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Chromosome segregation in mitosis is orchestrated by the dynamic interactions between the kinetochore and spindle microtubules.
Our recent studies show that mitotic motor CENP-E cooperates with SKAP and forms a link between kinetochore core MIS13 complex
and spindle microtubule plus-ends to achieve accurate chromosome alignment in mitosis. However, it remains elusive how SKAP regu-
lates kinetochore attachment from lateral association to end-on attachment during metaphase alignment. Here, we identify a novel in-
teraction between Aurora B and SKAP that orchestrates accurate interaction between the kinetochore and dynamic spindle microtu-
bules. Interestingly, SKAP spontaneously phase-separates in vitro via weak, multivalent interactions into droplets with fast internal
dynamics. SKAP and Aurora B form heterogeneous coacervates in vitro, which recapitulate the dynamics and behavior of SKAP comets
in vivo. Importantly, SKAP interaction with Aurora B via phase separation is essential for accurate chromosome segregation and align-
ment. Based on those findings, we reason that SKAP–Aurora B interaction via phase separation constitutes a dynamic pool of Aurora B
activity during the lateral to end-on conversion of kinetochore–microtubule attachments to achieve faithful cell division.
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Introduction
Error-free mitosis depends on accurate chromosome attach-

ment to spindle microtubules, end-on capture of kinetochore

microtubules, and powered congression of those chromosomes

prior to chromatid segregation in anaphase (Cleveland et al.,

2003; Foley and Kapoor, 2013; McKinley and Cheeseman,

2016; Liu et al., 2020). Accurate chromosome attachment to

lateral spindle microtubules and subsequent conversion to

end-on capture are essential for genomic stability in mitosis

(Shrestha et al., 2017; Huang et al., 2019). The kinetochore

acts as a structural platform for linking the centromere to spin-

dle microtubules and functions as a signaling hub coordinating

chromosome attachment and the metaphase-to-anaphase tran-

sition (Bakhoum et al., 2009a, b; Cheeseman, 2014; McKinley

and Cheeseman, 2016). Mounting evidence supports the criti-

cal role of KNL1–Mis12–Ndc80 complex in coupling spindle mi-

crotubule plus-ends to the kinetochore (Cheeseman and Desai,

2008; DeLuca, 2010; Foley and Kapoor, 2013; Hara and

Fukagawa, 2017). However, using recombinant human kineto-

chore components, it was shown that single NDC80 complexes

do not track depolymerizing microtubules (Volkov et al., 2018).

An efficient coupling requires three or more NDC80 complexes

bound to CENP-T, suggesting the importance of multivalency in

end-on capture of kinetochore microtubules.
An early search for conversion of lateral to end-on capture

regulators has led to the identification of SKAP as an outer
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kinetochore protein that is essential for chromosome alignment
(Fang et al., 2009; Wang et al., 2012). SKAP forms functional
complexes with Astrin and the mitotic kinesin CENP-E,
respectively (Thein et al., 2007; Huang et al., 2012). Our early
study showed that SKAP cooperates with CENP-E to orchestrate
kinetochore–microtubule interaction for faithful chromosome
segregation (Huang et al., 2012). Interestingly, suppression of
CENP-E does not abolish the kinetochore localization of SKAP,
raising interest in the identification of the kinetochore constitu-
ent(s) that specifies SKAP localization to the kinetochore.
Indeed, our follow-up study showed that SKAP interacts with
MIS13 and this interaction specifies the kinetochore localiza-
tion of SKAP (Wang et al., 2012), which functions as a linker
protein connecting the outer kinetochore with dynamic microtu-
bule plus-ends.

Liquid–liquid phase separation (LLPS) is an emerging property
for organizing multivalent membraneless organelle to achieve
high local concentration for prompt catalysis with precise spatio-
temporal control (Li et al., 2012; Hyman et al., 2014; Banani et
al., 2017). Recent study showed that LLPS-driven compartmentali-
zation at the inner centromeres involves Aurora B kinase, INCENP,
survivin, and borealin (Woodruff et al., 2017; Woodruff, 2018; So
et al., 2019; Trivedi et al., 2019). Aurora B is the key component
of chromosome passenger complex, playing a critical role in
destabilizing aberrant microtubule–kinetochore connection
through phosphorylating numbers of kinetochore factors (Trivedi
et al., 2019). Our recent studies identified a signaling axis in
which Aurora B activity is modulated by CDK1 via the acetyltrans-
ferase TIP60 in human cell division (Mo et al., 2016; Zachos,
2016; Bao et al., 2018; Yang and Yu, 2018). Interestingly, TIP60

cooperates with Aurora B at the outer kinetochore to regulate the
dynamic interactions between Ndc80 and spindle microtubules
via post-translational modifications of Hec1 (Zhao et al., 2019),
which suggests that Aurora B functions at different subcompart-
ments at the centromere and the kinetochore. We therefore spec-
ulated that phase separation underlies compartmentalization at
outer kinetochores. Next, we sought to search for proteins that ini-
tiate LLPS for Aurora B compartmentalization at the outer kineto-
chore and are required for transition from lateral attachment to
end-on capture during mitosis.

