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inetochores are megadalton-sized protein com-

plexes that mediate chromosome-microtubule

inferactions in eukaryotes. How kinetochore as-
sembly is triggered specifically on centromeric chro-
matin is poorly understood. Here we use biochemical
reconstitution experiments alongside genetic and struc-
tural analysis to delineate the contributions of centromere-
associated proteins to kinetochore assembly in yeast. We
show that the conserved kinetochore subunits Ame1<ENPV
and Okp1“™"4 form a DNA-binding complex that as-
sociates with the microtubule-binding KMN network via a
short Mitw1 recruitment motif in the N terminus of Amel.

Introduction

Kinetochores are key cell division organelles responsible not
only for the mechanical connection between chromosomes and
microtubules but also for the control of the metaphase—anaphase
progression via the spindle assembly checkpoint (Santaguida and
Musacchio, 2009). Despite recent advances in the purification
of native kinetochore assemblies (Akiyoshi et al., 2010) and a
comprehensive parts list of the subunits involved (Santaguida
and Musacchio, 2009; Biggins, 2013), kinetochores have gener-
ally been more refractory to structural analysis than other mac-
romolecular complexes. As a consequence, a detailed picture of
the architecture of a kinetochore, even concerning fundamental
aspects such as symmetry, copy number of subunits, and key
links within the framework, is still missing. Budding yeast pro-
vides an attractive model system to study kinetochores as it of-
fers two important simplifications in the overall configuration:
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Point mutations in the Amel motif disrupt kinetochore
function by preventing KMN assembly on chromatin.
Amel1-Okp1 directly associates with the centromere
protein C (CENP-C) homologue Mif2 to form a coop-
erative binding platform for outer kinetochore assembly.
Our results indicate that the key assembly steps, CENP-A
recognition and outer kinetochore recruitment, are ex-
ecuted through different yeast constitutive centromere-
associated network subunits. This two-step mechanism
may protect against inappropriate kinetochore assembly
similar to rate-limiting nucleation steps used by cytoskel-
etal po|ymers.

budding yeast kinetochores connect to a single microtubule and
their assembly is triggered on a short stretch of DNA, with a
strictly positioned centromeric nucleosome over the centromere
DNA element II of the yeast point centromere (Krassovsky et al.,
2012). Despite a dramatic divergence of the underlying DNA,
the complement of proteins that associate with centromeres
appears to be largely conserved from yeast to man (Schleiffer
et al., 2012; Westermann and Schleiffer, 2013). The structural core
of the kinetochore can be subdivided into two supramolecular
assemblies each composed of multiple polypeptides (Fig. 1 A).
The 10-protein KMN network hosts the two characteristic func-
tions of the kinetochore: first, microtubule binding, achieved
by a combination of a structured calponin homology domain
and an unstructured tail in the N terminus of the Ndc80 subunit
(Ciferri et al., 2008; Alushin et al., 2010), and second, checkpoint
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Figure 1.  Amel“™U fynctions at the centro- A
mere—kinetochore inferface. (A) Schematic rep-
resentation of yeast kinetochore architecture.
Essential subunits are depicted in bold. Dashed
boxes indicate subcomplexes within outer and
inner kinetochores. (B) Single-step affinity pu-
rification of Amel-6xFlag from logarithmic
yeast extracts visualized by silver staining of
the gel after Flag peptide elution. Identity of
the individual bands was defermined by MS
analysis of digested peptides. Asterisk denotes
background contaminant. (C) Quantifica-
tion of Ame1 copurifying polypeptides using
SWATH-MS. Proteins were ranked according
to abundance based on area calculation of
three selected peptides for each protein. Red
labeling denotes the ten most abundant poly-
peptides in B and C.
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signaling, arranged as arrayed binding sites for checkpoint
proteins in the extended N terminus of the Spc105¥N-! subunit
(London et al., 2012; Shepperd et al., 2012; Yamagishi et al.,
2012; Primorac et al., 2013; London and Biggins, 2014). These
key elements are physically connected and organized by the Mtw1
(Mis12-MIND) complex, which can be regarded as the struc-
tural centerpiece of the kinetochore architecture (Cheeseman
et al., 2006; Maskell et al., 2010; Petrovic et al., 2010; Hornung
etal.,2011). During kinetochore assembly multiple copies of the
KMN network need to be positioned on centromeric chromatin,
which is one of the key functions of the second supramolecu-
lar assembly, the constitutive centromere-associated network
(CCAN) complex. As CCAN subunits generally lack enzymatic
activities or obvious functional domains, the contributions of
the majority of CCAN subunits to kinetochore function has so
far remained undefined. A notable exception is centromere pro-
tein C (CENP-C; Mif2 in budding yeast), which has been shown
to bind to CENP-A (Carroll et al., 2010; Guse et al., 2011; Kato
et al., 2013) and to provide a link to the outer kinetochore via a
direct interaction with the Mis12 complex in humans and flies
(Przewloka et al., 2011; Screpanti et al., 2011). A second link
between inner and outer kinetochore is formed by the histone-
fold protein CENP-T (Cnnl in budding yeast), which directly
connects to the microtubule-binding Ndc80 complex (Hori
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Quantification

