for anaphase.

Results and discussion
SKAP localizes to the spindle  
and outer kinetochore
In our ongoing proteomic analysis of the vertebrate kineto­
chore, we identified C15orf23 as a protein weakly associated 
with known kinetochore components. C15orf23 was also re­
cently identified as SKAP (Fang et al., 2009). SKAP localizes 
to spindle microtubules and spindle poles throughout mitosis, 
and to kinetochores from metaphase to telophase (Fig. 1,  
A and B). At kinetochores, SKAP localizes peripherally to 
Ndc80, which is consistent with it functioning at the outer kineto­
chore (Fig. 1 C). Similar to human SKAP, the Gallus gallus 
(chicken) homologue ggSKAP localizes to the spindle through­
out mitosis, and to kinetochores in metaphase and anaphase, but 
not during prophase or prometaphase in DT40 cells (Fig. 1 D). 
These results demonstrate that SKAP is a conserved component 
of the vertebrate spindle and outer kinetochore.

SKAP and Astrin form a complex in vivo
To determine whether SKAP interacts with additional proteins, 
we conducted one step immunoprecipitations (IPs) from cells 
stably expressing GFPLAP-SKAP or FLAG-ggSKAP. Mass 
spectrometry analysis of these purifications identified a com­
plex of SKAP and the established spindle and kinetochore pro­
tein Astrin (also called SPAG5 or MAP126; Fig. 2, A and B; 
Chang et al., 2001; Mack and Compton, 2001; Gruber et al., 
2002; Thein et al., 2007). Reciprocal purifications with GFPLAP- 
Astrin isolated SKAP, confirming this association (Fig. 2,  
A and B). In addition to Astrin and SKAP, the only other pro­
teins found in these purifications but not in controls were the 
dynein light chain LC8 (DYNLL1 and DYNLL2) and cytoplas­
mic dynein heavy chain (Fig. 2, A and B). Importantly, recipro­
cal purification of GFPLAP-LC8 isolated Astrin in addition to the 
expected components of the dynein complex (Fig. 2 A). Previous 
studies identified Aurora A kinase and Glycogen synthase kinase 
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We first analyzed the localization of the Astrin–SKAP 
complex relative to the level of Aurora B phosphorylation at 
a given kinetochore. In cells treated with low-dose nocodazole 
(10 ng/ml) to generate cells that contain both aligned (Fig. 3 A;  

Because SKAP and Astrin localize preferentially to kineto­
chores that are aligned at the metaphase plate, we sought to 
test the relationship between Aurora B activity and Astrin–
SKAP localization.

Figure 1.  SKAP localizes to the outer kineto­
chore during metaphase and anaphase. 
(A) Images of different mitotic stages from a 
clonal human cell line stably expressing mod-
erate amounts of GFPLAP-SKAP. GFP-SKAP 
localizes to spindle microtubules throughout 
mitosis, and kinetochores during metaphase 
and anaphase. (B) Immunofluorescence show-
ing the colocalization of SKAP and Hec1/
Ndc80 with DNA (blue) and CENP-A (red).  
(C, left) Immunofluorescence image show-
ing the colocalization of SKAP (green), Hec1 
(blue), and CENP-A (red). (C, right) Graph 
showing a line scan from the boxed kineto-
chore pair showing the relative spatial dis-
tribution of SKAP, Hec1, and CENP-A. SKAP 
localizes slightly peripherally to Hec1 at the 
outer kinetochore. (D) Localization of chicken 
ggSKAP in DT40 cells. (D, top) SKAP alone. 
(D, bottom) Colocalization of DNA (blue) and 
CENP-T (red). Insets show enlarged views of 
the boxed regions. Bars, 5 µm.
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Figure 2.  SKAP and Astrin form a complex. (A, left) Silver-stained gels showing a one-step IP of GFPLAP-Astrin, GFPLAP-SKAP, or GFPLAP-LC8. (A, right) 
Data from the mass spectrometric analysis of the purifications indicating the percent sequence coverage from each IP. (B) Silver-stained gel showing the 
purification of FLAG-SKAP from chicken DT40 cells relative to controls. The indicated proteins were identified by excising them from a gel and analyzing 
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PP1-targeting domain in KNL1 displayed greatly reduced Astrin  
at kinetochores (Fig. S1 C), but showed normal localization 
of the Mis12 complex subunit Dsn1 (unpublished data). How­
ever, treatment with the Aurora B inhibitor ZM447493 restored  
Astrin localization to kinetochores, demonstrating that Astrin is 
specifically sensitive to the level of Aurora B phosphorylation 
at kinetochores. In each case described above, inhibiting or in­
creasing Aurora B phosphorylation produced similar results for 
Astrin and SKAP localization (unpublished data).