Here, we demonstrate that SKAP can undergo phase separa-
tion in vitro and exists in a phase-separated state at the kineto-
chore. We also demonstrate that the ability of SKAP to undergo
phase separation is important for its interaction and specifica-
tion of Aurora B at the kinetochore. We reason that the LLPS-
driven SKAP interaction with Aurora B guides end-on capture of
spindle microtubules, which is essential for metaphase align-
ment in mitosis.

Results
SKAP is essential for optimal Aurora B activity in mitosis

Our early studies showed that MIS13 interacts with SKAP and
Aurora B during mitosis (Yang et al., 2008; Wang et al., 2012).

However, there is no direct link between SKAP and Aurora B in mi-
tosis. To explore the link between SKAP and Aurora B, a co-immu-
noprecipitation (co-IP) assay was carried out and confirmed that
SKAP formed a complex with Aurora B in vivo (Figure 1A).
Consistently, the direct interaction between SKAP and Aurora B
in vitro was confirmed by a pull-down assay in which His-green
fluorescent protein (GFP)-SKAP interacted with GST-Aurora B
rather than GST (Supplementary Figure S1A).

To further explore the functional relationship between SKAP
and Aurora B, we examined the phenotype in cells deficient in
SKAP using siRNA-mediated knockdown approach (Wang et al.,
2012). As shown in Figure 1B and Supplementary Figure S1B,
suppression of SKAP resulted in reduction of Aurora B activity,
judged by localization of pSer10-histone 3 (pS10-H3) and
pThr232-Aurora B (pT232-Aurora B), similar to what was seen in
Aurora B-inhibited (ZM447439) cells. Quantitative analyses of
Aurora B activity at the kinetochore judged by pS10-H3 and
pT232-Aurora B levels indicated that SKAP is essential for Aurora
B activity at the kinetochore (Figure 1C; Supplementary Figure
S1C). Consistently, western blotting analyses also show that sup-
pression of SKAP resulted in reduction of Aurora B activity, judged
by the levels of pS10-H3 and pT232-Aurora B (Figure 1D).

To elucidate the precise function of SKAP in chromosome segre-
gation in mitosis, we examined the resulting mitotic phenotype
using time-lapse microscopy. Although cells treated with control
siRNA progressed normally through mitosis, SKAP-depleted cells
showed a high frequency of chromosome segregation defects, in-
cluding chromosome misalignment, anaphase lagging chromo-
somes, and chromosome bridges (Figure 1E), demonstrating the
role of SKAP in mitotic chromosome movements. Statistical analy-
ses show that SKAP is essential for accurate chromosome
segregation, as suppression of SKAP resulted in chromosome
misalignment, anaphase lagging chromosomes, and chromosome
bridges (Figure 1F–H). The chromosome segregation errors seen
in SKAP-deficient cells phenocopied the mitotic abnormalities
seen in Aurora B-inhibited cells, suggesting potential interactions
between SKAP and Aurora B.

SKAP undergoes phase separation in vitro
To examine whether SKAP interacts with Aurora B, we sought

to purify bacterially recombinant SKAP. Surprisingly, full-length
recombinant SKAP protein often precipitates during desalting
step. Thus, we sought to characterize whether SKAP possesses
LLPS property using GFP-SKAP purified from Escherichia coli
(Figure 2A and B). We observed spontaneous SKAP phase sepa-
ration at 10 mM under very low salt concentration (BRB80

buffer) in the absence of the molecular crowding agent
(PEG-8000) (Figure 2C). The presence of molecular crowding
agent (PEG-8000) significantly promoted SKAP phase separa-
tion under conditions of low protein concentration (2.5 mM)
(Figure 2C; Supplementary Figure S2A). Coacervates formed
from GFP-tagged SKAP were fluorescent, demonstrating that
they are composed of SKAP protein (Figure 2C). Real-time

842 | Zhang et al.

