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ABSTRACT Chromosome biorientation is promoted by the four-member chromosomal pas-
senger complex (CPC) through phosphorylation of incorrect kinetochore-microtubule attach-
ments. During chromosome alignment, the CPC localizes to the inner centromere, the inner
kinetochore, and spindle microtubules. Here we show that a small domain of the CPC subunit
INCENP/SIi15 is required to target the complex to all three of these locations in budding
yeast. This domain, the single alpha helix (SAH), is essential for phosphorylation of outer ki-
netochore substrates, chromosome segregation, and viability. By restoring the CPC to each
of its three locations through targeted mutations and fusion constructs, we determined their
individual contributions to chromosome biorientation. We find that only the inner centromere
localization is sufficient for cell viability on its own. However, when combined, the inner ki-
netochore and microtubule binding activities are also sufficient to promote accurate chromo-
some segregation. Furthermore, we find that the two pathways target the CPC to different
kinetochore attachment states, as the inner centromere-targeting pathway is primarily re-
sponsible for bringing the complex to unattached kinetochores. We have therefore discov-
ered that two parallel localization pathways are each sufficient to promote CPC activity in
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chromosome biorientation, both depending on the SAH domain of INCENP/SIi15.

INTRODUCTION

To faithfully segregate their chromosomes, eukaryotic cells form a
bipolar spindle with microtubules from opposite spindle poles at-
tached to each of the two sister chromatids. Microtubules bind to
the centromere region of chromosomes via a multiprotein complex
called the kinetochore. During chromosome alignment prior to ana-
phase, chromosomes transiently form many erroneous kinetochore—
microtubule attachments where both sister chromatids are attached
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to the same pole. To maintain a stable genome from one generation
to the next, it is imperative that cells detect and correct such errone-
ous attachments.

During mitosis, kinetochore-microtubule misattachments are de-
tected and corrected by the evolutionally conserved chromosomal
passenger complex (CPC). The CPC subunit Aurora B (Ipl1 in bud-
ding yeast) is a kinase that phosphorylates outer kinetochore sub-
strates specifically on misattached chromosomes (Tanaka et al.,
2002; Lampson et al., 2004; Cimini et al., 2006; Welburn et al., 2010).
This phosphorylation decreases the affinity of the kinetochore for the
microtubules, allowing for detachment followed by reattachment in
the correct orientation (Sarangapani et al., 2013). How the CPC tar-
gets to the outer kinetochore and how it specifically corrects misat-
tachments are long-standing questions in the field (Lampson and
Cheeseman, 2011; Krenn and Musacchio, 2015; Funabiki, 2019).

In addition to Aurora B/Ipl1, the CPC is composed of the sub-
units Survivin/Bir1, Borealin/Nbl1, and INCENP/SIi15. INCENP acts
as a scaffold coordinating all of the CPC'’s activities. The N-terminus
binds to Survivin and Borealin, the C-terminus binds to and activates
Aurora B, and the central region of the protein directly interacts
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FIGURE 1: The SAH domain of Sli15 is essential for chromosome biorientation and outer kinetochore phosphorylation.

(A) Schematic of a microtubule-bound kinetochore showing the CPC binding sites Sgo1 and COMA complex and the
outer kinetochore substrates Ndc80 and Dam/1. (B) Tenfold serial dilution analysis of cells constitutively expressing the
indicated Sli15-SAH constructs with endogenous Sli15 under the control of a galactose-inducible promoter. Schematic
on the left shows the 12 glutamine (Q) mutations in the SAH domain. (C) Protocol for Sli15 depletion in galactose-
deficient media and synchronization of cells with subsequent release from G1-arrest into anaphase. (D) Missegregation
rates for GFP-labeled Chr. IV of indicated Sli15 constructs during the first anaphase after endogenous Sli15 depletion
according to the protocol in C. Representative images show a missegregation event (left) and a correct segregation
event (right). Scale bar: 5 pm. Mean and SEM of at least three independent replicates are shown. (E) Immunoblotting
analysis and quantification of Ndc80-S37 phosphorylation in preanaphase by the indicated Sli15 constructs. Cells were
treated according to the protocol in C. Ndc80-P signal were first normalized to their respective Pgk1 signals and
subsequently normalized to WT. Mean and SEM of three independent experiments are shown. (F) Immunoblotting
analysis and quantification of Dam1 phosphorylation in preanaphase by the indicated Sli15 constructs. Cells were
treated according to the protocol in C. Signal intensity of Phosphorylated Dam1 (Dam1-P) was divided by total Dam1
signal and subsequently normalized to WT. Mean and SEM of four independent replicates are shown. (G) Immunoblot
analysis and quantification for the amount of indicated Sli15 constructs in proximity to Dam1 in preanaphase.
Dimerization of Ipl1-FRB and HKMT-FKBP12 was induced by addition of rapamycin 20 min after G1 release into
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with microtubules. Accumulating evidence suggests that Aurora B
localization to the inner centromere, the inner kinetochore, and
spindle microtubules all contribute to substrate phosphorylation at
the outer kinetochore (Figure 1A, reviewed in Krenn and Musacchio,
2015; Broad and Deluca, 2020). Localization to the inner centro-
mere is facilitated by interactions between INCENP, Survivin, and
Borealin. This localization to the inner centromere is the predomi-
nant one observed during early mitosis and was long thought to be
essential for the CPC's role in chromosome biorientation. However,
we previously found that a deletion mutant of INCENP/SIi15
that eliminates the enrichment at the inner centromere is still able
to undergo robust chromosome segregation in budding yeast
(Campbell and Desai, 2013). Similarly, chicken cells bearing a sur-
vivin mutant that decreases centromeric CPC enrichment are viable
(Yue et al., 2008). Recently, similar perturbations in human cells have
been shown to maintain high levels of outer kinetochore phosphor-
ylation by the CPC (Hadders et al., 2020). These results suggest the
existence of other mechanisms for targeting the CPC to the outer
kinetochore. Recent work has highlighted the importance of two
additional localization sites for the CPC—at the inner kinetochore
and at microtubules.

Inner kinetochore binding by the CPC has recently been impli-
cated in promoting CPC function during chromosome segregation.
In yeast, the CPC targets to the inner kinetochore directly via an in-
teraction between Sli15 and the COMA complex (Fischbock-Hal-
wachs et al., 2019; Garcia-Rodriguez et al., 2019). In human cells, an
active CPC pool located approximately 20 nm outside of the inner
kinetochore protein CENP-C has been reported, although the direct
binding partners at this location are currently unknown (Broad et al.,
2020). Additionally, recent evidence in frog egg extracts suggests
that CPC binding to the inner kinetochore can contribute to kineto-
chore formation (Bonner et al., 2019).

The role of microtubule binding (MTB) by the CPC in chromo-
some segregation has been demonstrated by examining the
INCENP MTB domain. INCENP homologues contain a region di-
rectly upstream of the Aurora B-binding IN box that is predicted to
form a single alpha helix (SAH) (Peckham and Knight, 2009; van der
Horst and Lens, 2013). This region in chicken INCENP has been
confirmed to be a SAH biochemically and also binds directly to mi-
crotubules in vitro (Samejima et al., 2015). In human cell culture, the
SAH domain contributes to centromere localization, kinetochore
phosphorylation, and mitotic checkpoint activation (Vader et al.,
2007; Wheelock et al., 2017).

In the budding yeast Saccharomyces cerevisiae, the predicted
SAH is part of a larger MTB domain in the central region of Sli15
(Kang et al., 2001). In addition to the SAH, the MTB domain contains
a phosphoregulated (PR) region whose MTB activity is suppressed
by Cdk1 phosphorylation (Figure 1B). At anaphase onset, the PR
region is dephosphorylated by Cdc14 and the CPC relocalizes from
the inner centromere to the microtubules of the mitotic spindle
(Pereira, 2003). We have previously shown that the MTB domain is
essential for CPC function in chromosome biorientation in budding
yeast. However, the Cdc14-dependent spindle localization occurs
after chromosome biorientation has completed, indicating that
there is an additional role of the MTB domain that is responsible for
its essential function in chromosome segregation (Fink et al., 2017).
It is currently unknown if the essential function of the MTB domain is
in MTB or some other activity.