We conclude that local Aurora B kinase activity has a 
negative effect on Astrin–SKAP localization to kinetochores. 
The levels of both proteins are reduced when Aurora B activity 
at the outer kinetochore is high, and increased when Aurora B 
activity is reduced, causing them to localize exclusively to bi­
oriented kinetochores.

Depletion of the Astrin–SKAP complex 
results in a checkpoint-dependent mitotic 
delay in human cells
To determine the role of the Astrin–SKAP complex in chromo­
some segregation, we conducted time-lapse imaging of HeLa 
cells expressing YFP-histone H2B. Chromosome congression 
in SKAP- or Astrin-depleted cells proceeded with kinetics that 
were similar, but slightly slower than control cells (Fig. 4 A).  
However, the time that chromosomes remained aligned at the 
metaphase plate before transitioning to anaphase was sig­
nificantly increased in SKAP-depleted cells (Fig. 4, A and B).  
During this extended delay, we often observed individual chro­
mosomes losing alignment and moving to the poles before 
realigning (Fig. 4 A, arrows). In rare cases, the chromosomes  
would decondense without undergoing anaphase. This pheno­
type is more severe than that previously reported for SKAP deple­
tion (Fang et al., 2009), but is similar to the phenotype described 
for Astrin depletion (Thein et al., 2007).

To determine whether the prolonged mitotic delay ob­
served after SKAP depletion is dependent on the spindle assem­
bly checkpoint (SAC), we simultaneously depleted SKAP and 
the checkpoint component Mad2. Codepletion of SKAP and 
Mad2 allowed cells to proceed quickly through mitosis, indicat­
ing that the observed mitotic delay is dependent on the SAC 
(Fig. 4, A and B). Although a subset of chromosomes align at 
the metaphase plate in Astrin- and SKAP-depleted cells, we 
found that BubR1 is highly enriched on the misaligned chromo­
somes generated by Astrin depletion (Fig. 4 C), which suggests 
that the SAC arrest is caused by the failure to maintain chromo­
some alignment. This contrasts with a previous study that pro­
posed that the delay caused by SKAP depletion is downstream 
of the SAC (Fang et al., 2009).

bottom arrow) and misaligned (top arrow) kinetochores, Aurora B  
phosphorylation, detected using antibodies that recognize an 
Aurora B phosphorylation site in Dsn1 (Welburn et al., 2010),  
was increased by 50% on the misaligned kinetochores (Fig. 3 A). 
In contrast, Astrin levels were reduced by >85% on the same 
misaligned kinetochores (Fig. 3 A). We observed microtubules 
apparently bound to these misaligned kinetochores (data not 
shown), which suggests that the localization of Astrin–SKAP is 
inversely proportional to Aurora B phosphorylation, not specifi­
cally the kinetochore attachment state.