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab058#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab058#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab058#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab058#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab058#supplementary-data


Figure 1 SKAP is essential for Aurora B kinase activation. (A) Mitotic HeLa cells were subjected to IP with SKAP antibody or IgG.
Immunoprecipitates were blotted with Aurora B, SKAP, and EB1 antibodies. Note that SKAP brought down EB1 and Aurora B.
(B) Representative immunofluorescence images of HeLa cells stained with pS10-H3 (green) and ACA (red). DNA was stained with DAPI
(blue) to observe chromosomes. Cells were transfected with SKAP or control siRNA for 48 h or treated with ZM447439 for 45 min before
fixation. Scale bar, 10 lm. (C) Statistical analysis of fluorescence intensity in B. Data represent mean ±SEM from three independent experi-
ments. (D) HeLa cells were transfected with control or SKAP siRNA for 48 h or treated with ZM447439 for 45 min before harvest. Whole cell
lysates were separated by SDS–PAGE and blotted with pS10-H3, pT232-Aurora B, SKAP, Aurora B, and tubulin antibodies. Tubulin was
used as a loading control. (E) Real-time imaging of mitotic phenotypes of HeLa cells transfected with control or SKAP siRNA or treated with
ZM447439 were shown by DeltaVision time-lapse microscopy, visualized with mCherry-H2B (H2B in red color) (arrows, misalignment; num-
bers at bottom left of images indicate elapsed time in minutes). Scale bar, 10 lm. (F–H) Quantification of chromosome segregation defects
of live HeLa cells expressing siControl (n¼35) or siSKAP (n¼35) or treated with ZM447439 (n¼ 34). Data are mean ±SEM. Statistical sig-
nificance was tested by two-sided t-test; *P< 0.05, **P<0.01, ***P<0.001.
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Figure 2 SKAP undergoes phase separation in vitro. (A) Schematic diagram of domain structure of SKAP. Residue numbers at domain
boundaries are indicated. (B) Coomassie Brilliant Blue-stained SDS–PAGE gel of purified recombinant His-GFP-SKAP proteins from E. coli.
(C) Phase separation of GFP-SKAP (10 lM in BRB80 buffer) occurs with or without PEG (3% PEG-8000), leading to liquid droplets observable
by DIC and fluorescent (k488 nm) microscopy at room temperature. Scale bar, 10 lm. (D) Time-lapse fluorescence images showing that
GFP-SKAP (10 lM) droplets rapidly fuse upon contact into one spherical droplet. The droplet formation buffer (BRB80) contains 3% PEG-
8000. Scale bar, 2 lm. (E) Time-lapse images from the FRAP experiment. GFP-SKAP droplet in C was photobleached and fluorescence recov-
ery was monitored; the white dotted box indicates the bleached area. Representative images at indicated time points are shown. Scale
bar, 5 lm. (F) Normalized FRAP recovery curves for GFP-SKAP droplet in E. Data are mean ±SEM at each time point; n¼9 coacervates, com-
bined data from three independent repeats. (G) 1,6-hexanediol disrupts droplet formation by SKAP. Droplet formation was performed with
GFP-SKAP (10 lM in BRB80 buffer with 3% PEG-8000) at room temperature in the presence or absence of 5% Hex. Scale bar, 10 lm.
(H) Quantification of the size and number of droplets are shown. Each dot represents a droplet. Droplets in n¼ 3 fields (130�130 lm2) in
each group were quantified. Data represent mean ±SEM and statistical significance was tested by two-sided t-test; ***P< 0.001. (I) Phase
diagram of GFP-SKAP in BRB80 buffer with indicated protein and salt concentrations. Analysis was performed after 5 min of incubation at
room temperature. Green dots indicate condensates and ‘�’ indicates no condensates.
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imaging of coacervate formation demonstrated the dynamics of
SKAP droplets as they underwent fusion over time (Figure 2D).

To determine whether SKAP protein in the droplets ex-
changed with SKAP in the surrounding buffer, we performed
fluorescence recovery after photobleaching (FRAP) of GFP-SKAP
droplets in vitro. We observed a slow exchange of SKAP protein
(t1/2¼48.3 sec; Figure 2E and F). Interestingly, these exchange
dynamics were similar to what had been measured for SKAP
in vivo (Wang et al., 2012). To test whether hydrophobic inter-
action underlines SKAP phase separaiton, we added 1,6-hexa-
nediol (5% Hex) into phase separation assay in vitro. As shown
in Figure 2G and H, SKAP droplets were minimized by treatment
of 5% Hex, suggesting that hydrophobic interaction is likely re-
sponsible for droplet formation.

To categorize the conditions dependent on the formation of
SKAP droplets, we conducted experiments from two aspects:
protein concentration and salt concentration. By varying pro-
tein concentrations, we found that a higher concentration of
GFP-SKAP formed larger droplets with a higher efficiency evi-
dent by a larger number of droplets (Supplementary Figure S2A
and B). Importantly, the property of SKAP phase behavior was
attenuated by increased salt concentrations (Supplementary
Figure S2C and D). Thus, we tested the effect of ion concentra-
tion on concentration-induced SKAP condensation (Figure 2I).
Based on those analyses, we conclude that coacervate forma-
tion by SKAP may explain its dynamic interactions with Aurora
B at kinetochores.

