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ABSTRACT The chromosomal passenger complex (CPC), which includes the kinase Aurora B,
is a master regulator of meiotic and mitotic processes that ensure the equal segregation of
chromosomes. Sgo1 is thought to play a major role in the recruitment of the CPC to chromo-
somes, but the molecular mechanism and contribution of Sgo1-dependent CPC recruitment
is currently unclear. Using Xenopus egg extracts and biochemical reconstitution, we found
that Sgo1 interacts directly with the dimerization domain of the CPC subunit Borealin. Borea-
lin and the PP2A phosphatase complex can bind simultaneously to the coiled-coil domain of
Sgo1, suggesting that Sgo1 can integrate Aurora B and PP2A activities to modulate Aurora
B substrate phosphorylation. A Borealin mutant that specifically disrupts the Sgo1-Borealin
interaction results in defects in CPC chromosomal recruitment and Aurora B-dependent spin-
dle assembly, but not in spindle assembly checkpoint signaling at unattached kinetochores.
These findings establish a direct molecular connection between Sgo1 and the CPC and have
major implications for the different functions of Aurora B, which promote the proper interac-
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tion between spindle microtubules and chromosomes.

INTRODUCTION

Accurate chromosome segregation during mitosis and meiosis de-
pends on the spatiotemporal regulation of kinase and phospha-
tase activities (Ubersax and Ferrell, 2007). The kinase Aurora B,
together with INCENP, Borealin, and Survivin, forms the chromo-
somal passenger complex (CPC), which plays multiple roles during
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mitosis and meiosis that are regulated in part by the PP2A phos-
phatase complex (Saurin, 2018). At the beginning of the M phase,
the CPC is localized to chromosomes, where it controls chromatin-
dependent spindle assembly, inhibition of nuclear assembly, and
processes at the centromere and kinetochore, such as inner and
outer kinetochore assembly, the spindle assembly checkpoint
(SAC), and the correction of erroneously attached kinetochore-mi-
crotubules (Carmena et al., 2012; Hindriksen et al., 2017). The dis-
crete localization of the CPC to chromosome arms, centromeres,
and kinetochores is thought to be important for mediating differ-
ent functions of the CPC (Campbell and Desai, 2013; Bonner et al.,
2019; Fischbock-Halwachs et al., 2019; Hadders et al., 2020; Broad
et al., 2020). However, the mechanisms by which the CPC is re-
cruited to these different chromosome elements are not com-
pletely understood.

The CPC interacts with chromatin through its CEN module,
which consists of Survivin, Borealin, and the N-terminus of INCENP
(Jeyaprakash et al., 2007). Borealin contributes directly to the inter-
action with chromatin by binding to DNA and to the acidic patch
formed between histones H2A and H2B on the nucleosome core
(Abad et al., 2019). However, the Borealin—acidic patch interaction is
not sufficient for the effective and specific recruitment of the CPC,
which also requires the phosphorylation of histones by the mitotic
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FIGURE 1: Direct binding of the Borealin C-terminal dimerization domain to Sgo1. (A) Schematic of the chromosomal
passenger complex (CPC), which includes Aurora B kinase (AURKB), INCENP, Borealin-2, and Survivin. Aurora B kinase
binds to the C-terminal INbox domain of INCENP, and Borealin-2 and Survivin bind to the N-terminal centromere
targeting domain of INCENP. Borealin-2 contains three domains: an N-terminal coiled-coil domain through which it
interacts with Survivin and INCENP, an unstructured central loop region that binds to nucleosomes, and a C-terminal
dimerization domain. Sgo1 contains three domains: an N-terminal coiled-coil domain, a middle domain, and a C-terminal
basic domain that includes the Sgo1 motif that interacts with H2AT120ph nucleosomes. (B) Yeast two-hybrid (Y2H)
interactions of Sgo1 fragments with Borealin, Borealin-2, and INCENP. White colonies on the left are representative of
diploid growth (DDO); blue colonies on the right represent interactions occurring on selective media (DDOXA). Borealin
and Borealin-2 interact with Sgo1'-">° but not Sgo1'3'-¢3, INCENP shows no interaction with Sgo1. Images are
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kinases Haspin and Bub1. Haspin phosphorylates histone H3 at
threonine 3 (H3T3ph), which promotes direct interaction between
the histone H3 N-terminal tail and the BIR domain of Survivin (Kelly
etal., 2010; Wang et al., 2010; Yamagishi et al., 2010). The H3T3ph
mark directs accumulation of the CPC at the inner centromere and
the chromosome arms (Kelly et al., 2010; Broad et al., 2020; Had-
ders et al., 2020). How Bub1 kinase drives the interaction of the CPC
with chromosomes is less clear. Bub1 kinase phosphorylates histone
H2A at threonine 120 (H2AT120ph), which promotes the recruit-
ment of the Shugoshin proteins (Sgo1 and Sgo2) to chromosome
arms and to kinetochore-proximal centromeric chromatin (Rivera
and Losada, 2009; Kawashima et al., 2010; Tsukahara et al., 2010;
Yamagishi et al., 2010; Liu et al., 2013a; Broad et al., 2020; Hadders
et al., 2020).

Sgo1 and/or Sgo2 are important for the proper localization and
function of the CPC during meiosis and mitosis, but the mechanisms
that underlie this pathway remain poorly characterized. Previous mu-
tational analyses led to the suggestion that CDK1-dependent phos-
phorylation of a disordered region within Borealin promotes its direct
interaction with the coiled coil domains of Sgo1/2 to mediate the
Bub1-dependent recruitment of the CPC to chromosomes (Tsuka-
hara et al., 2010). However, a direct interaction between the Borealin
disordered region and Sgo1/2 has not been demonstrated. In addi-
tion, several lines of evidence suggest that CDK1-dependent phos-
phorylation may affect other functions of Borealin and the CPC. First,
the Borealin disordered region has been shown to mediate the inter-
action of the CPC with the nucleosome core (Abad et al., 2019), sug-
gesting an alternative basis for the observed defects in CPC recruit-
ment caused by Borealin phosphorylation mutants. Second, a recent
study demonstrated that CDK1-dependent phosphorylation of Bo-
realin promotes the phase separation of the CPC CEN module but is
not necessary for the incorporation of Sgo1 into CPC-mediated con-
densates, raising the possibility that CDK1 phosphorylation may not
directly contribute to the CPC-Sgo1 interaction (Trivedi et al., 2019b).