To test the role of Aurora B phosphorylation in regulat­
ing Astrin–SKAP localization directly, we treated cells with 
the Aurora B inhibitor ZM447493. In ZM447493-treated cells, 
SKAP localizes to kinetochores that are syntelically oriented  
(Fig. 3 B, arrows), and thus are not under tension, which sug­
gests that Aurora B activity normally counteracts Astrin–SKAP  
localization. Aurora B inhibition also promotes the local­
ization of Astrin to misaligned kinetochores in U2OS cells  
(Manning et al., 2010). Next, we treated cells with the Eg5 inhibi­
tor S-trityl-l-cysteine (STLC) which maintains kinetochore– 
microtubule attachments but reduces tension. STLC treatment 
increases Aurora B phosphorylation (Welburn et al., 2010) and 
reduces SKAP localization relative to aligned kinetochores 
in control cells (Fig. 3 B). However, cells treated with both 
STLC and ZM447493 showed significantly increased SKAP 
levels (Fig. 3 B), confirming that Aurora B activity has a nega­
tive effect on SKAP localization to kinetochores. Importantly, 
SKAP localization depends on both Aurora B activity and the 
presence of microtubules because treatment with the microtubule-
depolymerizing drug nocodazole in either the presence or ab­
sence of ZM447493 prevented the localization of SKAP to 
kinetochores (Fig. 3 B).

To take a reciprocal approach to analyze the effect of  
Aurora B on Astrin–SKAP localization, we expressed a Mis12-
INCENP-mCherry fusion, which has been shown to increase 
phosphorylation by recruiting additional Aurora B to the outer 
kinetochore (Liu et al., 2009). Expressing the Mis12-INCENP- 
mCherry fusion reduced the levels of GFP-SKAP at kineto­
chores by more than twofold (Fig. 3 C), even though these 
kinetochores remain apparently bioriented. In contrast, a 
Mis12-INCENP(TAA)-mCherry mutant, which binds to but 
does not activate Aurora B (Sessa et al., 2005), had no effect on 
the levels of GFPLAP-SKAP at kinetochores (Fig. 3 C). To take 
an alternate approach to increase Aurora B phosphorylation, we 
eliminated the ability of KNL1 to target PP1, the counteracting 
phosphatase for Aurora B, to kinetochores (Liu et al., 2010). For 
these experiments, we depleted endogenous KNL1 and replaced  
this with a protein lacking the N terminus. Cells lacking the 

them by mass spectrometry. (C) Astrin and SKAP show interdependent localization. Immunofluorescence images showing Astrin and SKAP localization in 
control cells, or cells depleted for Astrin or SKAP relative to DNA (blue) and kinetochores (ACA; red). (D) Western blot probed for anti-Astrin (top), anti-
SKAP (middle), and anti-Tubulin (bottom) antibodies showing the efficiency of SKAP and Astrin depletion. (E) SKAP and Astrin bind to microtubules in vitro.  
(E, left) Western blot probed with anti-SKAP antibodies showing the cosedimentation of GST-SKAP with microtubules. (E, right) Coomassie stained gel show-
ing the cosedimentation of a fragment of Astrin (955–1193) with microtubules, but the inability of GST-SKAP C-terminal fragment to bind to microtubules.  
(F) SKAP localizes exclusively to aligned kinetochores. Immunofluorescence images showing SKAP localization in cells treated with control siRNAs or 
siRNAs against Nuf2, CENP-E, CENP-F, CLASP1 and CLASP2, or Ska3. DNA is shown in blue, and CENP-A staining is shown in red. SKAP localization  
requires Nuf2, but does not absolutely require the other proteins. However, in these cases, SKAP localizes only to aligned kinetochores, but not to mis-
aligned kinetochores (enlarged views). Also see Fig. S1. Molecular mass standards are indicated in kilodaltons next to the gel blots. Bars, 5 µm.
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Figure 3.  SKAP localization to kinetochores is counteracted by local Aurora B activity. (A) Astrin localization is inversely proportional to the level of Aurora B  
phosphorylation at a specific kinetochore. (A, left) Immunofluorescence images showing Astrin localization relative to phospho-Dsn1, and to DNA (blue) 
and kinetochores (ACA; red), in a cell treated with low-dose nocodazole (10 ng/ml) to generate both aligned and misaligned kinetochores (indicated 
by arrows). (A, right) Quantification of Astrin and phospho-Dsn1 localization at aligned (n = 5 cells, 59 kinetochores) and misaligned (n = 5 cells,  
48 kinetochores) kinetochores. **, a significant difference with P < 0.01; ***, P < 0.001. Bars, 5 µm. (B) Immunofluorescence images showing SKAP local-
ization relative to microtubules and ACA in either control cells (n = 7 cells, 108 kinetochores), cells treated individually the Aurora B inhibitor ZM447439  
(n = 6 cells, 90 kinetochores), the Eg5 inhibitor STLC (n = 8 cells, 165 kinetochores), or the microtubule-depolymerizing drug nocodazole, or combinations 
of STLC and ZM447439 (n = 10 cells, 170 kinetochores) or nocodazole and ZM447439. Quantification of the kinetochore intensity of SKAP (bottom right) 
indicates that inhibiting Aurora B activity increases the localization of SKAP to kinetochores. *, statistically significant differences with P < 0.05. Insets show 
enlarged views of the boxed regions. (C) Images from live cells showing the colocalization of GFP-SKAP with either Mis12-INCENP-mCherry (n = 7 cells, 
92 kinetochores) or Mis12-INCENP-mCherry fusion in which the residues in INCENP that activate Aurora B are mutated to TAA as a control (n = 7 cells, 
92 kinetochores). The Mis12-INCENP fusion increases Aurora B activity at the outer kinetochore (Liu et al., 2009). Quantification (bottom) indicates that the 
Mis12-INCENP fusion decreases SKAP localization to kinetochores. Error bars indicate SEM. ***, a significant difference with P < 0.001.