SKAP coacervates enrich Aurora B in vitro
The mechanisms underlying the localization of SKAP and

Aurora B remained elusive despite intensive investigation
(Shrestha et al., 2017). To test whether SKAP can recruit Aurora B
into coacervates in vitro, we mixed mCherry-Aurora B with pre-
formed GFP-SKAP coacervates and observed the partition of
mCherry-Aurora B. Although mCherry-Aurora B does not form drop-
lets, addition of mCherry-Aurora B resulted in recruitment of
mCherry-Aurora B into preformed GFP-SKAP coacervates, suggest-
ing that SKAP cooperates with Aurora B (Figure 3A). To determine
whether SKAP protein in the droplets promote molecular dynam-
ics of Aurora B in the droplets, we performed FRAP of GFP-SKAP
and mCherry-Aurora B in the co-droplets in vitro. We observed a
similar exchange of SKAP protein in the presence of Aurora B
(t1/2¼57 sec; Figure 3B and C). The exchange dynamics of SKAP
were similar to what had been measured for SKAP alone in vitro
(Figure 2F). However, the exchange dynamics of Aurora B in the
same droplets were much slower (t1/2¼ 70 sec; Figure 3C) to that
of SKAP molecules. Interestingly, the coacervate property of
Aurora B into SKAP droplets is sensitive to increased concentra-
tion of potassium, as 150 mM KCl attenuated the LLPS activity of
SKAP (Figure 3D). As shown in Figure 3E, statistical analyses show
that coacervate property of Aurora B into SKAP droplets was sensi-
tive to salt. Thus, we conclude that Aurora B phase-separates into
SKAP coacervates in vitro.

SKAP–Aurora B coacervates depend on C-terminal SKAP
To examine which region is necessary for SKAP phase separa-

tion, we constructed N-terminal SKAP (SKAP-NT) and C-terminal
SKAP (SKAP-CT) as illustrated in Figure 4A. The bacterially recom-
binant proteins of SKAP were purified and analyzed by SDS–PAGE
(Supplementary Figure S3A). We observed comparable droplet
number and size of SKAP-CT phase separation with full-length
SKAP (SKAP-FL) under conditions of the same protein concentra-
tion (10 mM) in the presence of the molecular crowding agent
(PEG) (Figure 4B). SAKP-NT failed to form droplets in vitro at the
same condition (Figure 4B). Similar to what was observed in the
full-length protein, SKAP-CT droplets exhibited sensitivity to
higher concentration of salts (Supplementary Figure S3B and C).
To determine the SKAP-CT protein exchange rate in the droplets,
we performed FRAP analyses of GFP-SKAP-CT droplets in vitro
(Figure 4C). Although the efficiency of FRAP was lower for SKAP-CT
compared to SKAP-FL, we observed a faster exchange rate of
SKAP-CT (t1/2¼34.8 sec for SKAP-CT whereas t1/2¼48.3 sec for
SKAP-FL; Figure 4C and D). Consistent with what was seen in the
SKAP-FL coacervates, SKAP-CT droplets also recruited Aurora B
in vitro (Figure 4E). SKAP-NT failed to form coacervates alone or in
the presence of Aurora B (Figure 4E). In this regard, SKAP-NT is a
defective mutant in phase separation. Our FRAP analyses show
that SKAP-CT and Aurora B molecules were dynamic, as they
exhibited relatively fast turnover (Figure 4F), indicating that SKAP-
CT specifies the recruitment of Aurora B into SKAP droplets
(Figure 4G). As a control, increased salt concentration perturbed
coacervates formed by SKAP-CT and Aurora B (Supplementary
Figure S3D and E). Thus, we conclude that SKAP–Aurora B can un-
dergo phase separation in vitro and the coacervates depend on
SKAP-CT.

The phase-separation property of SKAP is important for its mi-
totic function

To study the phase-separation property of SKAP–Aurora B in
mitosis, we used the Cry2 optoDroplet system to test whether
SKAP can undergo phase separation in vivo (Shin et al., 2017).
A phase-separating protein fused to the light-inducible dimeriz-
ing protein Cry2 will form droplets/punctae in vivo after expo-
sure to blue light (Figure 5A). Majority of the COS-7 cells
expressing SKAP-mCherry-Cry2 and SKAP-CT-mCherry-Cry2

formed distinct puncta in interphase nuclei after exposure to
blue light (Figure 5B; Supplementary Figure S4A). By contrast,
none of the cells expressing SKAP-NT-mCherry-Cry2 formed foci
(Supplementary Figure S4A). Inhibition of weak hydrophobic
interactions by the aliphatic alcohol 1,6-hexanediol disrupts
many phase-separated compartments in cells (Trivedi et al.,
2019). To test whether the SKAP phase-separated droplets pos-
sess characteristic protein of hydrophobic interactions, an ali-
quot of 1,6-hexanediol (5% Hex) was added into live cells, and
addition of 5% Hex disrupted Opto-SKAP droplet in live cells
(Figure 5C) as it did for GFP-SKAP droplets in vivo (Figure 5D).