The coiled-coil domains of Sgo1/2 also interact with the PP2A
phosphatase, which opposes Aurora B activity (Foley et al., 2011;
Foley and Kapoor, 2013; Vallardi et al., 2019) and regulates Haspin
recruitment through the protection of cohesin (Yamagishi et al.,
2010; Liu et al., 2013a; Meppelink et al., 2015; Hengeveld et al.,
2017; Liang et al., 2020), indicating that Sgo1/2 may also contribute
to CPC localization and activity through recruitment of PP2A. Thus,

how and whether Sgo1/2 directly recruits the CPC to chromosomes
and its importance to CPC function remain unclear (Hindriksen
etal., 2017).

Here, we show that the dimerization domain of Borealin binds
directly to the coiled-coil domain of Sgo1. We find that Borealin and
PP2A bind different residues in the Sgo1 coiled-coil domain and that
Borealin and PP2A can bind simultaneously to the same region of
Sgo1, which has important implications for the regulation of Aurora
B-mediated error correction. The Borealin-Sgo1 interaction plays a
critical role in the recruitment of the CPC to chromosomes, and is
necessary for proper spindle assembly. Finally, we show that the Bo-
realin-Sgo1 interaction is not required for SAC signaling at unat-
tached kinetochores, demonstrating that the CPC-Sgo1 interaction
plays discrete roles in regulating CPC and Aurora B functions.

RESULTS AND DISCUSSION

The Borealin dimerization domain interacts directly with the
Sgo1 coiled coil

Bub1 kinase is important for the recruitment of the CPC to chromo-
somes in Xenopus laevis egg extracts (Boyarchuk et al., 2007). Al-
though both Sgo1 and Sgo2 recruitment require Bub1 activity, only
Sgo1 contributes to CPC recruitment (Rivera et al., 2012). We there-
fore focused on understanding the molecular basis of the CPC-
Sgo1 interaction in X. laevis (Supplemental Figure S1A). We first in-
vestigated the interaction between Sgo1 and the X. laevis Borealin
paralogs (Borealin/CDCA8/Dasra B and Borealin-2/CDCA9/Dasra
A; Sampath et al., 2004; Kelly et al., 2007; Figure 1A). Yeast two-
hybrid analysis showed that Sgo1''*0 binds to both Borealin para-
logs, but not to INCENP, under stringent selection (Figure 1B and
Supplemental Figure S1B). Thus, the X. laevis Borealin paralogs in-
teract with the N-terminus of Sgo1, in line with a previously reported
interaction between human Sgo1 and Borealin (Tsukahara et al.,
2010). We could detect no additional interactions of Borealin-2 with
other regions of Sgo1 and found that Borealin-2 can self-associate,
as does human Borealin (Bourhis et al., 2009; Figure 1B and Supple-
mental Figure S1C). This suggests that both Borealin paralogs inter-
act with the Sgo1 N-terminus in a similar manner, and hereafter we
will examine the interaction between Sgo1 and Borealin-2, the em-
bryonic form of Borealin found in Xenopus egg extracts (Wihr et al.,
2014; Presler et al., 2017), which henceforth will be referred to sim-
ply as Borealin.

representative of four separate experiments. Representative positive and negative Y2H controls used throughout are
shown in Supplemental Figure S1B. (C) Y2H interactions of Borealin-2 fragments with Sgo1''50 and Survivin.
Borealin-2'-'%* and Borealin-2'-2% interact with Survivin but not Sgo1'-'%, even under low stringency, and
Borealin-2216-2% interacts with Sgo1'-'%°. Images are representative of four separate experiments. See also
Supplemental Figure S1, C and D. (D) Binding assay showing GST-Borealin-221¢-2% interaction with Sgo1'-'>° -His,-MBP.
Colloidal Coomassie staining of SDS-PAGE gel including input and beads is shown. The input represents 7% total
Sgo1'-1%0-His,-MBP incubated with beads. (E) Equilibrium assay to measure affinity of GST-Borealin-22'6-2% for Sgo1'-1%0-
Hisg-MBP. Increasing amounts of GST-Borealin-22-2%-bound glutathione sepharose 4B beads were titrated into
Sgo1'-"1%0-His,-MBP at 2 uM. Beads were pelleted, and samples of the supernatant were separated by SDS-PAGE to
determine the fraction bound (see Materials and Methods and Supplemental Figure S1E). Curve is best fit of data to
one-site binding equation yielding equilibrium constant of 10 pM. (F) Protein sequence alignment of the dimerization
domains from Borealin-2 and Borealin-1 from indicated species. Clustalx coloring was applied to indicate conservation.
Numbering denotes amino acid positions from X. laevis Borealin-2. Red circles mark amino acids featured in Figure 1G
and mutated in Figure 1H. (G) Homology model of the X. laevis Borealin-2 (CDCA9/Dasra A) dimerization domain based
on PDB ID: 2KDD (Bourhis et al., 2009), showing surface-exposed acidic residues. Each monomer is indicated by
separate colors. (H) Binding assay showing how mutations in Borealin-2 dimerization domain affect GST-Borealin-2216-2%
interaction with Sgo1'-"%0-His4-MBP. Coomassie staining of SDS-PAGE gel including input and beads is shown. The input
represents 10% of total Sgo1''%0-His,-MBP incubated with beads. () Binding assay showing GST-Borealin-2216-2%
interaction with Sgo1-Hisg-MBP truncations. Colloidal Coomassie staining of SDS-PAGE gel including input and beads is
shown. The input represents 10% Sgo1-His¢-MBP variants incubated with beads.
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Borealin contains three conserved and functionally distinct re-
gions (Figure 1A). The N-terminus is responsible for mediating the
interactions with Survivin and INCENP as well as contributing to the
affinity for nucleosomes (Jeyaprakash et al., 2007; Abad et al.,
2019). A disordered central loop interacts with nucleosomes (Abad
et al., 2019), mediates the formation of biomolecular condensates
(Trivedi et al., 2019b), and also contains a putative Sgo1-binding site
(Tsukahara et al., 2010). Finally, the C-terminal domain forms a sym-
metric homodimer that mediates CPC dimerization (Bourhis et al.,
2009). Yeast two-hybrid analysis demonstrated that neither Borea-
lin™=144 nor Borealin™23> could interact with Sgo1''%, even using
low-stringency selection, although they did both interact with Sur-
vivin (Figure 1C). The lack of an interaction between the Borealin'-23°
fragment and Sgo1 was surprising, because this contains the region
previously suggested to mediate the CPC-Sgo1 interaction (Tsuka-
hara et al., 2010). Strikingly, we found that that the Borealin C-termi-
nal dimerization domain (Borealin?'¢-2%) interacts with Sgo1'-"%0.
This interaction is specific, because we detected no interaction of
Borealin?'e2% with Survivin, INCENP, or other fragments of Sgo1
(Figure 1C and Supplemental Figure S1D).