To determine whether this checkpoint-dependent arrest  
after SKAP or Astrin depletion is caused by defective kinetochore– 
microtubule attachments, we measured the interkinetochore  
distances. For these experiments, we monitored chromosomes that  

aligned at the metaphase plate. The presence of bioriented  
attachments under tension in control cells caused the separa­
tion of sister kinetochores by 1.2 µm relative to 0.65 µm in 
nocodazole-treated cells (Fig. 4 D; not depicted). Depletion of  
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proteins that compromise kinetochore–microtubule attach­
ments, such as the Mis12 complex subunit Dsn1, resulted  
in a reduction of interkinetochore stretch by 30% (Fig. 4 D).  
In contrast, Astrin- and SKAP-depleted cells show a 25%  
increase in this stretched distance (Fig. 4 D), which indicates 
that, if anything, interkinetochore tension is increased. Thus, 
Astrin and SKAP display a checkpoint-dependent arrest  
despite their ability to initially biorient sister chromatids, align 
chromosomes at the metaphase plate, and develop interkineto­
chore tension.

The Astrin–SKAP complex is required  
to target CLASP to kinetochores
Both Astrin and SKAP were recently identified in purifications 
with the microtubule plus end tracking protein CLASP (Maffini 
et al., 2009). Because we found that codepletion of CLASP1 
and CLASP2 did not affect the localization of SKAP to aligned 
kinetochores (Fig. 2 F), we sought to determine whether the 
Astrin–SKAP complex affects CLASP targeting. Strikingly, we 
found that after depletion of Astrin, CLASP1 failed to local­
ize to kinetochores (Fig. 4 E). Astrin depletion has been shown 
to destabilize spindle microtubules (Bakhoum et al., 2009a; 
Manning et al., 2010), a finding consistent with the idea that 
delocalization of CLASP, which affects microtubule dynamics 
(Maiato et al., 2003), may contribute to the defects observed in 
Astrin-depleted cells.

SKAP deletion is viable, but displays some 
mitotic defects in chicken DT40 cells
To determine the role of SKAP in chicken, we generated a dele­
tion of SKAP in DT40 cells (Fig. S2). SKAP-deficient cells are 
viable, with a growth rate similar to that of wild-type DT40 
cells, and display normal localization of kinetochore proteins 
such as the Ndc80 complex subunit Nuf2 (Fig. 4 F). SKAP 
knockout cells show relatively normal numbers of the different 
mitotic stages, but have a small increase in cells with multipolar 
spindles (Fig. 4 F). SKAP knockout cells also show increased 
mitotic defects upon removal of the microtubule-depolymerizing 
drug nocodazole relative to control cells (unpublished data). 
Thus, although the temporal localization and physical associa­
tions of SKAP are conserved in chickens, SKAP displays an  
increased functional requirement for chromosome segregation 
during an unperturbed cell division in human cells. A similar 
difference is observed for other outer kinetochore components, 
with Ska3 and ZW10 being essential for proper chromosome 
segregation in human cells but dispensable for viability in DT40 
cells (unpublished data).