We already identified LLPS-deficient SKAP (SKAP-NT). To study
the effect of SKAP LLPS property in mitosis, we introduced wild-
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Figure 3 Characterization of SKAP and Aurora B co-condensation. (A) In vitro co-droplet formation assay. mCherry-Aurora B (10 lM) either
alone or mixed together with 10 lM GFP-SKAP was analyzed using droplet formation assay under the same condition as described in
Figure 2C. The droplet formation buffer (BRB80) contains 3% PEG-8000. Scale bar, 10 lm. (B) Time-lapse images from the FRAP experi-
ment. SKAP and Aurora B heterogeneous coacervates in A were photobleached and fluorescence recovery was monitored; the white dotted
box indicates the bleached area. Representative images at indicated time points are shown. Scale bar, 5 lm. (C) Graph of fluorescence re-
covery after photobleaching inside the droplet over time. Data are mean ±SEM at each time point; n¼ 9 coacervates, combined data from
three independent repeats. (D) Representative images of droplet formation of GFP-SKAP (10 lM) and mCherry-Aurora B (10 lM) in droplet
formation buffer (BRB80) with varying concentrations of salt and 3% PEG. Scale bar, 10 lm. (E) Quantification of the size and number of
droplets are shown. Each dot represents a droplet. Droplets in n¼3 fields (130�130 lm2) in each group were quantified. Data represent
mean ±SEM and statistical significance was tested by two-sided t-test; ***P<0.001.
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Figure 4 SKAP-CT is responsible for phase separation and Aurora B recruitment. (A) Schematic drawing of SKAP truncation mutants.
Residue numbers at domain boundaries are indicated. (B) In vitro droplet formation assay. GFP-SKAP-FL (10 lM), GFP-SKAP-NT (10 lM),
and GFP-SKAP-CT (10 lM) were analyzed using a droplet formation assay under the same condition as described in Figure 2C. The droplet
formation buffer (BRB80) contains 3% PEG-8000. Scale bar, 10 lm. (C) Time-lapse images from the FRAP experiment. GFP-SKAP-CT coacer-
vates in B were photobleached and fluorescence recovery was monitored; the white dotted box indicates the bleached area.
Representative images at indicated time points are shown. Scale bar, 5 lm. (D) Graph of fluorescence recovery after photobleaching
inside the droplet over time. Data are mean ± SEM at each time point; n¼ 9 coacervates, combined data from three independent repeats.
(E) In vitro co-droplet formation assay. mCherry-Aurora B (10 lM) mixed together with 10 lM GFP-SKAP-FL, GFP-SKAP-NT, or GFP-SKAP-CT
was analyzed using droplet formation assay under the same condition as described in Figure 2C. The droplet formation buffer (BRB80) con-
tains 3% PEG-8000. Scale bar, 10 lm. (F) Time-lapse images from the FRAP experiment. GFP-SKAP-CT and mCherry-Aurora B heterogeneous
coacervates in E were photobleached together and fluorescence recovery was monitored; the white dotted box indicates the bleached
area. Representative images at indicated time points are shown. Scale bar, 5 lm. (G) Graph of fluorescence recovery after photobleaching
inside the droplet over time. Data are mean ±SEM at each time point; n¼ 9 coacervates, combined data from three independent repeats.
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Figure 5 Phase separation-deficient truncation of SKAP leads to mitotic defects. (A) Schematic diagram of the optogenetic system. The
‘opto-SKAP’ construct consists of SKAP fused to mCherry fluorescent protein and the Cry2PHR domain. (B) Blue light activation of opto-
SKAP-FL leads to rapid clustering in living COS-7 cells. Representative fluorescence images of light-activated assembly of opto-SKAP are
shown. Images were taken every 10 sec. Scale bar, 20 lm. (C) 1,6-hexanediol disrupts opto-SKAP clustering in cells. COS-7 cells were
treated with 5% Hex after blue light activation of opto-SKAP. Images were taken every 10 sec. Scale bar, 20 lm. (D) Overexpression of GFP-
SKAP in HeLa cell forms droplet-like cluster, which is disrupted by 5% Hex treatment. HeLa cells transfected with GFP-SKAP were treated
with 5% Hex. Images were taken at indicated time points. Scale bar, 10 lm. (E) Representative mitotic phenotypes in HeLa cells expressing
siSKAP along with GFP-SKAP-FL or truncations (FL/NT/CT in green color) resistant to siSKAP were shown by DeltaVision time-lapse micros-
copy, visualized with mCherry-H2B (H2B in red color) (arrows, misalignment; numbers at bottom left of images indicate elapsed time in
minutes). Scale bar, 10 lm. (F–H) Quantification of chromosome segregation defects of live HeLa cells in E. At least 30 cells were analyzed
from three independent experiments for each construct (n¼40, GFP-SKAP-FL; n¼ 37, GFP-SKAP-NT; n¼ 38, GFP-SKAP-CT). Data represent
mean ±SEM and were examined with two-sided t-test; *P< 0.05, **P<0.01, n.s. (non-significant) indicates P>0.05. (I) The model for
Aurora B kinase activity regulated by SKAP phase separation.
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type and LLPS-deficient SKAP into HeLa cells depleted of endoge-
nous SKAP. Our real-time imaging analyses show that cells
expressing full-length and LLPS-competent SKAP progressed into
and through mitosis faithfully (Figure 5E, top and bottom panels).
However, cells expressing LLPS-deficient SKAP exhibited charac-
teristic phenotype of chromosome misalignment, lagging chromo-
somes, and chromatid bridges (Figure 5E, middle panels, arrows).
Our statistical analyses of three independent preparations indi-
cate that expression of SKAP deficient of LLPS resulted in signifi-
cant increases in chromosome segregation errors such as
chromosome misalignment, lagging chromosomes, and chromatid
bridges (Figure 5F–H). Thus, we conclude that the phase-
separation property of SKAP is important for correcting kineto-
chore–microtubule attachments and maintaining the end-on cap-
ture of kinetochore microtubules.