The interaction between Sgo1'-*C and the dimerization domain
was confirmed using purified proteins. Pulldowns showed that
Sgo1''% interacts specifically with the Borelian dimerization do-
main, validating our yeast two-hybrid analyses (Figure 1D). Using a
bead-based equilibrium binding assay (Lee et al., 2000; Pollard,
2010), we found that Sgo1'">0 interacts with the Borealin dimeriza-
tion domain with moderate affinity (K4 = 10.0 + 1.6 uM; Figure 1E
and Supplemental Figure STE) and that the interaction data were
best fitted by a one-site binding curve (unpublished data). Because
X. laevis Sgo1'-"% can self-associate (Xu et al., 2009; Supplemental
Figure STF), these results suggest that a dimer of Sgo1 binds a di-
mer of Borealin.

We next sought to identify specific residues that contribute to
the interaction between Borealin and Sgo1. The predicted isoelec-
tric point of Sgo1'="%0 is quite basic (pl ~ 11), suggesting that Sgo1
may interact with acidic residues within the conserved Borealin di-
merization domain. Sequence alignment and homology modelling
indicated that Borealin residues 234 to 287 are ordered, whereas
residues 216 to 233 are predicted to be disordered (Figure 1, F and
G; Bourhis et al., 2009). Therefore, we generated alanine mutants of
surface-exposed acidic residues within Borealin?'62% that are pre-
dicted not to perturb the structure of the dimerization domain
(Figure 1G) and tested their contribution to the interaction with
Sgo1'-1%0 by in vitro pulldown. We found that mutation of residues
Asp?®** and Glu®® decreased Sgo1 binding, whereas mutation of
other surface-exposed residues had no effect (Figure 1H). Although
the Borealin dimerization domain does not contain any predicted
CDK1 phosphorylation sites previously suggested to be required for
the Borealin-Sgo1 interaction (Tsukahara et al., 2010), Asp??? aligns
with the CDK1-phosphorylated Ser?'? of human Borealin (Figure 1F;
Date et al., 2012), suggesting that a negative charge at this position
could be important. However, mutation of Asp??’, either alone
(D229A) or in combination (D229A, D234A, E235A), did not affect
the Sgo1-Borealin interaction (Figure TH). These data suggest that
residues Asp?** and Glu?*® constitute part of a binding site for the
N-terminus of Sgo1 on the surface of the Borealin dimerization do-
main (Figure 1G).

To further resolve the regions of Sgo1'-'%° responsible for inter-
action with the Borealin dimerization domain, we performed pull-
down analysis using a series of truncations of Sgo1'-'* (Figure 1A
and Supplemental Figure S1G). Pulldown assays with purified pro-
teins showed that deleting the N-terminal 50 residues of Sgo1 does
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not affect its interaction with Borealin, but that removal of residues
C-terminal to the predicted coiled coil of Sgo1 (106-150) weaken
the interaction (Figure 11). This suggests either that the coiled-coil
region interacts with Borealin and the C-terminal truncation of resi-
dues 106-150 destabilizes the coiled coil (as observed for human
Sgo1; Xu et al., 2009) or that the poorly conserved residues C-termi-
nal to the coiled coil are also important for binding (Supplemental
Figure S1G). However, the C-terminal fragment could not detect-
ably bind Borealin on its own under our assay conditions. Thus, our
data indicate that the coiled-coil domain of Sgo1 interacts with the
dimerization domain of Borealin (Tsukahara et al., 2010).

Borealin can interact with Sgo1 when it is bound to the
PP2A complex

The PP2A phosphatase also binds to the coiled coil region of Sgo'
to carry out its functions (Xu et al., 2009; Meppelink et al., 2015;
Saurin, 2018; Eshleman and Morgan, 2014; Verzijlbergen et al.,
2014; Liu et al., 2013b), and almost all the Sgo1 in Xenopus egg
extracts is found in complex with PP2A (Rivera et al., 2012). Thus,
we next sought to test whether Borealin can interact with PP2A-
bound Sgo1. To begin to address this, we generated a Sgo1'-1%0
construct that harbored three point mutations predicted to disrupt
the Sgo1—PP2A interaction but not the dimerization of its coiled
coil (YS7A, N60A, T62A; “Sgo1'-10-3A"; Figure 2A and Supple-
mental Figure STH; Xu et al., 2009). Yeast two-hybrid analysis
showed that Sgo1'-"0-3A could still interact with Borealin?'¢-2% and
retained the ability to self-associate (Figure 2, B and C). To confirm
that the Sgo1-3A mutant perturbed PP2A complex but not Borealin
binding, we expressed Sgo1'"%0-GFP and Sgo1'-15°-3A-GFP from
mRNA in Xenopus egg extract and performed immunoprecipitation
of each protein. Sgo1'"%0-GFP was able to pull down PP2A (as indi-
cated by the presence of PP2A-C, the catalytic subunit of PP2A),
whereas Sgo1'19-3A-GFP was not (Figure 2D). In agreement with
our yeast two-hybrid assays, both Sgo1'="-GFP and Sgo1'-'%0-3A-
GFP were able to pull down both INCENP and Borealin from egg
extracts (Figure 2D), indicating that the three amino acids in Sgo'
that are important for PP2A binding are not essential for CPC bind-
ing. This suggests that Borealin and PP2A bind to distinct interfaces
on the Sgo1 dimer, raising the possibility that Sgo1 can bind Borea-
lin and PP2A simultaneously. To test this suggestion, we asked
whether Sgo1 can form a co-complex with both PP2A and Borealin
by immunoprecipitation of GST-Borealin?'¢-2% in the presence of
substoichiometric amounts of Sgo1°™-"C-MBP and PP2A (Figure
2E). A PP2A complex containing the catalytic subunit PP2A-C, the
scaffolding subunit PP2A-A, and the PP2A-B56y regulatory subunit
that specifically binds Sgo1 in Xenopus egg extracts (Rivera et al.,
2012) was produced by in vitro translation. Strikingly, GST-Borea-
in216-2% specifically pulled down the PP2A-B56y complex, but only
in the presence of Sgo13™-"°0-MBP (Figure 2F). This demonstrates
that Sgo1-Borealin and Sgo1-PP2A interaction are not mutually ex-
clusive, and that the N-terminus of Sgo1 can bind both Borealin and
PP2A simultaneously.