Aurora B differentially affects  
the targeting of distinct dynein  
subunits to kinetochores
Astrin and SKAP associate with the dynein light chain LC8, as 
well as with small amounts of the cytoplasmic dynein heavy 
chain (Fig. 2 A). LC8 has been implicated in the retrograde 
transport of dynein substrates, although it remains unclear 
whether LC8 mediates interactions with dynein cargo molecules  
or plays a different role (Puthalakath et al., 1999; Williams  

et al., 2007). The interaction with LC8 is surprising, as previous  
work on dynein suggested that it displays very different tem­
poral localization from Astrin–SKAP to kinetochores (Pfarr et al., 
1990; Steuer et al., 1990). Indeed, we found that the dynactin 
subunit Arp1 and the dynein light chain Tctex (DYNLT3) 
showed localization to kinetochores during prometaphase, but 
not metaphase and anaphase (Fig. 5 A). In contrast, LC8 local­
ized to metaphase and anaphase kinetochores, but not prometa­
phase kinetochores (Fig. 5 A). Thus, LC8 displays identical 
temporal localization to Astrin and SKAP during mitosis, in­
cluding a preference for aligned kinetochores.

Astrin–SKAP complex localization to the outer kineto­
chore is strongly influenced by Aurora B activity (Fig. 3). 
Based on the close connection between Astrin–SKAP and the 
dynein-associated protein LC8, we sought to determine the 
dependence of other dynein-interacting proteins on Aurora 
B phosphorylation. In contrast to Astrin–SKAP, we found 
that Aurora B activity is required to promote Tctex and Arp1  
localization, as ZM447493 treatment eliminated their local­
ization from kinetochores in STLC-treated cells (Fig. 5 B). 
However, although expression of the Mis12-INCENP fusion 
prevented LC8 localization to kinetochores (Fig. 5 C), this 
did not allow Tctex and Arp1 to localize to aligned kinetochores  
(Fig. 5, D and E). This suggests either that both Aurora B and 
microtubule attachments affect Tctex and Arp1 localization, or 
that the additional Aurora B phosphorylation provided by the 
Mis12-INCENP fusion is not sufficient to target them to kineto­
chores. In contrast, LC8 behaves identically to Astrin and SKAP, 
with its localization inhibited by local Aurora B activity (Fig. 5,  
B and C). Importantly, the localization of LC8 to both the spin­
dle and kinetochore during mitosis requires Astrin (Fig. 5 F). 
In contrast, dynein depletion did not alter Astrin–SKAP local­
ization to aligned kinetochores (Fig. S1 D), and codepletion of 
the two LC8 isoforms present in human cells does not affect 
SKAP localization or perturb mitotic progression (Fig. S3 and 
not depicted).

Whether the Astrin–SKAP complex recruits a subpopula­
tion of dynein to metaphase kinetochores through LC8 remains 
an open question. Importantly, we did find the cytoplasmic  
dynein motor associated with Astrin and SKAP in our purifica­
tions (Fig. 2 A). However, if present, the pool of dynein at the 
metaphase kinetochores would only transiently interact with the 
Astrin–SKAP complex before moving toward the spindle pole 
via kinetochore microtubules. In total, this work suggests that 
there are two populations of dynein-interacting proteins: those 
whose kinetochore localization is promoted by Aurora B activity, 
and a second group including LC8 and Astrin–SKAP whose  
kinetochore localization is antagonized by Aurora B.