Discussion
The kinetochore is a complex molecular machinery to

power chromosome movements by coupling kinetochore–mi-
crotubule dynamics. Proper alignment and segregation of
sister chromatids during mitosis require accurate end-on
capture. To build effective kinetochore–microtubule attach-
ment, it must satisfy two criteria: one is to maintain the dy-
namic flux of kinetochore microtubules, and the other is to
secure the dynamic link between the kinetochore and micro-
tubules. Our early studies revealed that SKAP interacts di-
rectly with structural determinant of the kinetochore through
its C-terminal contacts with MIS13 (Yang et al., 2008; Wang
et al., 2012). Together with our early demonstration that N-
terminal region of SKAP binds to microtubule plus-ends
(Wang et al., 2012), our present discovery that SKAP-CT pos-
sesses LLPS property essential for Aurora B-elicited error cor-
rection establishes an exciting working model, in which
compartmentalization of Aurora B in SKAP at the kinetochore
serves as novel end-on capture machinery for dynamic kinet-
ochore–microtubule orchestration in mitosis (Figure 5I).

It was recently reported that Aurora B kinase serves as a key
regulator for end-on conversion by regulating Astrin–SKAP com-
plex through a multi-step end-on conversion process (Shrestha
et al., 2017). However, the currently available evidence pro-
vides little well-defined information regarding the molecular ba-
sis underlying SKAP-coupled interface of kinetochore–
microtubule. Our study present here supports the notion of
SKAP-elicited end-on capture model and establishes an inter-
esting compartment constituted by SKAP phase separation at
the outer kinetochore, which provides rapid pool of Aurora B ki-
nase for accurate error correction. Since several lines of related
works including our own have established the role of Aurora B–
MIS13–SKAP signaling in the error correction (Yang et al.,
2008; Petrovic et al., 2014, 2016; Volkov et al., 2018), it would
be of great interest in the follow-up studies to illuminate how
Aurora B kinase acts in the SKAP-constituted compartment for
spindle microtubule attachment errors.

Recent studies unraveled the role of LLPS-driven compart-
ments in inner centromere signaling and spindle matrix as-
sembly (Jiang et al., 2015), implying the general involvements
of LLPS-driven regulation in mitosis. In fact, recent studies
suggest that BuGZ coacervation promotes Aurora A activation
in mitosis (Huang et al., 2018; Woodruff, 2018), suggesting
that compartmentalization of mitotic regulators are essential
for accurate chromosome segregation. It is worth noting that
SKAP LLPS appears negatively regulated by increased concen-
tration of potassium chloride in vitro. In fact, the small size of
SKAP droplets seen in in vitro reconstitution assay at physio-
logical level of potassium is consistent with our proposed
function for SKAP LLPS in mitosis, which provides a dynamic
compartment for prompt catalysis of SKAP–Aurora B interac-
tion and activity. Despite the fact that SKAP-NT exhibits
LLPS-deficiency property in vitro and perturbation of mitosis
in vivo, it would be of great interest down the road to distin-
guish the LLPS-driven function of SKAP from its classical
properties.

In addition, it was also demonstrated that the dual-
specificity kinase DYRK3 acts as a central dissolvase of sev-
eral types of membraneless organelle during mitosis (Rai et
al., 2018). Given the fact that the kinetochore plasticity and
macromolecular assembly dynamics are guided by precise
protein covalent modifications, such as phosphorylation,
acetylation, and methylation, it will be exciting to visualize
how mitosis-elicited post-translational modifications control
the compartmentalization of dynamic kinetochore assembly
during cell division using fluorescence resonance energy
transfer-based optical reporter combined with spectral imag-
ing (Thein et al., 2007; Valm et al., 2017; Liu et al., 2020).
Along with this line, it would be of great interest to evaluate
whether SKAP coacervates selectively recruit active Aurora B
kinase into the droplets and how this type of compartmental-
ization provides spatiotemporal catalysis of Aurora B activity
during mitosis.