The Borealin-Sgo1 interaction regulates CPC recruitment to
chromosomes to promote proper spindle assembly

CPC localization to chromosome arms and centromeric regions de-
pends on multiple mechanisms that promote its interaction with nu-
cleosomes, including direct interactions with the nucleosome core
(Abad et al.,, 2019), with the T3ph-modified histone H3 tail (Kelly
et al.,, 2010; Wang et al., 2010; Yamagishi et al., 2010), and Sgo1
(Tsukahara et al., 2010). However, the multiple roles that Sgo1 plays
in mitosis (Hindriksen et al., 2017) have confounded assessment of
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the relative importance of Sgo1 in CPC localization. To test this, we ~ domain truncations, and determined the levels of INCENP and Bo-
depleted endogenous CPC from Xenopus egg extracts, replaced it realin-GFP on chromosomes by immunofluorescence (Figure 3A).
with CPC containing GFP-tagged versions of Borealin dimerization ~ Consistent with previous findings (Kelly et al., 2007; Haase et al.,
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The Borealin-Sgo1 interaction controls CPC loading onto chromosome arms to promote spindle assembly.
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other CPC components, Aurora B, INCENP, and Survivin. All four constructs were expressed to reconstitute the CPC in
ACPC extracts. (B) Western blot for INCENP, GFP, Aurora B, Borealin-2, Survivin, histone H3 phosphorylation (H3T3ph),
and tubulin for samples from Xenopus wild-type and or CPC-depleted (ACPC) metaphase extracts with indicated CPC
variants expressed from mRNA. (C) Representative immunofluorescence (IF) images of replicated chromosomes in
wild-type and ACPC metaphase extracts with indicated CPC variants (Western blot for samples shown in B).
Chromosomes were stained for INCENP and Borealin-2-GFP. See also Supplemental Figure S2A. (D) Quantification of
fluorescence intensity of INCENP was normalized to wild-type condition. n = 50 chromatin structures per condition.
Error bars represent SD unless otherwise noted, and asterisks indicate a statistically significant difference (*, p < 0.001).
A.U., arbitrary units. (E) Quantification of fluorescence intensity of Borealin-2 GFP was normalized to Borealin-2-GFP
condition. n =50 chromatin structures per condition. (F) Top: Representative IF images of spindles formed in wild-type
and ACPC extracts with indicated CPC conditions. Rhodamine-labeled tubulin was added to visualize microtubules
(white). Bottom: Chromatin was stained with Hoechst (white), and rhodamine-labeled tubulin was added to visualize
microtubules (red). (G) Quantification of bipolar spindle length. n = 50 spindles per condition.
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2017), CPC depletion led to complete loss of INCENP at chromo-
somes (Figure 3, B-E, and Supplemental Figure S2A). Addition of
CPC including wild-type Borealin rescued the chromosomal local-
ization of INCENP (89.2% of mock-depleted) and promoted robust
localization of Borealin-GFP to chromosomes. In contrast, the levels
of INCENP and Borealin-GFP on chromosomes in extracts comple-
mented with Borealin'2'¢-GFP, which removes the dimerization do-
main, were severely diminished (30.0% of mock-depleted and
37.6% of Borealin-GFP, respectively; Figure 3, B-E, and Supplemen-
tal Figure S2A). In support of this, mutation of the Borealin dimeriza-
tion domain has previously been reported to decrease the abun-
dance of the CPC at centromeres in human cells (Liu et al., 2014).
This mutation (V231E) is likely to disrupt the tertiary structure of
Borealin, as Val®' is buried within the hydrophobic core of each
monomer of the dimerization domain (Figure 1F; Bourhis et al.,
2009), and have a similar effect in disrupting Sgo1 binding as our
truncation mutant. Thus, the Borealin dimerization domain plays a
conserved role in the recruitment of the CPC to chromosomes.

Borealin dimerization has been shown to increase the affinity of
the CPC for histone H3T3ph-modified nucleosomes indirectly
through avidity effects (Abad et al., 2019), and thus Borealin may
contribute to CPC localization through dimerization of the CPC
(Bekier et al., 2015) and through mediating the interaction with
Sgo1. To test this, we replaced the Borealin dimerization domain
with the leucine-zipper motif from GCN4 (O’Shea et al., 1991) to
artificially drive Borealin dimerization in the absence of an interac-
tion with Sgo1. In vitro immunoprecipitations from rabbit reticulo-
cyte lysates confirmed that the GCN4 motif specifically promotes
the self-association of Borealin lacking the dimerization domain
(Supplemental Figure S2B). We found that extracts containing artifi-
cially dimerized Borealin'?">-GCN4 had reduced chromosomal lev-
els of INCENP and Borealin-GFP (35.8% and 46.4%, respectively)
indicating that dimerization alone is insufficient to promote full CPC
localization (Figure 3, B-E, and Supplemental Figure S2A). However,
we did observe a statistically significant increase (~1.2-fold) in CPC
levels when compared with Borealin'-2'¢, likely attributable to an
increased affinity for H3T3ph nucleosomes. Interestingly, the CPC
localization defects caused by disruption of the Borealin-Shugoshin
interaction are more severe than those caused by elimination of
H3T3ph (Kelly et al., 2010; e.g., Borealin recruitment; 37.6% vs.
~60% of control). Thus, we conclude that the interaction of the Bo-
realin dimerization domain with Sgo1 plays a major role in CPC re-
cruitment to chromosomes in Xenopus egg extracts.