Two recent studies have demonstrated that the inner centromere
and the inner kinetochore CPC targeting mechanisms are at least
partially redundant for chromosome biorientation and cell viability in
budding yeast (Fischbdck-Halwachs et al., 2019; Garcia-Rodriguez
et al., 2019). These results demonstrate the presence of two sepa-
rable targeting pathways. In this study, we aimed to answer three
key questions relating to the function of the CPC in these two path-
ways: 1) are either of these pathways dependent on the Sli15 SAH
domain and its MTB activity? 2) Do the two pathways preferentially
target different types of misattachments? 3) Are any of the three
CPC targeting mechanisms (inner centromere, inner kinetochore, or
microtubules) entirely sufficient for chromosome biorientation?

We find that SAH mutants have reduced outer kinetochore phos-
phorylation, increased rates of chromosome missegregation, and
are inviable. Surprisingly, mutations in the SAH domain prevent CPC
localization to all known regions in budding yeast—microtubules,
the inner centromere, and the inner kinetochore. By restoring tar-
geting of the CPC to each of these regions individually, we deter-
mined the contributions of these binding activities to CPC function.
We find that inner centromere binding of the CPC is sufficient to
partially rescue viability, whereas inner kinetochore binding only res-
cues in combination with increased MTB. Furthermore, we find that
under conditions where the microtubules have been depolymer-
ized, only the inner centromere-targeting pathway is active. Our re-
sults are consistent with a model based on two pathways, with the
inner centromere pathway primarily active at unattached kineto-
chores and the inner kinetochore plus MTB pathway only active at
misattached kinetochores.

RESULTS

The SAH domain of Sli15 is essential for chromosome
biorientation

A conserved feature of INCENP homologues is a predicted SAH
domain directly upstream of the IN box (van der Horst and Lens,
2013). We previously demonstrated that dimerization of a truncation
mutant comprising the SAH and IN box of the S. cerevisiae INCENP
homolog Sli15 rescues CPC function, indicating that this relatively
short construct is sufficient to fulfill all essential functions of Sli15
(Fink et al., 2017). Additionally, Sli15 constructs that only contain the
IN box are inviable, demonstrating the importance of the SAH.
These results prompted us to determine how mutations that specifi-
cally disrupt the short SAH domain of Sli15 affect CPC function. To
test this, we engineered Sli15 mutants that either fully delete this
region (Sli15-ASAH) or contain point mutations in which 12 con-
served basic residues in the SAH were changed to glutamines (SIi15-
12Q) in order to reduce the strong net positive charge of this region
without disrupting the predicted helical fold (van der Horst et al.,
2015; Figure 1B; Supplemental Figure S1A). Expression of the mu-
tant constructs was confirmed by Western blot, although the Sli15-
12Q mutant was expressed at lower levels compared with the other
constructs (Supplemental Figure S1B). After depletion of endoge-
nous Sli15 via a galactose inducible promoter, both the Sli15-12Q
and the SIi15-ASAH constructs failed to rescue viability, indicating
that the SAH domain and its positively charged amino acids are es-
sential for CPC function (Figure 1B). Additionally, both mutant con-
structs were lethal when overexpressed in a wild-type background,
suggesting they act in a dominant negative manner to impair CPC
function (Supplemental Figure S1C). As chromosome biorientation

metaphase arrest by depleting Cdc20. Dam1 proximity was assessed via an antibody recognizing trimethylated peptide
H3 on Lysine 9. HA-epitope present on the signaling peptide served as an internal loading control. Quantification shows
the mean and SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Volume 33  August 1, 2022

The CPC acts in two parallel pathways | 3



is the only known essential function of the CPC in budding yeast, we
next measured chromosome segregation rates of Sli15-12Q and
Sli15-ASAH (Biggins et al., 1999). Cells were synchronized in G1 and
endogenous Sli15 was depleted before subsequent release into the
cell cycle (Figure 1C). In the first cell division following Sli15 deple-
tion, GFP-labeled chromosome IV was missegregated 62% of the
time. Expression of Sli15-12Q or Sli15-ASAH only reduced misseg-
regation rates to 29 and 23%, respectively (Figure 1D). These
missegregation rates are consistent with the observed lethality, as
we previously observed that missegregation rates of ~5% per chro-
mosome are sufficient to severely impair growth (Ravichandran
et al., 2018). In addition to missegregation rates, we directly mea-
sured chromosome biorientation in preanaphase using GFP-labeled
chromosome IV (Tanaka et al., 2002; Makrantoni and Stark, 2009).
Consistent with the missegregation rates, cells containing SIi15-
ASAH showed reduced chromosome biorientation early in mitosis
(60 min after release from G1; Supplemental Figure S1D). We con-
clude that the SAH domain of Sli15 is essential for viability and faith-
ful chromosome segregation.

The SAH domain of Sli15 is essential for outer kinetochore
phosphorylation

The CPC facilitates chromosome biorientation by phosphorylating
the outer kinetochore complexes Ndc80 and Dam1, which form di-
rect kinetochore—-microtubule attachments (Cheeseman et al., 2002,
2006; Deluca et al., 2006; Sarangapani et al., 2013). We hypothe-
sized that the high chromosome missegregation rates could result
from an inability of the SAH mutants to phosphorylate Ndc80 and
Dam1. Ipl1-dependent kinetochore phosphorylation levels are high
early in mitosis and decrease as cells become bioriented in meta-
phase (Keating et al., 2009; Deluca et al., 2011). We defined the
early “preanaphase” stage based on the timing of the separation of
chromosome IV and the degradation of Pds1/securin (Supplemental
Figure STE). To detect Ipl1 phosphorylation of the kinetochore, we
generated a phosphospecific antibody that recognizes phosphory-
lated serine 37 on Ndc80 and measured the signal by western blot
(Figure 1E and Supplemental Figure S1F). In addition, we measured
the phosphorylation-dependent mobility shift of Dam1 (Storchova
etal.,, 2011; Fink et al., 2017). After synchronization and depletion of
endogenous Sli15 in G1, we released the cells from the arrest and
prepared preanaphase extracts (Figure 1C). Immunoblotting
showed significantly decreased Ndc80 and Dam1 phosphorylation
in cells expressing the SIi15-12Q and Sli15-ASAH mutants (Figure 1,
E and F). By contrast, phosphorylation of the conserved Aurora B/
Ipl1 substrate Histone H3 on serine 10 (H3-510) was not reduced
with Sli15-ASAH, demonstrating that global Ipl1 kinase activity is not
negatively impacted (Supplemental Figure S1G). H3-510 phosphor-
ylation by Sli15-12Q was slightly reduced, which is consistent with
the reduced expression levels of this construct. Together, these re-
sults demonstrate that the SAH domain of Sli15 is required specifi-
cally for outer kinetochore phosphorylation by the CPC to ensure
faithful chromosome segregation and viability.

The SAH domain of Sli15 is essential for outer kinetochore
proximity of the CPC

Decreased phosphorylation of outer kinetochore CPC substrates
could result either from reduced proximity or from diminished ki-
nase activation specifically at that location. To differentiate between
these two possibilities, we used the M-track protein-protein proxim-
ity assay. This method does not rely on CPC activity, which allowed
us to test if the SAH domain is necessary for either active or inactive
CPC to come in close proximity with its outer kinetochore substrates
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(Zuzuarregui et al., 2012; Brezovich et al., 2015). Ipl1 was bound to
human histone lysine methyltransferase (HKMT) via the rapamycin
inducible FRB-FKBP12 dimerization system. A short peptide from a
HKMT substrate, histone H3, was fused to Dam1 (Dam1-H3). This
peptide is irreversibly trimethylated if Ipl1-HKMT comes in close
proximity (Figure 1G). CPC proximity to the outer kinetochore was
determined by immunoblot using an antibody that specifically rec-
ognizes trimethylated histone H3 (Me3-K9-H3). Although the meth-
ylation site (K9) in this peptide is adjacent to an Ipl1 phosphorylation
site (S10) within H3, methylation efficiency of this peptide was indis-
tinguishable from an ST0A mutant peptide (data not shown). Impor-
tantly, phosphorylation of the H3 tag on S10 did not impair the
binding of the Me3-K9-H3 antibody, as there was no detectable dif-
ference in the trimethylation signal in extracts following treatment
with calf intestinal phosphatase (CIP; Supplemental Figure STH). A
trimethylation signal was readily observed on Dam1-H3 in the wild-
type Sli15 strain in preanaphase on the addition of rapamycin. By
contrast, expression of Sli15-ASAH did not show increased methyla-
tion when compared with Sli15 depletion alone, demonstrating that
the SAH is necessary for CPC proximity to the outer kinetochore
(Figure 1G). However, it is possible that in addition to impaired outer
kinetochore proximity, Ipl1 kinase activation is also decreased in the
Sli15-ASAH mutant. The spatial resolution of the M-track assay was
assessed by fusing HKMT to the centromeric protein Ndc10, which
showed a strong trimethylation signal with the inner kinetochore
protein Mif2-H3 but no increase in trimethlyation signal with Dam1.
We therefore conclude that the M-track assay can distinguish be-
tween proximity to the inner versus outer kinetochore (Supplemen-
tal Figure S1l). Collectively, our results show that the SAH domain
and its positively charged amino acids are essential for viability,
faithful chromosome segregation, outer kinetochore phosphoryla-
tion, and Dam?1 proximity.