No. Protein Areal10e5 Peptides Sequence coverage abundance
1 OKP1 53.28 110 il
2 AME1 49.02 87 il
3 NKP1 44.31 54 73
4 H2B/HTB2 32.83 22 63
5 H4/HHF2 2513 11 52
6 MIF2 12.43 64 60
7 MCM21 9.19 46 74
8 CSE4 9.15 21 63
9 NKP2 4.78 16 76
10 CTF19 4.43 48 72
1 PSH1 4.06 42 59
12 H2A/HTA1 3.87 15 57
13 DSN1 3.42 36 51
14 MTW1 3.31 14 40
15 NNF1 2.34 20 77
16 SPC24 2.16 16 62
17 NSL1 2.02 23 63
18 SPC105 1.84 47 49
19 KRE28 1.52 14 50
20 CTF3 1.18 25 37

et al., 2008a; Bock et al., 2012; Schleiffer et al., 2012; Malvezzi
et al., 2013; Nishino et al., 2013). Analysis of kinetochore as-
sembly in budding yeast is facilitated by the clear distinction
that can be drawn between essential and nonessential kineto-
chore subunits. Of the 16 CCAN subunits in budding yeast, only
Mif2ENF-C Ame 1 BNPY and Okp1“ENPQ are essential for viabil-
ity, implying that they carry out key nonredundant functions.
Here we focus our functional analysis on these three subunits and
reveal their essential contributions to kinetochore assembly.

Results

A single-step affinity purification of the
budding yeast inner kinetochore

The budding yeast proteins Amel and Okpl associate with
Ctf19 and Mcm21 to form the so-called COMA kinetochore
complex. The human counterpart of this structure is the CENP-O/
P/Q/U/R subcomplex, with the exception that a CENP-R
homologue seems to be missing in budding yeast. Although
Amel and Okpl are essential proteins in yeast, the phenotypes
of CENP-U and CENP-Q depletions in humans cells or dele-
tions in chicken DT40 cells are comparably mild, suggesting that
these subunits have supporting rather than essential roles in the
kinetochore (Foltz et al., 2006; Hori et al., 2008b). Previous



studies have proposed a function in regulating plus end dy-
namics either through a direct interaction of human CENP-Q
with microtubules (Amaro et al., 2010) or through binding of
CENP-U to the Ndc80 complex (Hua et al., 2011). In contrast,
superresolution imaging of yeast CENP-U, as well as genetic
analysis of CENP-Q, seems to indicate a function at the inner
kinetochore (Ortiz et al., 1999; Joglekar et al., 2009; Haase
etal., 2013). To analyze the functional role of the essential yeast
CCAN subunits Ame1“*¥V and Okp1<"™*Q (Fig. 1 A), we first
sought to establish their interaction network within the native
yeast kinetochore. We integrated a 6xFlag tag at the C terminus
of endogenous Amel and purified the protein from logarithmi-
cally growing yeast under conditions that were previously used
for the copurification of large ensembles of kinetochore sub-
units (Akiyoshi et al., 2010). Silver stain (Fig. 1 B) and mass
spectrometry (MS) analysis revealed that Amel copurified with
a variety of other kinetochore subunits. To establish a ranking
of kinetochore subunits that are closely associated with Amel
we used label-free MS quantification with SWATH acquisition
(Gillet et al., 2012; Fig. 1 C). The most abundant polypeptides
were inner kinetochore subunits including the components of
the centromeric nucleosome, the conserved and essential
Mif2°¥¥C subunit, the nonessential COMA components Ctf19
and Mcm?21, and the poorly characterized subunits Nkpl and
Nkp2. The most abundant KMN component found in the prepara-
tion was Mtw1, whereas microtubule-binding components such
as Ndc80 or subunits of the Dam1 complex were either absent
or present only in trace amounts. These results indicate that
yeast Amel and Okpl operate at the inner kinetochore and are
closely associated with centromeric chromatin.