Aurora B phosphorylation provides a 
switch for outer kinetochore composition
When sister chromatids are correctly aligned and under ten­
sion, the reduction of Aurora B phosphorylation at the outer 
kinetochore (Liu et al., 2009; Welburn et al., 2010) allows the 
Astrin–SKAP complex to be recruited to kinetochores (Fig. 3).  
This may occur through the changes in the phosphorylation 
state of a kinetochore-bound Astrin–SKAP-binding protein, 
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Figure 4.  Astrin and SKAP depletion causes a checkpoint-dependent mitotic arrest. (A) Selected images from time-lapse movies of HeLa cells expressing 
YFP-H2B in either control cells, SKAP-depleted cells, Astrin-depleted cells, or SKAP and Mad2 codepleted cells. Numbers in each image indicate the relative 
time in minutes. Also see Videos 1–5. Bar, 5 µm. (B) Box plot showing the quantification of the time from nuclear envelope breakdown (NEBD) to anaphase 
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onset indicating the median time, quartiles, and minimum and maximum values. (C) BubR1 is enriched on misaligned kinetochores in Astrin-depleted 
cells. Immunofluorescence images showing ACA (red), BubR1 (green), DNA, and SKAP in control and Astrin-depleted cells. (D) Astrin and SKAP deple-
tion increase interkinetochore distance. Immunofluorescence images showing CENP-A (red), Hec1 (green), ACA, and DNA in either control (n = 6 cells,  
151 kinetochores), Astrin- (n = 3 cells, 30 kinetochores, P < 0.01), SKAP- (n = 10 cells, 160 kinetochores, P < 0.0001), or Dsn1-depleted cells (n = 6 
cells, 130 kinetochores, P < 0.0001). Numbers indicate the mean interkinetochore distance based on CENP-A ± SEM. (E) Astrin is required for CLASP 
localization to kinetochores. (E, top) Immunofluorescence images showing ACA (red), DNA (blue), CLASP1, and SKAP in either control or Astrin-depleted 
cells. Insets show enlarged views of the boxed regions. (E, bottom) GFP-CLASP1 localization in live control or Astrin-depleted cells. (F) ggSKAP deletion in 
chicken DT40 cells does not alter Nuf2 localization. Immunofluorescence images showing ggSKAP or ggNuf2 localization (in green in merge) and DNA 
(blue) in either control DT40 cells or SKAP knockout cells. See Fig. S2 for the generation of the SKAP knockout cell line. (F) Graph showing the percentage 
of different mitotic states in either control DT40 cells or ggSKAP knockout cells. Bars, 5 µm.

 

Figure 5.  Aurora B provides a switch in the targeting of different dynein subunits to kinetochores. (A) Images showing the localization of the dynein light 
chains GFPLAP-Tctex3 and GFPLAP-LC8, or the dynactin subunit GFPLAP-Arp1 in different stages of mitosis. (B) Images showing the localization of GFPLAP-Tctex3, 
GFPLAP-LC8, or GFPLAP-Arp1 in STLC-treated cells, or STLC plus ZM447493–treated cells. (C–E) Images showing the localization of GFPLAP-Tctex3, GFPLAP-
LC8, or GFPLAP-Arp1 and either Mis12-INCENP(TAA)-mCherry (control) or Mis12-INCENP-mCherry–transfected cells as indicated. (F) Images showing the 
localization of GFP-LC8 in either control or Astrin-depleted cells. Insets show enlarged views of the boxed regions. Bars, 5 µm.
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and the integrated intensity was determined after subtracting the back-
ground fluorescence measured from adjacent regions of the cell using 
MetaMorph software (Roper Industries). Fluorescence levels at kinetochores 
were normalized with respect to control cells. At least 5–10 cells were  
examined for each condition and antibody.

Images were acquired on a deconvolution microscope (Delta
Vision Core; Applied Precision) equipped with a CoolSnap HQ2 charge-
coupled device camera. 30–40 z sections were acquired at 0.2-µm steps 
using a 100×, 1.3 NA Olympus U-Plan Apochromat objective lens with 
1 × 1 binning. Images were deconvolved using the DeltaVision software. 
Images shown represent maximal intensity projections. Equivalent expo-
sure conditions and scaling was used between controls and RNAi- 
depleted cells.