The SAH domain of Sli15 is essential for all of its
preanaphase localization activities

The CPC has been demonstrated to bind to the inner centromere,
the inner kinetochore, and microtubules, and all three of these local-
ization activities have been proposed to contribute to chromosome
biorientation (reviewed in Broad and Deluca, 2020). To investigate
which of these localizations is disrupted in the SAH mutants, we la-
beled the Sli15 constructs with mNeonGreen and observed their
localization in preanaphase, when chromosome biorientation oc-
curs. Preanaphase spindles were classified as shorter than 2 pm and
being located entirely in the mother cell. Localization of Sli15 to the
spindle is almost completely absent in the SAH mutant cells (Figure
2A). The SAH deletion also disrupted the spindle localization of the
Bir1 subunit of the CPC (Supplemental Figure S2A). We note that
due to the small size of the budding yeast spindle, these measure-
ments were conducted in an area that includes the spindle microtu-
bules, kinetochores, and the inner centromere. This strong disrup-
tion of localization was largely confined to prometaphase, as
localization to the anaphase spindle was only decreased by ~30-
40% (Figure 2B; Supplemental Figure S2A).

These data suggest that all of the observable preanaphase CPC
targeting activities require a functional SAH domain. This includes
microtubule targeting via the Sli15 MTB domain, inner kinetochore
targeting through the Ctf19 subunit of the COMA complex, and in-
ner centromere targeting through Sgo1. MTB activity of the chicken
and human INCENP SAH domains has also been directly demon-
strated in vitro (Samejima et al., 2015; van der Horst et al., 2015).
However, the SAH of Sli15 is considerably shorter and comprises
only a small part of the MTB domain of INCENP. To determine
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whether the SAH contributes to the MTB activity of the MTB in
yeast, we expressed and purified wild-type and mutant MTB do-
mains from Escherichia coli. When incubated with taxol-stabilized
microtubules and centrifuged at high speed, there was an ~20%
decrease in the amount of MBP-MTB-12Q and MBP-MTB-ASAH in
the pellet when compared with wild type. This indicates that the
SAH domain contributes to MTB in vitro, although not as strongly as
the PR region of the MTB (Supplemental Figure S2B). We note that
the PR region of the purified protein is likely in an unphosphorylated
state, similar to that present in anaphase and therefore has strong
MTB affinity independently of the SAH. The decreased MTB for the
SAH mutants in vitro is consistent with the decrease in anaphase
spindle localization measured in vivo (Figure 2B).

The lack of any observable localization at the spindle/kineto-
chore would imply that the binding to Ctf19 at the inner kinetochore
is also disrupted in the absence of a functional SAH domain. This
could result from the Sli15-12Q and Sli15-ASAH directly affecting
the binding between the CPC and the Ctf19 subunit of the COMA
complex. The interaction between Ctf19 and Sli15 has been
mapped to two regions that flank the SAH, which suggests that this
would be possible (Fischbdck-Halwachs et al., 2019). Alternatively,
the reduction in MTB could indirectly affect the ability of the com-
plex to interact with the inner kinetochore.

Although the CPC localizes strongly to microtubules in ana-
phase, the CPC predominantly localizes to the inner centromere
during chromosome biorientation in both yeast and human cells
(Ainsztein et al., 1998; Klein et al., 2006; Campbell and Desai, 2013).
It was surprising that disruption of the SAH abolished inner centro-
mere localization, as the centromere-targeting region (CEN box) of
Sli15 is not located close to the SAH in the primary sequence of the
protein (Figure 1B). However, similar observations were made in
Xenopus egg extracts and human cells, where chromatin localiza-
tion was decreased in the absence of the SAH (Wheelock et al.,
2017). We tested if the CEN box is still able to form an intact CPC
complex in the ASAH mutant by observing Birl-mNeonGreen local-
ization to the anaphase spindle. After Sli15 depletion, the Sli15-
ASAH mutant was capable of restoring Bir1 localization to a similar
extent as observed directly for mNeonGreen-Sli15-ASAH, demon-
strating that the CEN box of Sli15 is still able to form an intact com-
plex (compare Figures 2B and Supplemental Figure S2A). We next
looked further upstream in the localization pathway at Sgo1, which
recruits the CPC to the inner centromere. The CPC in turn has been
shown to promote Sgo1 localization at the inner centromere in frog
egg extracts, flies, and human cells (Dai et al., 2006; Resnick et al.,
2006; Boyarchuk et al., 2007). We therefore hypothesized that the
SAH may contribute to the positive feedback loop between the
CPC and the Sgo1 to promote centromere-proximal recruitment.
We monitored Sgo1-mNeonGreen recruitment after depletion of
Sli15 and rescued with either wild-type Sli15 or Sli15-ASAH. The
number of cells with Sgo1 between the kinetochore clusters at the
inner centromere is greatly diminished in the ASAH mutant (Figure
2C). This suggests that Sgo1 centromeric recruitment is promoted
by the CPC in yeast, and that the SAH domain is required for this
activity. In the absence of inner centromere localization in the Sli15
mutants, Sgo1 was instead observed largely either in the vicinity of
the kinetochores or proximal to the spindle pole bodies (SPBs; Sup-
plemental Figure S2C). This localization was surprising, since there is
no known function of Sgo1 near the SPBs. This enrichment of Sgo'
near the SPBs could result from an increase in the number of centro-
meres proximal to this location (Jin et al., 2000). However, we did
not observe any increase in centromeres located outside of the ki-
netochore foci in either Sli15-ASAH or Sli15 depletion (Supplemen-
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tal Figure S2D). Intriguingly, the CPC was also not observed at the
SPBs in the Sli15-ASAH mutant (Figure 2A), indicating that Sgo1
does not interact with the CPC at this location.

The lack of any observable localization for the CPC in the SAH
mutants suggests that disruption of the SAH abolishes all localiza-
tion activities of the CPC. However, due to the small size of the
preanaphase spindle, it is difficult to distinguish between each of
the CPC locations on the spindle/chromosomes. We therefore used
targeted mutations that disrupt CPC recruitment to the inner centro-
mere or inner kinetochore and quantitatively compared them to the
Sli15-ASAH mutant. Deletion of either Sgo1 or Ctf19 each de-
creased CPC spindle/chromosome localization by ~50% in preana-
phase (Figure 2D). By comparison, deletion of the SAH decreased
fluorescence by ~90%. Simultaneous removal of Ctf19 and Sgo1 by
deletion and depletion, respectively, still resulted in more CPC spin-
dle/chromosome fluorescence than Sli15-ASAH. This residual signal
in the double deletion/depletion strain is potentially due to the MTB
activity of the SAH. We conclude that in addition to MTB, the SAH
domain of Sli15 is necessary to target the CPC to the inner centro-
mere and the inner kinetochore prior to anaphase.