CPC binding to the chromosome arms drives local Aurora B ac-
tivation in Xenopus egg extracts, which in turn promotes spindle
assembly by suppressing microtubule-depolymerizing activities
around chromosomes (Sampath et al., 2004; Kelly et al., 2007,
Zhang et al., 2007). Inhibition of the interaction between the CPC
and histone H3T3ph leads to only partial disruption of CPC chromo-
somal levels and spindle length (Kelly et al., 2010; Rivera et al.,
2012), while removal of the CPC from chromosomes completely
blocks spindle assembly (Kelly et al., 2007). We therefore hypothe-
sized that the Borealin-Sgo1 interaction may also be important for
proper spindle assembly. To test this, we measured spindle length in
egg extracts where the endogenous CPC was replaced by CPC con-
taining the Borealin constructs described above. CPC containing
wild-type Borealin-GFP resulted in normal-length spindles, whereas
CPC containing either Borealin'-2'®-GFP or Borealin'-?'>-GCN4-GFP
resulted in 36.5% and 32.8% reduction in spindle length (Figure 3, F
and G). Thus, the interaction between the Borealin dimerization do-
main and Sgo1 is important for the recruitment of the CPC to chro-
mosomes for proper spindle assembly.

Volume 31 September 15, 2020

Our findings are consistent with and extend previous results
demonstrating a role for Sgo1 in the recruitment of the CPC to chro-
mosomes (Rivera et al., 2012; Meppelink et al., 2015) and the impor-
tance of CPC levels on chromosomes in regulating spindle length
(Kelly et al., 2007; Tseng et al., 2010). However, in contrast to our
results here, Rivera et al. (2012) reported that the depletion of Sgo'
from egg extracts had no effect on spindle length. A likely explana-
tion for this difference in phenotypes is that depletion of Sgo1
would also drastically reduce phosphatase levels on chromosomes,
because in egg extracts Sgo1 is almost entirely in complex with the
PP2A-B56y complex (Rivera et al., 2012), and because Sgo1 has
been shown to regulate the chromosomal distribution of other PP2A
complexes in human cells (e.g., B560. and B56¢; Vallardi et al., 2019).
This reduction in chromosomal phosphatase levels in turn could
counteract the partial loss of the CPC from chromosomes, through
increased Aurora B activity and consequent stimulation of down-
stream microtubule nucleation and assembly pathways. Indeed, Au-
rora B autophosphorylation levels are maintained in Sgo1-depleted
egg extracts and human cells despite reductions in the amount of
Aurora B on chromosomes (Rivera et al., 2012; Meppelink et al.,
2015). Furthermore, total inhibition of PP2A by okadaic acid in egg
extracts leads to increased phosphorylation of INCENP residues
necessary for full Aurora B activity (Kelly et al., 2007), increased Au-
rora B-dependent phosphorylation of Op18 that promotes spindle
assembly (Gadea and Ruderman, 2006; Kelly et al., 2007; Andersen
et al., 1997), and increased phosphorylation of other CPC subunits
(Supplemental Figure S2C). In contrast, our experiments specifically
inhibited the Sgo1-Borealin interaction. Because Sgo recruitment
to chromatin has been shown to be independent of the CPC (Boyar-
chuk et al., 2007, Broad et al., 2020; Hadders et al., 2020), this
should still allow Sgo1 and PP2A recruitment to chromosome arms,
resulting in reduced Aurora B-mediated microtubule assembly
around chromosomes (Figure 3, F and G).

Sgo2 has been reported play a role in spindle assembly, but not
CPC localization, in Xenopus egg extracts (Rivera et al., 2012). Sgo2
recruits the microtubule depolymerase MCAK to centromeres, but
not chromosome arms, to regulate kinetochore-microtubule attach-
ment (Zhang et al., 2007; Tanno et al., 2010), and Sgo2 depletion
from egg extracts causes monopolar spindles and chromosome
misalignment (Rivera et al., 2012). We did not observe any defects
in chromosome alignment or spindle polarity in our Borealin mu-
tants (Figure 3, F and G), which suggests that the Borealin dimeriza-
tion domain is not necessary for Sgo2-mediated spindle assembly.
Altogether, our data suggest that Sgo1 and the phosphorylated
histone H3 tail (H3T3ph) represent the main receptors for the CPC
on chromosome arms and coordinate to promote Aurora B-medi-
ated spindle assembly in Xenopus egg extracts.

Borealin dimerization is sufficient for Aurora B-mediated
SAC signaling at kinetochores

Recent work has demonstrated that the CPC is independently en-
riched in multiple discrete pools at centromeres and kinetochores in
early mitosis (Yue et al., 2008; Caldas et al., 2013; Campbell and
Desai, 2013; Bekier et al., 2015; Haase et al., 2017, Hengeveld
et al., 2017; Bonner et al., 2019; Fischbock-Halwachs et al., 2019;
Garcia-Rodriguez et al., 2019; Broad et al., 2020; Hadders et al.,
2020; Liang et al., 2020). Interestingly, in human cells, the mitotic
checkpoint can be supported even when both Haspin kinase and
Bub1 kinase are inhibited, suggesting that the recruitment of the
CPC by histone H3T3ph and Sgo1/2 is not necessary for the SAC
(Broad et al., 2020; Hadders et al., 2020). In agreement with those
studies, we previously showed in Xenopus egg extracts that artificial
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Artificial dimerization of Borealin is sufficient for CPC-mediated BubR1 enrichment
at kinetochores. (A) Representative IF images of replicated chromosomes in wild-type and ACPC
metaphase extracts with indicated CPC variants (Western blot for samples shown in Figure 3B).
Kinetochores were stained for BubR1. (B) Quantification of fluorescence intensity of BubR1 was

normalized to wild-type condition. n = 100 kinetochores per condition.