Biochemical reconstitution of the
Ame1-Okp1 complex

We have previously reported the reconstitution of a four-protein
COMA (Ctf19, Okpl, Mcm21, and Ame1) kinetochore complex
(Hornung et al., 2011). Given that Ctf19 and Mcm?21 are non-
essential genes in yeast, we asked whether the essential subunits
Amel ™Y and Okp 1“2 would be sufficient to form a stable sub-
complex. Indeed, coexpression of 6xHis-tagged Amel and Okpl
in bacteria resulted in the purification of a stoichiometric het-
erodimeric complex (hereafter called the AO complex; Fig. 2 A).
In agreement with previous results (Schmitzberger and Harrison,
2012) the nonessential subunits Ctf19 and Mcm21 could also
be coexpressed and purified as a complex (Fig. 2 B). During
size exclusion chromatography (SEC) the AO complex behaved
as an elongated heterodimer, which was extremely stable and
resisted salt treatment up to 2.5 M NaCl. Limited proteolysis ex-
periments indicated that the N-terminal parts of Amel and Okpl
were sensitive to protease treatment (unpublished data). To de-
termine the molecular requirements for complex formation be-
tween Amel and Okpl we coexpressed and purified a variety of
truncation mutants: the conserved C-terminal domain of Amel
containing a predicted coiled-coil domain was necessary for het-
erodimerization with Okpl, whereas the N-terminal 129 amino
acids were dispensable. Similarly, the conserved central domain
of Okpl was required to form a complex with Amel, whereas
the N-terminal extension (residues 1-149) was not (Fig. 2 C).

We next sought to establish the molecular associations be-
tween the Ame1-Okp1 complex and other kinetochore subcom-
plexes. SEC analysis indicated that AO directly engaged with a
recombinant four-protein Mtw1 complex—bearing a deletion
of the N-terminal 172 residues of Dsnl to increase stability—
into a stoichiometric hexameric assembly (Fig. 2 D). In con-
trast, the recombinant Ctf19-Mcm?21 complex failed to interact
with the Mtw1 complex under identical conditions (Fig. 2 E),
demonstrating that the association between the COMA and the
Mtw1 complex is critically mediated through the essential
CCAN subunits Amel and Okpl. Addition of the four-protein
Ndc80 complex resulted in the formation of a high molecular
mass 10-subunit ensemble that contained all proteins in approx-
imately equal stoichiometry (Fig. 2 F). This indicates that bind-
ing of AO to the Mtw1 complex is compatible with the further
assembly of the outer kinetochore.

Interestingly, during isolation of the recombinant Amel—
Okpl complex from bacteria, we noticed copurification of bac-
terial DNA, which could only be removed by repeated high salt
washes. This observation prompted us to determine the DNA-
binding properties more systematically. Therefore, we incu-
bated DNA-free recombinant AO complex with 230-bp double
stranded DNA either encompassing the yeast CEN3 locus or a
noncentromeric DNA fragment of similar length and tested their
behavior in electrophoretic mobility shift assays. The AO com-
plex displayed DNA-binding activity toward both fragments,
as indicated by decreased mobility of the DNA and an altered
migration behavior of DNA-bound AO (Fig. 2 G). In contrast,
the Mtw1 complex alone did not interact with DNA in this assay
(Fig. 2 H). DNA binding by the AO complex occurred in the
presence of the Mtw1 complex, and at a DNA concentration of
0.18 uM, a 30-fold excess of AO complex (6 uM) was required
to saturate binding (Fig. 2 H). In buffers of comparable ionic
strength, no microtubule-binding activity of AO was detected in
cosedimentation experiments (Fig. S1). These results indicate
that the Ame1-Okpl complex is a DNA-binding component of
the yeast inner kinetochore.

Identification of a conserved Mtw1

receptor motif in Ame1

To elucidate the molecular basis for the association between the
AO complex and the KMN network, we attempted to coexpress
and purify Amel or Okpl individually in different combinations
with subunits of the Mtw1 complex. We were able to reconsti-
tute a minimal ternary complex consisting of an Mtw1-Nnfl
heterodimer and Amel in the absence of Okpl, demonstrating
that Amel is the critical subunit mediating the association with
the Mtw1 complex (Fig. 3 A).