The SAH domain of Sli15 has functions that are
independent of MTB

The SAH domain of INCENP has primarily been found to function in
MTB (Tseng et al., 2010; Samejima et al., 2015; van der Horst et al.,
2015; Wheelock et al., 2017). Although we observed that all CPC
localizations to the spindle/chromosomes are dependent on the
SAH domain, it is possible that all of these localizations depend on
the interaction with microtubules. We therefore wanted to deter-
mine if the role of the SAH in targeting the CPC to the inner centro-
mere or inner kinetochore was dependent on its MTB activity. We
depolymerized microtubules using a combination of nocodazole
and benomyl (Campbell and Desai, 2013; Verzijlbergen et al., 2014).
The combination of drugs was used because high concentrations of
nocodazole alone are insufficient to efficiently depolymerize micro-
tubules in budding yeast (Gillett et al., 2004). With the nocodazole
and benomyl concentrations used in our experiments, we observed
a twofold increase in spindle assembly checkpoint (SAC) protein
Bub3-mNeonGreen signal at prometaphase kinetochores com-
pared with DMSO-treated control cells (Supplemental Figure S2E).
Additionally, the nocodazole and benomyl treatment reduced
mNeonGreen-Tub1 signals by 90%, indicating that the majority of
microtubules were depolymerized (Supplemental Figure S2E). We
conclude that the nocodazole/benomyl treatment increases the
number of unattached kinetochores and nearly eliminates the pres-
ence of microtubules. To determine the effect of the SAH on CPC
localization in the absence of microtubules, cells were synchronized
and 45 min after release from a G1 arrest, microtubules were depo-
lymerized with nocodazole/benomyl for 15 min. CPC localization
was assessed in prometaphase cells 60 min after G1 release. We
observed a ~3-fold enrichment of the CPC between the two kineto-
chore clusters on drug treatment compared with the DMSO control
(Figure 2E). These measurements are in line with published experi-
ments demonstrating that the CPC localization to chromosomes in-
creases in the presence of unattached kinetochores (Knowlton et al.,
2006; Salimian et al., 2011; Campbell and Desai, 2013). This chro-
matin enrichment of the CPC was undetectable in Sli15-ASAH mu-
tant cells, similar to what we observed for this mutation in the pres-
ence of microtubules (Figure 2E). Nuf2 signal intensity, on the other
hand, was unaffected by either Sli15 depletion or the SIi15-ASAH
mutant, demonstrating that kinetochore formation still occurred
normally (Figure 2E). The SAH is therefore also required for the
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The SAH domain of Sli15 is required for CPC localization to microtubules, the inner kinetochore and the
inner centromere. (A) Spindle localization of Sli15 constructs in preanaphase. Preanaphase spindles were defined as
shorter than 2 pm and located entirely in the mother cell. Images of the same fluorophore were contrast adjusted
identically. Spindle localization was quantified by fitting and integrating a Gaussian curve to the signal intensity profile of
a line drawn perpendicular to the spindle. Mean and SEM from at least three independent experiments are shown. For
the values of individual fluorophores, see Supplemental Table S1. Insert box: 2 pm square. ****p < 0.0001. (B) Spindle
localization of Sli15 constructs in anaphase. Quantification of spindle localization was performed as in A. Mean and SEM
from three independent experiments are shown. Insert box: 6.25 pm in length. *p < 0.05. (C) Example images and
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enrichment of the CPC at chromosomes with unattached kineto-
chores, demonstrating a role for the domain that is independent of
MTB.

Inner centromeric Sgo1 binding is the predominant CPC
recruitment pathway at unattached kinetochores

We next wanted to test the degree to which each of the two recruit-
ment pathways is responsible for CPC localization to unattached ki-
netochores. In human cells, the increase in CPC localization to unat-
tached kinetochores is partially dependent on Sgo1 recruitment via
signaling from the kinase Mps1 (van der Waal et al., 2012). In yeast,
Sgo1 is enriched at the inner centromeres of chromosomes with
unattached kinetochores (Nerusheva et al., 2014). Whether the
Ctf19-dependent recruitment pathway contributes to enrichment at
unattached kinetochores is unknown. To test this, we measured
the CPC levels in nocodazole/benomyl-treated cells with either
the depletion of Sgo1, deletion of Ctf19, or both. Quantification of
mNeonGreen-Sli15 signals revealed that Sgo1 depletion reduced
CPC enrichment near the kinetochores to levels similar to those ob-
served in the Sli15-ASAH. We conclude that the Sgo1-dependent
inner centromere targeting is the predominant CPC localization
mechanism at unattached kinetochores (Figure 3A).

By contrast with Sgo1 depletion, Ctf19 deletion had no measur-
able effect on CPC levels near unattached kinetochores either alone
or in combination with Sgo1 depletion (Figure 3A). This suggests
that the Ctf19-dependent inner kinetochore CPC localization re-
quires the presence of microtubules. One possibility for this depen-
dency is that the MTB activity of the CPC is required for targeting
the complex to the inner kinetochore. This theory would also ex-
plain why mutations in the SAH domain do not have any observable
localization to the inner kinetochore, as the MTB of the SAH domain
could indirectly contribute to the inner kinetochore localization. The
lack of any measurable contribution of Ctf19 to CPC localization at
unattached kinetochores also suggests that the inner kinetochore
CPC recruitment pathway acts specifically at misattached (syntelic)
kinetochores.

In addition to observing CPC localization with fluorescence mi-
croscopy, we used the M-track assay to measure the amount of Ipl1
in proximity to the cohesin subunit Mcd1 at chromatin near the cen-
tromere/kinetochore. Cohesin is enriched near centromeres during
chromosome alignment and should be proximal to both the inner
centromere and the inner kinetochore (Waizenegger et al., 2000;
Warren et al., 2000). In agreement with the microscopy measure-
ments, Ctf19 or Sgo1 deletion reduced CPC targeting to the peri-
centromeric chromatin to a similar degree in unsynchronized cells
compared with wild-type controls. However, in cells arrested with
nocodazole and benomyl treatment, a decrease in CPC targeting to
pericentromeric chromatin was only observed in the absence of
Sgo1 but not in the absence of Ctf19 (Figure 3B). This observation is
consistent with the microscopy measurements, as both assays
showed that Ctf19 deletion only decreased CPC signal in the pres-
ence of microtubules, whereas Sgo1 deletion showed reduced CPC

localization in both the presence or the absence of microtubules
(Figure 3B). To determine if this Sgo1-dependent decrease in CPC
localization correlates with a decreased activity at the outer kineto-
chore, we measured the phosphorylation of Ndc80 as in Figure 1E.
Ndc80 phosphorylation increased in the presence of nocodazole
and benomyl as shown by a ratio of treated to untreated cells of
~1.25. This increase was dependent on Sgo1 and the SAH domain
of Sli15. However, this response in outer kinetochore phosphoryla-
tion following microtubule depolymerization was not negatively af-
fected by deletion of Ctf19 (Figure 3C). Together, these results dem-
onstrate that both inner kinetochore and inner centromere targeting
of the CPC contribute to its localization and kinetochore phosphory-
lation activity in the presence of microtubules. However, the Sgo1-
dependent inner centromere targeting becomes primarily respon-
sible for both CPC enrichment at the inner centromere and outer
kinetochore phosphorylation in the absence of microtubules. This
appears to result from a combination of increased inner centromeric
recruitment to unattached kinetochores and decreased inner kinet-
ochore recruitment in the absence of microtubules.

Inner centromeric CPC recruitment is sufficient for
chromosome biorientation

Although the presence of either the SgoT1-dependent inner centro-
mere recruitment pathway or the Ctf19-dependent inner kineto-
chore recruitment pathway is essential for viability, whether either of
these two pathways is entirely sufficient is unknown. The lack of any
observable localization of the CPC in preanaphase for the SAH mu-
tants presented us with an opportunity to individually restore target-
ing activities and determine which localizations are sufficient for
CPC function in chromosome biorientation. We therefore sought to
determine if inner centromere, inner kinetochore, or microtubule
targeting could restore error correction (Figure 4A). We fused full-
length SIi15 or the Sli15-ASAH mutant to Sgo1 or Okp1 (part of the
COMA complex) to restore inner centromere or inner kinetochore
localization, respectively. To increase Sli15 association with microtu-
bules, we mutated six Cdk1 phosphorylation sites in the PR region
to unphosphorylatable alanines (Sli15-6A; Figure 4A). These muta-
tions have been shown to prematurely target the CPC to mitotic
spindle microtubules prior to anaphase. Importantly, the 6A mutant
does not affect cell cycle timing, chromosome missegregation rates,
or viability (Pereira, 2003; Mirchenko and Uhlmann, 2010). All three
targeting methods restored localization of the Sli15-ASAH to differ-
ent positions along the spindle/chromosomes (Figure 4B). As ex-
pected, the 6A, ASAH double mutant localizes to the entire spindle/
chromosomes, even more than wild-type Sli15. The Sgo1-ASAH
construct localizes primarily between the two kinetochores, indicat-
ing that the fusion construct is sufficient to restore the ability of the
CPC to promote the inner centromeric localization of Sgo1. The
Okp1-ASAH fusion fully colocalizes with kinetochores. Each artificial
targeting mechanism is therefore capable of localizing the CPC to a
distinct region of the spindle/chromosomes consistent with the pre-
dicted location.