clustering of noncentromeric CPC lacking Borealin and Survivin is
sufficient to promote full enrichment of the checkpoint protein
BubR1 at unattached kinetochores (Haase et al., 2017). To examine
the spindle assembly checkpoint (SAC) response in the absence of
the dimerization domain of Borealin, we measured BubR1 enrich-
ment at unattached kinetochores. To our surprise, BubR1 levels de-
creased significantly when the dimerization domain of Borealin was
absent (Figure 4, A and B), and artificial dimerization of Borealin by
the GCN4 leucine zipper rescued BubR1 enrichment (Figure 4, A
and B). These findings suggest that the interaction of Sgo1 with the
Borealin dimerization domain is dispensable for BubR1 enrichment,
but that dimerization of the CPC is necessary to promote a check-
point response. One possible explanation is that dimerization is re-
quired for Aurora B auto-activation to reach a critical threshold that
promotes SAC signaling (Sessa et al., 2005; Kelly et al., 2007; Zayt-
sev et al., 2016; Musacchio and Desai, 2017). Alternatively, CPC di-
merization may strengthen the interactions of the CPC with other
recruitment sites that properly position Aurora B kinase for SAC-
dependent substrate phosphorylation. In support of the latter sug-
gestion, we previously reported that BubR1 enrichment is impaired
when the CPC is unable to associate with the inner kinetochore
through the central region of INCENP in egg extracts. This defect
occurs even when Aurora B activity is high and the CPC retains its
ability to dimerize and interact with Sgo1 through Borealin (Bonner
et al., 2019). Thus, our data suggest that Borealin dimerization may
contribute to the enrichment of the CPC at kinetochores to promote
SAC signaling, independently of its role in Sgo1-binding.

This study expands our knowledge of how the CPC is recruited
to chromosomes through the discovery of a specific interaction be-
tween the C-terminal Borealin dimerization domain and the N-ter-
minal coiled coil of Sgo1. Instead of a single high-affinity receptor,
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scription regulate CPC-Sgo1 and CPC-nu-
cleosome interactions (Liu et al, 2015;
Blower, 2016). While we show that CDK1-
dependent phosphorylation of Borealin is
not necessary for the Borealin-Sgo1 interac-
tion (Figure 1, D and H; Tsukahara et al.,
2010), it likely contributes to the overall
strength of the CPC interaction with chromatin by lowering the con-
centration threshold for phase separation (Trivedi et al., 2019b).

It is still unclear how Aurora B senses and responds to errors in
kinetochore-microtubule attachment. The centromeric localization of
the CPC and Aurora B is required for proper error correction, al-
though it is not necessary for checkpoint signaling (Figure 4, A and
B; Haase et al., 2017; Broad et al., 2020; Hadders et al., 2020). Sgo1
is thought to play an important role in this process by recruiting the
CPC and the phosphatase PP2A, which opposes Aurora B-mediated
destabilization of attachments and thus allows the formation of new
attachments after correction (Foley et al., 2011; Meppelink et al.,,
2015; Saurin, 2018). Our data indicate that Sgo1 can bring the PP2A
complex into close proximity with the CPC. In turn, Sgo1-mediated
colocalization of PP2A and the CPC might facilitate the dephosphor-
ylation of CPC subunits to alter their activity and function (Elowe
et al., 2007; Kelly et al., 2007; Wang et al., 2011, Fink et al., 2017,
Wheelock et al., 2017; Trivedi et al., 2019a, 2019b). Consistent with
this, we find that both INCENP and Borealin migrate more slowly
when bound to the Sgo1-3A mutant in egg extracts. Because Sgo1-
3A is defective in PP2A binding, this suggests that PP2A actively
dephosphorylates the CPC when it is bound to Sgo1 (Figure 2D and
Supplemental Figure S2C). Our elucidation of the Sgo1-CPC inter-
action and the potential for integration of PP2A activity is an impor-
tant step toward a complete mechanistic understanding of how Au-
rora B and the CPC promote the biorientation of sister chromatids.

MATERIALS AND METHODS

Cloning

X. laevis Borealin, Borealin-2, Survivin, INCENP, Aurora B, Sgo1,
PP2A-A (ppp2ria-a), PP2A-B56y (ppp2r5c), and PP2A-C (ppp2ca)
were cloned into vectors pGBKT7, pGADT7, pCSll, pGEX-6P1, or
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FIGURE 5: The CPC is recruited to chromatin through multiple
mechanisms. Model for the multivalent recruitment of the CPC to
chromatin. Survivin interacts with the histone H3T3ph tail (Kelly et al.,
2010; Du et al., 2012; Niedzialkowska et al., 2012; Jeyaprakash et al.,
2011), the Borealin N-terminus and its central loop interact with
nucleosomes (Abad et al., 2019), and the Borealin C-terminal
dimerization domain interacts with Sgo1, which in turn interacts with
histone H2AT120ph C-termini (Liu et al., 2015b; Kawashima et al.,
2010) to recruit the CPC (the CEN module of the CPC is shown here:
the N-terminus of INCENP, Survivin, and Borealin) to chromatin. It is
currently unclear whether the H3T3ph and H2AT120ph marks are
present on the same nucleosome. The N-terminal coiled-coil region of
Sgo1 can interact with Borealin-2 and PP2A simultaneously,
suggesting that both the CPC and PP2A may be recruited to the
same nucleosome.

PET28 by Gibson assembly (NEB). Sequences for PP2A (A-C) and
Sgo1 were obtained from a X. laevis cDNA library (Horizon). Point
mutants in Sgo1 and in Borealin-2 were generated using the Q5
Site-Directed Mutagenesis kit (NEB).

Protein purification

MBP, Sgo1""50-Hiss-MBP, and other truncations of Sgo1 (Sgo1'-10>-
Hisg-MBP, Sgo151150-Hisg-MBP, Sgo1'%150-Hiss,-MBP) were ex-
pressed in LOBSTR BL21(DE3) Rosetta-2 cells (Andersen et al.,
2013). Cells were induced for 21 h with 0.1 mM IPTG at 18°C. The
tagged proteins were bound to Ni-NTA agarose (Qiagen), washed
with wash buffer (20 mM HEPES, pH 7.9, 50 mM imidazole, 300 mM
NaCl, 5 mM B-mercaptoethanol), and eluted with elution buffer (20
mM HEPES, pH 7.9, 300 mM imidazole, 300 mM NaCl, 5 mM B-
mercaptoethanol). Eluted proteins were dialyzed into 20 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP. Borealin-2 or Borealin-2
mutants were expressed in BL21(DE3) Rosetta-2 cells (EMD Milli-
pore). Cells were induced with 0.3 mM IPTG for 20 h at 18°C. The
tagged proteins were bound to Glutathione Sepharose 4B resin
(GE) and the beads were washed extensively with 20 mM HEPES,
pH 7.9, 500 mM NaCl, T mM TCEP and exchanged into 20 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP.