In summary, we show that SKAP undergoes spontaneous
phase separation via its C-terminal tail. SKAP and Aurora B
form heterogenous coacervates in vitro, and LLPS-driven SKAP
interaction with Aurora B is essential for accurate chromosome
segregation and alignment. Our present study refines the cur-
rent working model of core kinetochore–microtubule attach-
ment and proposes LLPS-driven end-on capture model for
accurate chromosome segregation in mitosis. Further molecular
delineation of MIS13–SKAP–Aurora B function in the outer ki-
netochore will uncover the underlying regulatory basis for tem-
poral control of centromere plasticity during mitosis and the
defective processes underlying aneuploidy.

Materials and methods
Construction of plasmids

To generate His-GFP-SKAP full-length and truncation mutants,
SKAP was amplified together with GFP from pEGFP-C1-SKAP
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plasmid by polymerase chain reaction (PCR) and cloned into the
pET-22b (þ) vector (Novagen) by DNA homologous recombination
method. To generate Aurora B-mCherry-His, Aurora B gene was
cloned into pET-22b (þ) vector by DNA homologous recombina-
tion method, followed by PCR-amplified mCherry gene insertion
by BamHI and XhoI digestion. OptoSKAP plasmid (SKAP-mCherry-
Cry2) was constructed by replacing FUSN by SKAP in pHR-FUSN-
mCh-Cry2WT plasmid (addgene 101223). The GFP-SKAP full-length
and truncation mutants were generated by inserting PCR-
amplified SKAP-FL/NT/CT into pEGFP-C1 (Clontech). All plasmids
used were verified by sequencing.

Protein expression and purification
All recombinant proteins were expressed in E. coli BL21 (DE3).

The bacteria were grown in LB medium at 37
�C, and protein

expression was induced at 16
�C with 0.1 mM isopropyl

b-D-1-thiogalactopyranoside for 16 h. For His-tagged recombi-
nant proteins, the bacteria were suspended and lysed by sonica-
tion in Ni-NTA binding buffer (50 mM NaH2PO4, pH 8.0, 300 mM
NaCl, and 10 mM imidazole) and incubated with Ni-NTA agarose
(QIAGEN) for 1.5 h at 4

�C. The agarose was washed three times
in Ni-NTA binding buffer supplemented with 20 mM imidazole
and eluted with Ni-NTA binding buffer supplemented with 250

mM imidazole. For GST-tagged recombinant proteins, the bacte-
ria were suspended and lysed by sonication in phosphate-buff-
ered saline (PBS) buffer supplemented with 0.5% Triton X-100.
The preparation was incubated with glutathione-Sepharose 4B
(GE Healthcare Life Science) for 1.5 h at 4

�C. The resin was
washed three times in PBS buffer supplemented with 0.5%
Triton X-100. All purification procedures were carried out at 4

�C,
and a protease inhibitor mixture (Sigma) and phenylmethanesul-
fonyl fluoride were added to prevent protein degradation.

Cell culture and drug treatment
HeLa and COS-7 cells from the American Type Culture Collection

were maintained in advanced Dulbecco’s modified Eagle’s me-
dium (Gibco) with 10% fetal bovine serum (FBS; Hyclone) and
penicillin–streptomycin (100 units/ml and 100 lg/ml, respec-
tively; Gibco) at 37

�C with 8% CO2.
For cell cycle synchronization, HeLa cells were first blocked

in G1/S with 2.5 mM thymidine (Sigma) for 16 h and then re-
leased in fresh culture medium for 8 h to enrich mitotic cells.
To inhibit Aurora B kinase activity, cells were treated with the
Aurora B inhibitor ZM447439 (2458, TOCRIS) at 5 lM for 45

min after thymidine release.

Transfection and siRNA
All plasmids and siRNAs were transfected into cells using

Lipofectamine 2000 or Lipofectamine 3000 (Invitrogen) according
to the manufacturer’s instructions. SKAP siRNA target sequence
was 5

0-AGGCTACAAACCACTGAGTAA-30 (L-60262, GenePharma).

Antibody
According to standard protocols, rabbit antibodies against

SKAP were prepared using full-length recombinant proteins
from bacteria as described previously (Wang et al., 2004).
The following antibodies were obtained from commercial
sources: anti-a-tubulin (ab80779, 1:5000) was from Abcam;
anti-pS10-H3 (3377, 1:1000 for western blotting, 1:100 for
immunofluorescence), anti-His-tag (12698, 1:2000), and
anti-EB1 (2164, 1:1000) antibodies were from Cell Signaling
Technology; anti-pT232-Aurora B antibody (600-401-677,
1:2000 for western blotting, 1:200 for immunofluorescence)
was from Rockland; anti-Aurora B (AIM-1, 1:2000) antibody
was from BD Biosciences; secondary antibodies were from
Jackson ImmunoResearch Laboratory.