Analysis of SKAP in chicken DT40 cells
DT40 cells were cultured at 38°C in Dulbecco’s modified medium supple-
mented with 10% fetal calf serum, 1% chicken serum, -mercaptoethanol, 
penicillin, and streptomycin, and transfected as described previously  
(Fukagawa et al., 2001). The SKAP-targeted constructs were generated to 
disrupt four exons of the ggSKAP gene (Fig. S2). After transfection, drug-
resistant colonies were isolated, and Southern blot hybridization analysis 
was performed to identify clones in which the targeted integrations  
occurred correctly.

Immunofluorescent staining of DT40 cells was performed as de-
scribed previously (Hori et al., 2008). Affinity-purified rabbit polyclonal 
antibodies were used against recombinant chicken Nuf2 (Hori et al., 
2003) and SKAP (this paper). Chromosomes and nuclei were counter-
stained with DAPI at 0.2 µg/ml in Vectashield Antifade (Vector Laborato-
ries). For the immunofluorescence images, 30–40 z sections were 
collected at 0.2-µm intervals with a cooled EM charge-coupled device 
camera (Quantem; Roper Industries) mounted on an inverted microscope 
(Olympus IX71) with a 100× objective together with a filter wheel. Sub-
sequent analysis and processing of images were performed using Meta-
morph software.

Protein purification and biochemical assays
GFPLAP tagged Astrin and SKAP were isolated from HeLa cells as described 
previously (Cheeseman and Desai, 2005). Purified proteins were identified 
by mass spectrometry using an LTQ XL Ion trap mass spectrometer (Thermo 
Fisher Scientific) using MudPIT and SEQUEST software as described previ-
ously (Washburn et al., 2001).

For the expression and purification of the recombinant proteins, 
a GST fusion with full-length SKAP was generated in pGEX-6P-1, and 
6xHis-Astrin (955–1193) was generated in pRSETa. Proteins were purified  
using glutathione agarose (Sigma-Aldrich) or Ni-NTA agarose (QIAGEN) 
according to the manufacturer’s instructions, then desalted into 50 mM Hepes, 
pH 7.5, 200 mM KCl, 1 mM EDTA, and 1 mM DTT (HEK200). Microtubule 
binding assays using the purified proteins were conducted as described 
previously (Cheeseman et al., 2006) using equal volumes of microtubules 
in BRB80 and test protein in HEK200.

Online supplemental material
Fig. S1 shows an extended analysis of the requirements for Astrin and 
SKAP localization to kinetochores including several additional depletion 
conditions. Fig. S2 shows the strategy and validation to generate the 
chicken DT40 cell SKAP knockout. Fig. S3 shows an analysis of the contri-
bution of LC8 to chromosome segregation and SKAP localization. Video 1  
shows a time-lapse movie of mitosis and chromosome segregation in  
control cells. Videos 2 and 3 show mitosis in SKAP-depleted cells. Video 4 
shows mitosis in Astrin-depleted cells. Video 5 shows mitosis in a cell co
depleted for SKAP and Mad2. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201006129/DC1.
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or changes in the stability and number of kinetochore-bound 
microtubules that facilitate Astrin–SKAP recruitment. In either  
case, this provides a mechanism to recruit and exclude pro­
teins from the outer kinetochore depending on the state of 
attachment and tension, with Aurora B phosphorylation molec­
ularly distinguishing the two states. Such a mechanism would 
allow protein activities to be specifically recruited to cor­
rectly bioriented kinetochores, possibly to stabilize meta­
phase attachments or execute anaphase. Importantly, the 
Astrin–SKAP complex is only present at bioriented kinetochores, 
but not kinetochores with attachment defects, which suggests  
that this complex does not function in the error correction 
process downstream of Aurora B. Instead, this raises the in­
triguing possibility that Aurora B phosphorylation generates 
a switch that molecularly distinguishes the composition of 
prometaphase and metaphase kinetochores in a chromosome-
autonomous fashion.