Yeast Two Hybrid

Y2H experiments were performed using the Matchmaker Gold sys-
tem (630489, Clontech Laboratories) and designed using the pro-
vided protocols. In brief, potential interaction partners were cloned
into both the Y2H bait (oGBKT7) and prey (pGADT7) plasmids as
described above. Bait plasmids were then transformed into Y2H-
Gold (MATa) and prey plasmids were transformed into Y187 (Mata).
Bait strains were then mated to prey strains in 96-well plates. An
overnight culture of an individual bait strain (100 pl) was mixed with
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an individual prey strain (100 pl) in a single well and incubated for 24
h at 32°C while being shaken at 150 RPM. A sample of 2-3 pl of
each mating reaction was transferred to double dropout (DDO; SD-
Leu-Trp) plates using a 48-pin multiblot replicator (VP 407AH, V&P
Scientific) to select for diploids containing both bait and prey plas-
mids. After 3-5 d of growth, diploids were then replica-plated to
DDOXA (SD-Leu-Trp +X-a-Gal [630463, Clontech Laboratories] +
200 ng/mL Aureobasidin A [630499, Clontech Laboratories]) plates
and grown for 5 d at 32°C. Colonies were scored for growth and
blue color on a scale ranging from 0 to 3 (no growth/color to robust
growth/color, respectively). All possible interactions were tested
four times in independent experiments. None of the interaction
partners tested activated the Y2H reporters on their own in auto-
activation assays performed by mating partners to “empty” prey or
bait strains (unpublished data).

Xenopus egg extracts

Xenopus laevis egg extract was prepared, RNase-treated, and immu-
nodepleted as previously described (Kelly et al., 2007). To express the
CPC in immunodepleted extract, we pooled CPC mRNAs (consisting
of INCENP, Aurora B, Borealin-2 [CDCA9/Dasra A], and Survivin, un-
less otherwise indicated) and added them to extracts at the onset of
interphase (Haase et al., 2017). To assess spindle assembly and CPC
or BubR1 recruitment, sperm chromatin was replicated in extracts dur-
ing interphase, and spindles were assembled by addition of two vol-
umes of CSF extract (Haase et al., 2017). When the extract was driven
into metaphase, nocodazole or okadaic acid was added as needed to
a final concentration of 33 pM or 1 pM, respectively. A 1:200 dilution
of a rhodamine-X-labeled bovine brain tubulin stock solution (10 mg/
ml; Cytoskeleton) was added to observe the progress of spindle as-
sembly. Metaphase spindle assembly was assayed by fixing 1 pl sam-
ples with Hoechst (10 pg/ml; Hoechst 33258, Invitrogen) and imaging
tubulin and DNA. Samples for Western blot and immunofluorescence
were taken once metaphase was successfully achieved.

Protein Binding Assays

GST-Borealin-221%-2% in vitro binding assays. Binding assays were
performed to determine whether Borealin-226-2% or Borealin-2216-2%
variants interact with Sgo1 truncations or variants. Sgo1 variants
were incubated with GST or a GST-Borealin-2 variant bound to
glutathione sepharose 4B resin for 1 h at 4°C with end-over-end
rotation. Beads were washed three times with wash buffer (20 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP) and eluted with 2X
sample buffer.

Co-binding assay for Borealin-2, Sgo1, and PP2A. A co-binding
assay was performed to determine whether Sgo13™-150-His-MBP
could cobind to both Borealin-2210-2% and the PP2A-B56 complex.
The PP2A complex was expressed via the in vitro transcription and
translation (T\T) system (Promega). Reticulocyte lysates (25 pl) con-
taining expressed PP2A-56y complex were incubated with 15 pM
Sgo1°™-10-Hisg-MBP or Hisg-MBP and GST or GST-Borealin-2216-2%6
bound to Glutathione Sepharose 4B beads (effective concentration
50 uM) with end-over-end rotation for 1 h at 4°C. Beads were then
collected, washed five times with ice-cold wash buffer (20 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP, 0.1% Triton-X), and
eluted with 2X sample buffer.

Co-immunoprecipitations

Immunoprecipitations were performed to assess which proteins in
Xenopus egg extract bind to Sgo1-GFP or variants. GFP or Sgo1-
GFP variants were expressed from mRNA in Xenopus egg extract
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without chromatin for 1 h at 20°C. GFP-Trap Magnetic Agarose
beads (Chromotek) were added to extract and incubated with end-
over-end rotation for 1 h at 4°C. Beads were then captured by mag-
netization, washed four times with wash buffer (10 mM HEPES, pH
7.7, 200 mM NaCl, 1 mM MgCl,, 50 mM sucrose, 5 mM EGTA, 0.5
mM TCEP, 0.01% NP-40, 1X Leupeptin/Pepstatin/Chymostatin
[Chemicon], and 1X Phos-stop [Sigmal]), and eluted in 2X sample
buffer.

An immunoprecipitation was performed to demonstrate the
dimerization of the Borealin-2'-2"¢-GCN4 construct. Borealin-2'-2"6-
GCN4-3XFLAG, Borealin-2'-21-GCN4-GFP, Borealin-2'-216-GFP,
and GFP were expressed via the in vitro transcription and translation
(TNT) system (Promega). Reticulocyte lysates containing Borealin-
21-216.GCN4-3XFLAG were incubated with equal volumes of lysates
containing either Borealin-2'-21¢-GCN4-GFP, Borealin-2'-2'¢-GFP, or
GFP for 1 h on ice to promote binding. Borealin-2'-21¢-GCN4-
3XFLAG, and its interactors were then captured by incubation with
GFP-Trap Magnetic Agarose beads (Chromotek). GFP-Trap beads
were then washed five times with wash buffer (20 mM HEPES,
pH 7.7, 500 mM NaCl, 0.5 mM TCEP, 0.01% NP-40), and proteins
were eluted with 2X sample buffer.