IP and pull-down assays
For IP, HeLa cells were synchronized at mitosis before being

trypsinized and lysed in IP buffer (50 mM Tris-HCl, pH 8.0, 150

mM NaCl, and 0.1% Triton X-100) supplemented with protease
inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail
(Sigma). After pre-clearing with protein A/G resin, the lysate
was incubated with SKAP antibody at 4

�C for 24 h with gentle
rotation. Protein A/G resin was then added to the lysate and in-
cubated for another 6 h. The protein A/G resin was then spun
down and washed three times with lysis buffer before being re-
solved by SDS–PAGE and immunoblotted with the indicated
antibodies.

For pull-down assay, GST and GST fusion protein-bound
sepharose beads were separately incubated for 2 h with puri-
fied His-tagged fusion proteins expressed in E. coli cells on
ice in PBS containing protease inhibitor cocktail and 0.1%
Triton X-100. After the incubation, the sepharose beads were
washed for three times with PBS containing 0.1% Triton
X-100 and once more with PBS. Then the beads were boiled
in SDS–PAGE sample buffer. The bound proteins were sepa-
rated on SDS–PAGE and detected by western blotting.

Immunofluorescence and live cell imaging
For immunofluorescence, HeLa cells were plated onto a ster-

ile 24-well plate (Corning Glass Works) for transfection or drug
treatment and fixed with 3.7% formaldehyde in PBS for 10 min
at 37

�C. In order to facilitate the staining of the antibody into
the cells, the treated and fixed cells were permeated with PBS
containing 0.1% Triton X-100 for 5 min. After blocking with PBS
with 0.05% Tween-20 buffer containing 1% bovine serum albu-
min (Sigma) for 45 min at room temperature, the fixed cells
were incubated with primary antibodies in a humidified cham-
ber for 1 h at room temperature or overnight at 4

�C, followed by
secondary antibodies for 1 h at 37

�C. The DNA was stained
with 4

0,6-diamidino-2-phenylindole from Sigma. Images were
captured by DeltaVision softWoRx software (Applied Precision)
and processed by deconvolution and z-stack projection.
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For time-lapse imaging, HeLa cells were cultured in glass-bottom
culture dishes (MatTek) and maintained in CO2-independent media
(Gibco) supplemented with 10% FBS and 2 mM glutamine (Mo
et al., 2016). During imaging, the dishes were placed in a
sealed chamber at 37

�C. Images of living cells were taken
with a DeltaVision microscopy system.

Phase separation assay
Purified proteins were diluted to varying concentrations in

BRB80 buffer (pH 6.8) containing 80 mM PIPES, 1 mM MgCl2,
and 1 mM EGTA with the indicated salt concentrations. Protein
solution (10 ll) was loaded onto a glass slide and imaged
using an LSM880 microscope (Zeiss). Then, 3% PEG-8000

(Sangon Biotech, A600433) was added in phase separation
assays; 1,6-hexanediol (Sigma, 88571) was used at 5%.

Droplet area measurement
Image J (NIH) was used to identify droplets and characterize

their number and size. Droplets were quantified in a
130�130 lm2 field with equal threshold (>5-pixel minimum
droplet size), and droplet area was identified using the Binary
Watershed function and Analyze Particles function of Image J.

OptoDroplet assay
OptoSKAP assay was carried out as described previously

(Shin et al., 2017). SKAP-mCherry-Cry2 was transfected into
COS-7 cells 24 h after plating into glass-bottom culture
dishes (MatTek). Twenty-four hours after transfection, the
cells were imaged using a Zeiss 880 laser confocal scanning
microscope with a 63� Plan-Apochromat 1.4 oil immersion
lens in a humidified chamber maintained at 37

�C in the pres-
ence of 5% CO2. To induce phase separation, cells were ex-
posed to 488-nm-wavelength light every 10 sec, and single
z-plane images were taken in the 568 nm channel to observe
droplet formation.

FRAP analysis
GFP-tagged SKAP proteins were used to label liquid droplets

in vitro. FRAP experiments were performed on a confocal micro-
scope (LSM 880, Zeiss) at room temperature. Defined regions
were photobleached at 488 nm and the fluorescence intensities in
these regions were collected every 1 sec and normalized to the ini-
tial intensity before bleaching. Image intensity was measured by
mean region of interest and further analyzed by Prism (GraphPad).

Statistics
All statistics are described in the figure legends. Two-sided

unpaired Student’s t-test was applied for experimental compari-
sons, using GraphPad Prism. All western blotting analyses were

taken from three separated experiments. No statistical method
was used to predetermine sample size. All data were expected
to have normal distribution.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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