Materials and methods
Cell culture and siRNA transfection
cDNAs were obtained as IMAGE clones. Stable clonal cells lines expressing 
GFPLAP fusions were generated in HeLa cells as described previously  
(Cheeseman et al., 2004). We obtained HeLa cells expressing YFP-CENP-A 
(Kops et al., 2005) and YFP-H2B. Cells were maintained in DME supple-
mented with 10% FBS, penicillin/streptomycin, and l-glutamine (Invitrogen) 
at 37°C in a humidified atmosphere with 5% CO2. RNAi experiments were 
conducted as described previously (Kline et al., 2006). siRNAs against  
Astrin (5-UCCCGACAACUCACAGAGAAA-3; Thein et al., 2007), SKAP 
(5-GAAAGAGUCCGAUUCCUAG-3; Thermo Fisher Scientific), LC8-1/
DYNLL1 (5-GUUCAAAUCUGGUUAAAAG-3, 5-GAAGGACAUUGCGG-
CUCAU-3, 5-GUACUAGUUUGUCGUGGUU-3, and 5-CAGCCUAAAU-
UCCAAAUAC-3; Thermo Fisher Scientific), LC8-2/DYNLL2 (5-GGAA
GGCAGUGAUCAAGAA-3, 5-GACAAGAAAUAUAACCCUA-3, 5-CCA
UGGAGAAGUACAAUAU-3, and 5-CAAAGCACUUCAUCUAUUU-3; 
Thermo Fisher Scientific), Nuf2 (5-AAGCAUGCCGUGAAACGUAUA-3; 
DeLuca et al., 2002), CENP-E (5-AAGGCUACAAUGGUACUAUA-3;  
Kapoor et al., 2006), CENP-F (5-GAGAAGACCCCAAGUCAUC-3; Johnson  
et al., 2004), a pool of four siRNAs targeting Ska3 (Welburn et al., 2009), 
Mad2 (5-UACGGACUCACCUUGCUUG-3; Martin-Lluesma et al., 2002), 
CLASP1 (5-GGAUGAUUUACAAGACUGG-3; Mimori-Kiyosue et al., 2005),  
CLASP2 (5-GACAUACAUGGGUCUUAGA-3; Mimori-Kiyosue et al., 2005),  
and a nontargeting control were obtained from Thermo Fisher Scientific.  
For codepletions, individual siRNAs were first validated by combining these 
with an equal volume of nontargeting control siRNAs to ensure that they 
were still effective under these conditions.

Immunofluorescence and microscopy
Immunofluorescence in human cells was conducted as described previously 
(Kline et al., 2006). For immunofluorescence against microtubules, DM1 
(Sigma-Aldrich) was used at 1:500. For visualization of kinetochore pro-
teins, we used phospho-Dsn1 (Welburn et al., 2010), mouse anti-HEC1 
(9G3; Abcam), mouse anti-Astrin (a gift from M.-S. Chang, Institute of Bio-
chemical Sciences, National Taiwan University, Taipei, Taiwan; Yang et al., 
2006), mouse anti-CLASP1 (a gift from H. Maiato, Institute for Molecular 
and Cell Biology [IBMC], Porto, Portugal), mouse anti-BubR1 (8G1; Abcam), 
rabbit anti-LC8-1 (Abcam), and human anti-centromere antibodies (ACAs; 
Antibodies, Inc.). An affinity-purified rabbit polyclonal antibody was gener-
ated against full-length SKAP as described previously (Desai et al., 2003). 
Cy2-, Cy3-, and Cy5-conjugated secondary antibodies (Jackson Immuno
Research Laboratories, Inc.) were used at 1:100. DNA was visualized using 
10 µg/ml Hoechst.

For drug treatment, HeLa cells were incubated for 2–3 h with drugs 
at the following concentrations: 10 µM STLC, 0.2 µg/ml nocodazole, and 
2 µM ZM447439. Mis12-INCENP-mCherry and Mis12-INCENP(TAA)-
mCherry plasmids (Liu et al., 2009) were a gift from S. Lens (University 
Medical Center Utrecht, Utrecht, Netherlands). To quantitate fluorescence 
intensity, individual kinetochores were selected from projections (chosen 
blindly based on colocalization with a separate stable kinetochore marker), 
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