outside Nuf2-mCherry. Mean of three independent measurements are shown. Insert box: 2.5 pm square. *p < 0.05;

**p < 0.01; ***p < 0.001. (D) Spindle localization of mMNeonGreen-Sli15 in preanaphase with the indicated depletions,
deletions, or mutants. Quantification was performed as in A. Mean and SEM of at least three independent experiments
are shown. Insert box: 2.2 ym square. ****p < 0.0001 (E) Inner centromere localization of mNeonGreen-WT and
mNeonGreen-ASAH was determined in preanaphase after 15 min of treatment with nocodazole and benomyl or DMSO.
Nuf2-mCherry signal was used to determine the mitotic stage. Images of the same fluorophore are contrast adjusted
the same. Insert box: 2.4 um square. Enrichment of Sli15 constructs was analyzed by drawing a line along the spindle
axis using the Nuf2-mCherry signals as reference points. The intensities of mCherry and mNeonGreen signals of 20 cells

were averaged and normalized to WT in nocodazole/benomyl.

Volume 33  August 1, 2022

The CPC acts in two parallel pathways | 7



A B

Relative

Ipl1-FRB + Mcd1-H3-HA

Preanaphase + nocodazole / benomyl

mNeonGreen/mCherry WT Ctf19A Sgo1A
mNeonGreen- Nuf2- Fluorescence .
SIi15 mCherry Merge 00 o5 10 Rapamycin: .+ .+ - v - F - -t
Nocodazole , . s } .+ ; R P
+benomyl” =~ )
130 130 130 -
1 = =™ - ™ Bl<ke s
4 130']‘__——| 1301_——_—-] 1301--——————.|<HA
=15 1.5
Raparicin 510 . % 1.0
ns -
‘ & Eos 205
00 <
. ) @ DMSO  nocodazole DMSO  nocodazole
* Noas ¢ +benomyl +benomyl
\& 99
pGal-Sgo1 *
*
MediHAKS
C pGal-Sgo1
WT ASAH Ctf19A WT ASAH  pGal-Sgo1  Ctf19A
Nocodazole + benomyl: - + - + - + Nocodazole + benomyl: - + - + - + - +

SO'I’ — -|<Ndc80-P

46.‘MWVI<PQK1

Preanaphase extracts

o

o

Normalized
noc.+ben / DMSO

ee22Db
o
.

o

o

wT

ASAH Ctf19A

B0 . e e e e s | «NdCBO-P

F e — L

Preanaphase extracts

-

Normalized
noc.+ben / DMSO

WT

ASAH pGal-Sgo1 pGal-Sgo1

Ctf19A
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kinetochores. (A) Localization of mNeonGreen-Sli15 in preanaphase after 20 min incubation with nocodazole and
benomyl in combination with indicated depletions, deletions, or mutants. Nuf2-mCherry signals appear as single dots
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constructs to Mcd1 in unsynchronized cells. Dimerization of Ipl1-FRB and HKMT-FKBP12 was induced by addition of
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DMSO. Cells were treated as depicted in Figure 1C and harvested in preanaphase. Each Ndc80-P signal was first

normalized to Pgk1 and then ratios of noc +ben/DMSO were calculated.

To determine whether tethering of different Sli15 mutants to the
inner centromere, inner kinetochore, or microtubules would rescue
CPC function, the viability of these chimeras was tested in Sli15-
depleted cells. Fusion of Sgo1 to Sli15-ASAH led to a partial rescue
of viability and a large reduction in the chromosome missegregation
rate (Figures 4C and Supplemental Figure S3A). Surprisingly, the
rescue of chromosome missegregation did not lead to a rescue in
Ndc80 phosphorylation, suggesting that inner centromere localiza-
tion of the CPC has additional functions other than Ndc80 phos-
phorylation (Supplemental Figure S3B). These data suggest that
recruitment of the CPC to the inner centromere is sufficient to pro-
mote biorientation. In contrast with the Sgo1 fusion, fusion of SIi15-
ASAH to Okp1 neither rescued viability nor chromosome missegre-
gation (Figures 4C and Supplemental Figure S3A). Surprisingly,
Okp1-ASAH did, however, rescue Ndc80 phosphorylation, suggest-
ing that bringing Ipl1 activity closer to the outer kinetochore is suf-
ficient for outer kinetochore phosphorylation but additional func-
tions are necessary to rescue chromosome segregation
(Supplemental Figure S3B). We conclude that inner centromere tar-
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geting, but not inner kinetochore targeting, is sufficient for CPC
function.

CPC MTB leads to tension-independent kinetochore
phosphorylation

We next looked at the effect of restoring MTB on CPC function.
Cells expressing mutations that restore spindle association in the
absence of a functional SAH (Sli15-6A,12Q or Sli15-6A,ASAH) were
not viable following depletion of endogenous Sli15 (Figure 4C and
Supplemental Figure S3C). Similar to what was observed for Okp1-
ASAH, the Sli15-6A,ASAH and Sli15-6A,12Q double mutants were
able to partially restore Ndc80 phosphorylation and Dam1 phos-
phorylation in preanaphase (Supplemental Figure S3D). To deter-
mine how the increased MTB could restore CPC activity but not vi-
ability, we first determined if the lethality was associated with high
rates of chromosome missegregation. The chromosome missegre-
gation rates of the Sli15-6A,12Q and Sli15-6A,ASAH constructs
were similar to those of the Sli15-12Q and Sli15-ASAH constructs,
indicating that increased kinetochore phosphorylation does not

Molecular Biology of the Cell
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lead to chromosome biorientation (Supplemental Figure S3E). One
explanation for increased chromosome missegregation could be
that too much CPC activity results in continuous kinetochore—-micro-
tubule detachment. This would result in persistent activation of the
SAC, which would lead to a metaphase arrest (Mufioz-Barrera and
Monje-Casas, 2014). To test this hypothesis, we monitored cell
growth as well as the cell cycle progression of cells released from
G1. The Sli15-6A,ASAH construct did not rescue viability, nor affect
cell cycle timing (Figure 4D and Supplemental Figure S3F) even
when overexpressed (Supplemental Figure S3, G and H), indicating
that the lethal phenotype results from too little CPC activity. When
treated with nocodazole and benomyl, Sli15-6A,ASAH caused a
metaphase arrest, indicating that this mutant did not impair the SAC
(Figure 4D). We conclude that increased MTB by the CPC increases
outer kinetochore phosphorylation globally without rescuing chro-
mosome segregation. MTB activity of the CPC is therefore not suf-
ficient for chromosome biorientation by the CPC.

How can the Sli15-6A,ASAH construct cause high levels of outer
kinetochore phosphorylation without increasing chromosome biori-
entation? One possibility is that this mutant causes low rates of
phosphorylation at all kinetochores, both misattached and biori-
ented. There are many phosphorylation sites for the CPC at the
outer kinetochore, and phosphorylating only a few is unlikely to
have much of an effect (Sarangapani et al., 2013; Zaytsev et al.,
2015). To test if the Sli15-6A,ASAH lost its specificity to phosphory-
late misattached kinetochores during chromosome biorientation,
Ndc80 phosphorylation was monitored in cells over time from G1 to
a Cdc20-depleted metaphase arrest (Supplemental Figure S4, A
and B). Wild-type cells showed a strong accumulation of phosphory-
lation signal that peaked in preanaphase (60 min) and then disap-
peared again by the 180-min time point. A similar pattern was seen
for cells with the Sli15-ASAH, only with lower overall levels of phos-
phorylation. Strikingly, Ndc80 phosphorylation levels continued to
increase in Sli15-6A,ASAH expressing cells at time points when
chromosome biorientation was already completed (Supplemental
Figures S4A and S1D). Indeed, phosphorylation of Ndc80 by
6A,ASAH was even higher at the 180-min time point than at the 60-
min time point. This suggests that it is incapable of specifically tar-
geting misattached kinetochores. In agreement with this hypothe-
sis, overexpression of Sli15-6A resulted in a metaphase arrest,
indicating that it is capable of destabilizing the kinetochore-micro-
tubule attachments of properly bioriented chromosomes leading to
a continuous spindle checkpoint activation from unattached kineto-
chores (Supplemental Figure S3, G and H). This result is reminiscent
of the continuous destabilization of attachments following the si-
multaneous overexpression of Sli15 and Ipl1 (Mufioz-Barrera and
Monje-Casas, 2014). We conclude that the MTB activity of the CPC
contributes to tension-independent outer kinetochore phosphoryla-
tion. However, at wild-type expression levels, the low levels of phos-
phorylation at each kinetochore are not sufficient for substantial
destabilization of kinetochore—-microtubule attachments.