Equilibrium binding assay

A supernatant depletion binding assay was used (Lee et al., 2000;
Pollard, 2010) to determine the binding affinity of the Borealin di-
merization domain for the Sgo1 N-terminus. Increasing amounts of
GST-Borealin-22162%-bound Glutathione Sepharose 4B resin were
titrated into solutions containing 2 pM Sgo1'-"%0-Hiss-MBP in 20 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP at a final volume of 70 pl
and were incubated for 1 h at 4°C with end-over-end rotation to
achieve equilibrium. The mixtures were then briefly spun at 10,000 x
g to pellet the beads, and 5 pl of each supernatant was immediately
removed and added to 4X sample buffer, boiled at 95°C for 5 min,
separated by SDS-PAGE electrophoresis, stained with GelCode
Blue (ThermoFisher Scientific), and imaged on an Odyssey scanner
(Licor). A control sample of 100 pM GST beads and 2 uM Sgo1'-150-
Hisg-MBP was included to determine nonspecific binding. The con-
centration of Sgo1 left in the supernatant was calculated by analysis
with ImageStudio software (Licor). A binding curve was generated
by plotting the fraction of Sgo1''%%-His,-MBP bound (1- [Sgo1 in
supernatant]) for each concentration of GST-Borealin-22¢-2%. From
this curve, the binding affinity (Ky) was calculated by fitting with the
following equation in Prism (GraphPad): Fraction Sgo1 bound =
[GST-Borealin-2216-29]/(K4 + [GST-Borealin-2216-2%]).

Western blots

Primary antibodies were diluted in Licor blocking solution/PBST with
a final Tween-20 concentration of 0.1%, except for anti-phospho Au-
rora and anti-Histone H3510ph, which had no Tween-20. The follow-
ing antibodies and antibody dilutions were used: anti-INCENP
(raised against C-terminal peptide CSNRHHLAVGYGLKY) (5.5 pg/ml),
anti-Aurora B (Kelly et al., 2007; 5 pg/ml), anti-Borealin-2 (Dasra A,
Kelly et al., 2007; 5 pg/ml), anti-Survivin (Tseng et al., 2010; 12 pg/ml),
anti-phospho Aurora (Phospho-Aurora A [Thr288]/Aurora B [Thr
232)/Aurora C [Thr198] 2914, Cell Signaling Technology; 1:200),
anti-Histone H3S10ph (6G3, 9706, Cell Signaling Technology;
1:500), anti-Histone H3T3ph (2162-1, Epitomics; 1:10,000), anti-GFP
(11814460001, Sigma Aldrich; 1:1000), anti-PP2A-C (05-421, Milli-
pore; 1:1000), Sgo1 (Boyarchuk et al., 2007; 1:250), and anti-alpha-
tubulin (DM1, Sigma; 1:20,000). Secondary antibodies from Licor
were used (Licor goat anti-Rabbit 800 nm and Licor goat anti-mouse
680 nm), as was the Licor imaging system to scan membranes.
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Microscopy and fluorescence quantification

To immunostain kinetochores, Xenopus egg extract was fixed for
5 min by ~20-fold dilution in BRB80 + 20% glycerol + 0.5% Triton
X-100 + 3.7% formaldehyde at room temperature. Fixed reactions
were layered onto a cushion of BRB80 + 40% glycerol overlaying a
poly-L-lysine—coated coverslip (No. 1) placed in a 24-well plate. Nu-
clei were adhered onto coverslips on plate holders for 15 min at
4000 rpm at 18°C in a centrifuge (Eppendorf 5810R). Cushions were
washed with BRB80 and coverslips were postfixed in ice-cold meth-
anol for 5 min, blocked with Abdil (TBS + 0.1% Tween20 + 2% BSA
+ 0.1% sodium azide) overnight at 4°C, and then incubated in pri-
mary at room temperature for 1.5 h unless otherwise noted. All
washes and antibody dilutions were done with AbDil buffer. Nuclei
were stained with Hoechst 33258 before being mounted in 80%
glycerol + PBS medium. The following antibodies were used at the
indicated dilutions: INCENP (Haase et al., 2017) 1:500, Borealin-2
(Dasra A) 1:250 (Kelly et al., 2007), BubR1 (a kind gift of Alexei Ar-
noutav; Boyarchuk et al., 2007) 1:100, and GFP-Booster Alexa Fluor
488 (GB2AF488, Chromotek) 1:500.

All immunofluorescence was imaged with 0.2 pm step size
using an Eclipse Ti (Nikon) composed of a Nikon Plan Apo
x100/1.45, oil immersion objective, a PlanApo x40/0.95 objective,
and a Hamamatsu Orca-Flash 4.0 camera. Images were captured
and processed using NIS Elements AR 4.20.02 software (Nikon)
and analyzed in Fiji ImageJ. The acquired Z-sections of 0.2 pm
each were converted to a maximum projection using NIS Elements
and Fiji. Kinetochore intensity was measured using Fiji by center-
ing 9 x 9- and 13 x 13-pixel regions over individual kinetochores.
Total fluorescence intensity was recorded from each region. To
correct for background fluorescence, the difference in intensities
between the two regions was determined, and then made propor-
tionate to the smaller region. This background value was then sub-
tracted from the smaller region to determine kinetochore intensity
with background correction as previously reported (Hoffman et al.,
2001).

Quantification and statistical analysis

All analyses were performed with a minimum number of either 50
spindles or 96 kinetochores for each assay. Sample size was chosen
to ensure a high (>90%) theoretical statistical power in order to gen-
erate reliable P values. All graphs and statistical analysis were pre-
pared with GraphPad Prism. Fluorescence values from experimental
conditions were compared with control conditions using an ordinary
one-way ANOVA with Turkey’s multiple comparison tests to deter-
mine significance. All graphs show the mean with error bars repre-
senting the SD unless otherwise indicated.

Protein sequence alignment and homology modeling

All protein sequences were aligned in the Jalview program (2.11.0;
Waterhouse et al., 2009) using the Clustal or Clustal OWS algorithm.
Clustalx coloring was applied without threshold for conservation.

A homology model of the Borealin-2 dimerization domain was
generated based on the average NMR structure of the human
Borealin dimerization domain (Bourhis et al., 2009; PDB ID: 2KDD)
using Robetta (Park et al., 2018), and further refined using Galaxy
Refine (Ko et al., 2012).
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