MTB cooperates specifically with inner kinetochore binding
to promote chromosome biorientation

These data suggest that CPC MTB generally promotes kinetochore
phosphorylation, but additional binding activities are needed to tar-
get the kinase specifically to misattached kinetochores. To deter-
mine if either inner centromere or inner kinetochore targeting acts
synergistically with MTB, we combined the 6A,ASAH mutant with
the Sgo1 and Okp1 fusions. Surprisingly, increased MTB eliminated
the rescue seen in the inner centromere-targeting Sgo1 fusion, sug-
gesting incompatibility between the inner centromere and MTB
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activities. For the combination of inner kinetochore (Okp1) targeting
and MTB, this construct now partially rescued viability, restored
chromosome segregation, and further increased Ndc80 phosphory-
lation (Figure 4C; Supplemental Figure S3, A and B). Since neither of
these activities was able to rescue viability of the ASAH mutation on
their own, this result demonstrates some form of cooperativity be-
tween inner kinetochore and MTB for CPC function (Figure 4C). Co-
operativity between these two binding activities is also seen in the
additive effect of Ndc80 phosphorylation by Okp1-6A,ASAH when
compared with Okp1-ASAH or 6A,ASAH alone (Supplemental
Figure S3B).

The opposing effects of MTB either complementing or conflict-
ing with inner kinetochore versus inner centromere targeting were
observed even in the absence of the ASAH mutation. Fusion of ei-
ther the Okp1 or Sgo1 to the 6A mutation had a synthetic negative
affect on growth (Figure 4C). However, the Okp1-fusion resulted in
a strong metaphase delay, indicating that the combination of MTB
with inner kinetochore binding results in too much CPC activity and
the destabilization of properly bioriented kinetochore—-microtubule
attachments (Figure 4D). Deletion of the SAC protein Mad2 elimi-
nated the observed metaphase delay, demonstrating that the
Okp1-6A fusion construct generates an excess of unattached kinet-
ochores (Supplemental Figure S5A). By contrast, the Sgo1-6A fusion
did not cause a metaphase delay, suggesting that the combination
of MTB with inner centromere binding results in too little activity and
an increase in syntelic attachments (Figure 4D). The synthetic growth
defect in Sgo1-6A mutants could be explained by the inability of
these mutants to specifically enrich at the inner centromere (Supple-
mental Figure S5B). The opposing effects of MTB on inner centro-
mere versus inner kinetochore localized CPC suggest that the inner
centromere localization forms one pathway and the combined ac-
tivities of the inner kinetochore and MTB form a second pathway.
Consistent with this, combining Sgo1-ASAH with Okp1-6A,ASAH
had an additive effect on growth when compared with the single
fusion constructs (Supplemental Figure S5C).

To better understand the mechanism behind the synergistic ef-
fect of MTB and inner kinetochore binding, we tested whether inner
kinetochore and MTB activities are required to be on the same mol-
ecule or whether they could rescue CPC function in trans. Simulta-
neous expression of constructs with microtubule targeting (SIi15-
6A,ASAH) and inner kinetochore targeting (Okp1-ASAH) activities
failed to rescue growth, unlike the construct with both targeting
activities (Okp1-6A,ASAH, Supplemental Figure S5D). This indicates
that microtubule and inner kinetochore binding of the CPC act syn-
ergistically in cis.

The results from the combination of sli15-6A with the fusion con-
structs suggest that MTB acts cooperatively with the inner kineto-
chore recruitment pathway, but not with the inner centromere re-
cruitment pathway. We therefore hypothesized that increased CPC
MTB would make the cells more reliant on Ctf19 and less depen-
dent on Sgo1. To test this, we combined the sli15-6A mutation,
which shows stronger spindle localization, with deletions of either
Sgo1 or Ctf19 (Figure 5, A and B). By deleting SGO1, we forced the
cells to use the inner kinetochore targeting pathway. The addition of
the sli15-6A mutation resulted in a synthetic rescue phenotype, indi-
cating that MTB promotes the activity of the inner kinetochore path-
way. This effect became even more pronounced in the presence of
moderate amounts of benomyl that sensitize the cells to chromo-
some segregation difficulties. Alternatively, deletion of CTF19
would force the cells to use the inner centromere targeting pathway
for chromosome biorientation. In this case, the addition of sli15-6A
resulted in a synthetic growth defect, indicating that MTB acts

Molecular Biology of the Cell
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antagonistically to the inner centromere pathway. Taken together,
the data indicate that the CPC acts via two different localization
pathways, one via inner centromere binding and one via inner ki-
netochore plus MTB.

DISCUSSION

To ensure faithful chromosome segregation, the CPC localizes to
the inner centromere, the inner kinetochore and microtubules.
These localizations contribute to different CPC functions, as inner
centromere localization has been linked to cohesion maintenance
and SAC silencing in human cells, whereas inner kinetochore bind-
ing of the CPC has been shown to promote SAC signaling and outer
kinetochore assembly in Xenopus egg extracts (Hengeveld et al.,
2017, Bonner et al., 2019). In addition, SAH MTB activity has been
shown to contribute to outer kinetochore phosphorylation and SAC
activation in human cells (Wheelock et al., 2017).

Previous work in budding yeast has demonstrated that either
inner centromere or inner kinetochore targeting of the CPC is nec-
essary for biorientation, indicating that these binding activities are
each required for two redundant pathways (Fischbdck-Halwachs
et al., 2019; Garcia-Rodriguez et al., 2019). Here we set out to de-
termine how the third known binding activity of the CPC, to micro-
tubules, contributes to chromosome biorientation. After disrupting
the MTB SAH domain with either deletions or amino acid substitu-
tions, we were surprised to observe a complete lack of clear local-
ization for the CPC during the time at which chromosome biorien-
tation takes place. Moreover, these SAH mutants are lethal, have
reduced chromosome biorientation, missegregate chromosomes
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at extremely high rates, and fail to phosphorylate the kinetochore
substrates Ndc80 and Dam1. In agreement with these results, SAH
deletion in human cell culture decreases kinetochore phosphoryla-
tion and mitotic checkpoint activity (Vader et al., 2007; Wheelock
et al., 2017). We conclude that the SAH domain is essential for
accurate chromosome biorientation because it contributes to the
localization of CPC to the inner centromere, inner kinetochore, and
microtubules.

To determine the relative contribution of each of these activities,
we disrupted these three pathways through depletion of Sgof
(inner centromere), deletion of Ctf19 (inner kinetochore), or depoly-
merization of microtubules. In the presence of microtubules, pertur-
bation of the Sgo1 and Ctf19 pathways showed similar decreases in
CPC localization. However, after microtubule depolymerization,
only the Sgo1 pathway contributed measurably to CPC localization.
This observation is consistent with the known mechanism of Sgo1
recruitment to the inner centromere. Unattached kinetochores bind
the kinase Mps1, which phosphorylates Knl1/Spc105 on conserved
repeats of the MELT motif (London et al., 2012; Shepperd et al.,
2012; Yamagishi et al., 2012; Vleugel et al., 2015). Phosphorylated
MELT repeats bind the kinase Bub1. Knl1-bound Bub1 can activate
both the SAC and the phosphorylate Histone H2A on Serine 121
(Meraldi and Sorger, 2005; Kawashima et al., 2010). Phosphorylation
of H2A greatly increases its affinity for Sgo1 (Kawashima et al., 2010;
Ricke et al., 2012). In human cells, haspin-mediated phosphorylation
of histone H3 at Thr3 provides an additional centromeric recruit-
ment pathway of the CPC (Kelly et al., 2010; Wang et al., 2010;
Yamagishi et al., 2010). However, deletion of the haspin-like genes
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ALKT and ALK2 in budding yeast has no impact on growth, indicat-
ing that this pathway is not active in yeast (Campbell and Desai,
2013). We conclude that this inner centromeric CPC recruitment can
occur independently of microtubules. This recruitment to unat-
tached kinetochores may contribute to the CPC's role in maintaining
the SAC by preventing PP1 phosphatase binding to Knl1/Spc105
(Liu et al., 2010; Rosenberg et al., 2011). In contrast with the inner
centromere binding, we find that the inner kinetochore binding re-
lies on the presence of microtubules. These results demonstrate that
the two pathways are recruited differentially to distinctive kineto-
chore-microtubule attachment states, as the inner centromeric re-
cruitment pathway is primarily used at unattached kinetochores
(Figure 5C).

Two studies have recently demonstrated that the inner centro-
mere and inner kinetochore recruitment pathways are partially re-
dundant for biorientation, and disruption of both pathways simulta-
neously is lethal (Fischbdck-Halwachs et al., 2019; Garcia-Rodriguez
et al., 2019). Both studies demonstrated that ectopic targeting of
Sli15 to the inner kinetochore rescues chromosome biorientation
under these conditions. However, it was not known if either of these
binding activities is sufficient for the process or if they additionally
require MTB. The lack of any observable CPC localization in the SAH
deletion allowed us to use this mutant to then restore the targeting
to specific regions and determine how each of the known CPC inter-
actions contributes to chromosome biorientation and kinetochore
phosphorylation. We found that targeting the CPC to the inner cen-
tromere was partially sufficient to restore viability in the SAH mu-
tants independently of the other localization activities. We did not
find any evidence of cooperativity between the inner centromere
and the microtubule targeting pathways. Sgo1-based recruitment of
the CPC was robust even in the absence of microtubules. This is in
agreement with results in human cells that show robust inner centro-
mere localization after nocodazole treatment (Wang et al., 2011;
Matson and Stukenberg, 2014; Hadders et al., 2020). Furthermore,
when we forced cells to use the inner centromere-targeting pathway
either through the Sgo1-ASAH construct or by deleting Ctf19, in-
creased Sli15 MTB resulted in decreased viability. We conclude that
the inner centromere targeting pathway functions independently of,
and may even be antagonistic to, MTB activity.

Restoration of either inner kinetochore or MTB activity to Sli15-
ASAH individually was not sufficient to rescue biorientation. How-
ever, the combination of the two partially rescued cell viability and
chromosome segregation, suggesting that they act cooperatively. In
addition, when we forced cells to biorient via the inner kinetochore
pathway by deleting Sgo1, increased MTB improved growth. Fi-
nally, we do not observe any contribution of Ctf19 to CPC localiza-
tion in the absence of microtubules. These three lines of evidence
lead us to conclude that the inner kinetochore and MTB activities of
Sli15 act cooperatively (Figure 5C). We find that both activities need
to be present on the same molecule, as they cannot rescue in trans.
Intriguingly, MTB alone leads to outer kinetochore phosphorylation
in metaphase arrested cells with intact spindles, which strongly sug-
gests a tension-independent targeting of kinase activity to attached
kinetochores. Recently published results for a Borealin-based MTB
activity suggest that a similar mechanism occurs in human cells
(Trivedi et al., 2019). However, the MTB activity is not sufficient for
chromosome biorientation, indicating that inner kinetochore bind-
ing imparts a necessary specificity for misattached kinetochores to
this pathway.

The cooperativity between microtubule and inner kinetochore
binding on the same molecule provides for a simple mechanism to
direct the CPC specifically to misattached kinetochores (Figure 5D).
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Under this model, the CPC only directly interacts with kinetochores
where it can simultaneously bind to the inner kinetochore and mi-
crotubules, presumably due to low binding affinities to each of
these sites individually. Therefore the CPC would not bind directly to
the inner kinetochores of unattached kinetochores because of the
lack of microtubules, as we observed via a lack of Ctf19 contribution
to CPC localization at unattached kinetochores. The complex would
also have a decreased affinity for bioriented attachments, as the
increased tension would greaten the distance between the inner
kinetochore and the microtubules such that both could not be
bound by the same molecule at the same time. This mechanism is
similar to the “dog-leash” model proposed for a tension-dependent
increase in the distance between the CPC bound to the inner cen-
tromere and its substrates at the outer kinetochore (Santaguida and
Musacchio, 2009). However, one key difference is that in our model,
tension would decrease the affinity between the CPC and the
kinetochore-microtubule interface. In agreement with this model,
localization of the CPC to the kinetochore is decreased during chro-
mosome biorientation as measured by immunofluorescence with
phosphospecific antibodies in human cells (Deluca et al., 2011;
Broad et al., 2020). Alternatively, the MTB activity of the SAH could
orient the IN box of inner kinetochore-bound Sli15 toward the outer
kinetochore.

In summary, we show that the SAH domain of Sli15 contributes
to all known CPC localizations during error correction. By analyzing
the contributions of each localization to CPC function, we deter-
mined that two CPC localization pathways are partially sufficient for
viability, one acting at the inner centromere and one at the inner
kinetochore plus microtubules. Furthermore, our data suggest that
the inner centromere pathway acts primarily on unattached kineto-
chores, whereas the inner kinetochore plus MTB acts on misat-
tached kinetochores.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast strains and media

All yeast strains used were grown in yeast extract/peptone contain-
ing 40 pg/ml adenine-HCI (YPA) and 2% glucose (YPAD) or 1% raf-
finose and 1% galactose (YPAGR). Unless otherwise stated, cultures
were grown at 30°C. Serial dilutions were grown for 2 d at 30°C.
Galactose inducible promoters, fluorescent tags, epitope tags, and
gene deletions were introduced into the genomic loci as previously
described (Longtine et al., 1998). Sli15 constructs were cloned into
plasmids via Gibson assembly (Gibson et al., 2009). Plasmids were
integrated at the URA3 or TRP1 loci by digesting the plasmids with
BstBl or Bsgl, respectively. All integrations and plasmids were
checked by sanger sequencing.

Yeast transformation

PCR products or digested plasmids were transformed into cells
pelleted from 50 ml exponentially growing cultures. Cells were
washed once with TE (10 mM Tris, pH 7.5, and 1 mM EDTA) and
once with LIAc/TE (100 mM LiAc, 10 mM Tris, pH 7.5, and 1 mM
EDTA). Cells were resuspended in LiAc/TE and 100 pl were added
to 10 pl plasmid or PCR product, 10 pl single-stranded sheared
salmon sperm DNA, and 750 ul PEG/LIAc/TE (40% PEG 4000,
100 mM LiAc, 10 mM Tris, and 1 mM EDTA, pH 7.5). After 30 min
at 30°C, 80 pyl DMSO were added and incubated at 42°C for 15 min
The cells were pelleted, resuspended in SOS (0.3 YPAD or YPAGR
and 6 mM CaCly), plated on selective plates, and incubated for 2 d
at 30°C.
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Yeast synchronization and galactose inducible depletion

To deplete proteins under the control of a Gal10-1 promoter, cells
were synchronized for 45 min in YPAGR containing a-factor (10 pg/
ml). Media were exchanged with YPAD containing a-factor and
grown for an additional 2 h and 15 min. Cells were then released
into the cell cycle by washing twice with YPAD and adding Pronase
E (Merck). For Pds1 degradation, cells were washed once with YPAD
30 min after release and o-factor (10 pg/ml) was added again every
30 min. For the M-track assay in Figure 1G, rapamycin was added 20
min after G1 release after which cells were arrested in metaphase for
an additional 80 min by depletion of Cdc20. Nocodazole (VWR) was
used at a concentration of 10 uM and benomyl (Sigma-Aldrich) was
used at 68 pM. Rapamycin (Santa Cruz Biotechnology) was used at
a concentration of 1 uM.

Protein extraction and Western blotting

For yeast protein extraction, saturated overnight cultures were di-
luted into 5 ml YPAGR to an OD of 0.25. After synchronization and
depletion of Sli15 and/or Cdc20, cells were released into the cell
cycle and, unless otherwise stated, harvested 60 min after release.
Proteins were extracted by pelleting the cells, resuspending in 100
ul trichloroacetic acid (5%), and incubating them for 10 min at room
temperature. Cells were washed once with 1 ml ddH,O and resus-
pended in 100 pl lysis buffer (50 mM Tris, pH 7.4, 50 mM dithiothrei-
tol (DTT), T mM EDTA, cOmplete EDTA-free protease inhibitor
cocktail [Roche] and Phosstop [Roche]). Glass beads were added
and the cells were vortexed for 30 min at 4°C. Unless otherwise
stated, M-track samples were resuspended in lysis buffer without
Phosstop. To test the specificity of the trimethylation antibody, calf
intestinal phosphatase (Quick CIP, New England Biolabs) for 1 h at
37°C; 33 pl 4x sample buffer were added and incubated at 95°C for
3 min. The samples were stored at —20°C. To measure SIi15 expres-
sion, cells were harvested, pelleted, and resuspended in 100 pl
NaOH (0.2 M); pelleted and resuspended in 1x sample buffer be-
fore incubating them at 95°C for 3 min; and stored at —20°C. For
immunoblots, the following antibodies were used: mouse anti-Pgk1
monoclonal 22C5D8 (Thermo Fisher Scientific), rat anti-HA-clone
3F10 (Roche), mouse anti-Myc monoclonal 4A6 (EMD Millipore),
rabbit anti-p-Histone H3 (Ser 10) polyclonal (Santa Cruz Biotechnol-
ogy), mouse anti-maltose binding protein monoclonal antibody
IgG2a (New England Biolabs), mouse anti-Histone H3 [Trimethyl
Lys9] 6F12-H4 [Novus Biologicals], and rabbit anti-Ndc80 phospho-
S37 polyclonal. Phosphospecific antibodies were used with 40 pM
unphosphorylated competitor peptide. Membranes were then
probed with the corresponding secondary antibodies: anti-rat IgG-
HRP-linked (Cell Signaling Technology), anti-rabbit IgG-HRP-linked
(Cell Signaling Technology), or anti-mouse IgG-HRP-linked (Cell Sig-
naling Technology). Immunoblots were quantified using ImageJ
(National Institutes of Health).

Microscopy

Unless otherwise stated, cells were synchronized as described
above and imaged 60 or 90 min after release. Cells were pelleted
and washed twice with 1 ml sterile ddH,O and resuspended in 100
pl sterile ddH,0, and 2 pl of cell suspension were spotted onto 1%
agarose pads supplemented with complete synthetic media and 2%
glucose. A coverslip was placed on top and sealed with VALAP
(1:1:1 mixture by weight of paraffin [Merk], lanolin [Alfa Aesar], and
Vaseline [Ferd. Eimermacher]). Images were collected on a Delta-
Vision Ultra Epifluorescence Microscope system (Cytiva) at 23°C and
a PlanApo N 60/1.42 Oil objective and a sCMOS sensor, 6.5 pm
pixel size camera; 12 z sections with a step size of 0.5 um were
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taken, except for the chromosome missegregation assay where 24 z
sections were taken. For the chromosome biorientation assay, im-
ages were collected 60 and 180 min after G1 release performing a
time-lapse series for 4 min at 15-s intervals. Images were decon-
volved using softWoRx software (Life Sciences Software). Quantifica-
tions and subsequent normalizations were performed from images
obtained on the same day and representative images were contrast
adjusted identically using ImageJ. For spindle localization in pre-
anaphase and anaphase cells, ImageJ was used to measure the in-
tensity distribution of a perpendicular line (5 pixels wide) to the
spindle center. The obtained intensities were fitted to a Gaussian
curve and subsequently integrated as previously described (Fink
et al., 2017). For this analysis, nondeconvolved images were used.
For line-scan analysis intensity distributions of a line (5 pixels wide)
along the spindle axis were background subtracted and the average
of 20 cells was calculated. For CPC localization in nocodazole and
benomyl (Figure 3A) intensities of mCherry and mNeonGreen sig-
nals were measured by first drawing a circle around mCherry signals
and obtaining the mNeonGreen intensities from the same circle in
the mNeonGreen channel. Background was subtracted from the
surrounding area in the respective channel.

Recombinant protein expression and purification

Sli15 MTB domain constructs were designed with an MBP (maltose
binding protein) tag at the N terminus and a 6x Histidine tag at the
C terminus. All proteins were expressed in E. coli Rosetta plysS.
Overnight cultures were each inoculated in 2 | of 2XTY medium con-
taining 50 pg/ml kanamycin and grown at 37°C to OD 600 of 1.
Protein expression was induced at 18°C by 0.3 mM IPTG for 15 h.
Harvested cells were resuspended in lysis buffer (50 mM Tris, pH 7.4,
300 mM KCl, 10% Glycerol, 1 mM DTT) containing one cOmplete
Mini EDTA free protease inhibitor cocktail tablet and 0.2 mM PMSF
and lysed by sonication. Lysates were centrifuged at 14,000 rpm at
4°C and the supernatants clarified with a 0.2-pm membrane syringe
filter (VWR International) before proceeding with a two-step purifi-
cation protocol. Clarified lysates were passed on pre-equilibrated
Histrap HP columns (GE Healthcare). The columns were washed
with wash buffer (lysis buffer with 40 mM Imidazole) and the bound
proteins were eluted in incremental fractions with 100, 150, and 200
mM imidazole. Pooled eluted fractions were concentrated with Ul-
tracel-30 (Millipore) and injected on pre-equilibrated Superdex Hi-
Load S200 16/60 or 26/600 (GE Healthcare) at 4°C with lysis buffer.
Protein fractions were collected and frozen in liquid nitrogen and
stored at —80°C.

Microtubule pelleting assay

Porcine brain tubulin (Cytoskeleton, Inc) reconstituted with tubulin
buffer (80 mM PIPES, pH 6.9, 1 mM MgCl,, 0.5 mM EGTA, supple-
mented with GTP) was thawed and spun in an ultracentrifuge
(Beckman Coulter OptimaMax) at 70k rpm for 5 min, 4°C to remove
insoluble protein. To polymerize tubulin, T mM GTP was added,
and 1 and 10 uM taxol were sequentially added and incubated at
37°C for 10 min each. After incubation at 37°C for another 15 min,
the microtubules were added to a 40% glycerol cushion containing
tubulin buffer, GTP, and taxol and spun in an ultracentrifuge at 37°C
for 20 min The pellet was rinsed with water and resuspended in
tubulin buffer with 20 pM taxol to yield 10 pM polymerized
microtubules.

For pelleting assays, recombinant MBP fusion proteins purified
from E. coli were thawed from —-80°C and first spun at 70k rpm for
30 min at 4°C in an ultracentrifuge. Supernatants were carefully
separated and diluted in buffer containing 50 mM Tris, pH 7.4,
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150 mM KCI, 10% glycerol, and 1T mM DTT. 25 nM protein was
added to 1 pM taxol-stabilized microtubules in 50l reactions and
incubated for 10 min at 25°C. All reactions contained 0.2 mg/ml
bovine serum albumin. Pellets and supernatants were separated by
ultracentrifugation as above at 25°C and heated with SDS sample
buffer at 95°C for 5 min.

Statistical analysis

Statistical significance between samples was assessed via one-way
ANOVA analysis with uncorrected Fisher’s LSD using Prism 6
(Graphpad).

Computer code and code availability

The Python script used in Figures 2E and 4B to determine the local-
ization of the CPC relative to Nuf2 was developed for this study.
Briefly, from deconvolved images, a line (5 pixels wide) along the
Nuf2-mCherry signals was drawn and fluorescence signal intensities
along this line were obtained for mCherry and mNeonGreen. After
background subtraction, a signal intensity threshold of the mCherry
signal defined the length of the spindle. The obtained position and
corresponding intensity values for mCherry and mNeonGreen were
averaged for all spindles analyzed from the same sample. Normal-
ization to WT and data plotting were performed in Excel (Microsoft)
and Prism 6 (Graphpad), respectively. The code is available by the
authors on request.
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