A close inspection of sequence alignments between
Amel“®™™Y proteins from distantly related fungi revealed, in
addition to the highly conserved C-terminal CENP-U domain, the
presence of a short peptide motif encoding a predicted o helix at
the extreme N terminus of CENP-U proteins (Fig. 3 B). Regular
spacing of positively charged residues suggested that they could
be positioned on the same side of the predicted o helix and con-
stitute an interaction motif. To further investigate the role of the
N-terminal motif we generated an Amel-Okpl complex lacking
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Figure 2. A DNA-binding AO complex directly associates with the Mtw1 complex. (A) Coexpression and purification of Ame1-6xHis and Okp1 from
bacteria. Coomassie-stained gel shows consecutive purification steps. (B) Coexpression and purification of Ctf19-6xHis and Mcm21; purification steps as
in A. (C) Analysis of Ame1-Okp1 heterodimer formation. Schematic representation of Ame1 and Okp1 domain structure with predicted coiled-coil domains
underlined in red. Purification of complexes occurred via a 6xHis tag on the Ame1 construct and further separation via gelfiltration. Coomassie-stained
gel shows different heterodimeric AO complexes that could be purified. (D) SEC profiles and accompanying SDS-PAGE of the Miw1 complex (top), the
Ame1-Okp1 complex (middle), and a stoichiometric combination of both complexes (5 pM each; bottom). The depicted experiment is representative of
more than three similar binding experiments. (E) SEC elution profiles of the Mtw1 complex (top), the Ctf19-Mcm21 complex (middle), and their stoichio-
metric combination (5 pM each; bottom). The depicted experiment is representative of more than three similar binding experiments. (F) SEC elution profiles
and SDS-PAGE gels of the Mtw1 complex (top), recombinant Ndc80 complex (second from top), the Ame1-Okp1 complex (second from bottom), and a
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the N-terminal 15 residues of Amel. Although wild-type Amel-
Okpl associated stoichiometrically with an Mtw 1-Nnf1 heterodimer
(Fig. 3 C), the interaction was disrupted in the Ame1'~* mutant
(Fig. 3 D). To ask whether the Amel binding motif is not only
necessary but also sufficient for binding, we fused the N-terminal
30 amino acids of Amel to GST and probed the interaction with
the Mtw1 complex. SEC demonstrated that GST-Ame1'*° was
sufficient to bind to the Mtw1 complex (Fig. 3 E). Quantitative
analysis of the interaction by isothermal titration calorimetry
(ITC) showed that full-length Ame1-Okp1 bound to an Mtw1-
Nnf1 heterodimer with an apparent dissociation constant of 1.6 uM
at a 1:1 stoichiometry. When fused to GST the N-terminal 30
residues of Amel bound with similarly high affinity (K4 = 1.5 uM)
to the Mtw1-Nnf1 heterodimer, suggesting that the motif is the
main, if not the sole, site of interaction with MN (Fig. 3 G).

Structural analysis of the Ame1-Okp1
complex

We next structurally characterized the association between the
Mtw1 complex and the Amel-Okpl complex by single particle
negative stain electron microscopy. Visualization of the recom-
binant Mtw1 complex revealed well-dispersed particles (Fig. 4,
A and B) that were suitable for two-dimensional class averaging:
the yeast “apo”-Mtw1 complex displayed the previously de-
scribed characteristic dumbbell shape with a long axis of 25 nm
and clearly distinguishable large and small lobes at either end of
a stalk (Petrovic et al., 2010; Hornung et al., 2011; Fig. 4 C). The
larger lobe showed reduced electron density in its center, hinting
at the presence of a cavity (Maskell et al., 2010). In comparison,
visualization of the hexameric Mtw1C—AO complex after gel fil-
tration showed an increase in electron density specifically at the
larger lobe of the complex, whereas the stalk and smaller lobe
appeared relatively unchanged. It seemed that the increase in size
of the larger lobe (from 8-nm diameter in the apo—-Mtw1 complex
to 11-15 nm upon AO binding) did not occur isotropically, but
often emerged as extra mass on one side of the Mtw1 complex.
In addition, the cavity in the larger lobe was no longer visible,
suggesting that the AO complex partially occupies this Mtw1
docking site (Fig. 4 C). The binding mode of the AO complex re-
vealed in these experiments appears different from the previously
characterized interaction of a fragment of human CENP-C (resi-
dues 1-400) with the Mtw1 complex, which was observed to
bind along the entire length of the complex and may rigidify an
otherwise flexible conformation (Screpanti et al., 2011).

The conserved Ame1 motif is essential for
kinetochore assembly in vivo

Binding of AO to the Mtw1 complex might be one of many
redundant connections within the kinetochore architecture, or

alternatively play a unique and crucial role during assembly.
To analyze the contribution of the Amel-Mtw1 complex inter-
action to kinetochore function in vivo, we generated yeast strains
that express either Amel wild type or mutant protein lacking
the Mtw1 receptor motif as the sole source of the protein in the
cell. We failed to recover viable haploid spores that expressed
only Amel'5~*, suggesting that deletion of the Mtw1 binding
motif in Amel is lethal (Fig. 5 A). To confirm this and create
a conditional system for the analysis of terminal phenotypes
we used the anchor-away technique to remove the endogenous
copy of Amel from the yeast nucleus by addition of rapamycin,
while expressing wild-type or mutant Amel rescue alleles under
their endogenous promoter. Serial dilution assays indicated that
Amel"7?* was unable to rescue the lethality of Amel deple-
tion on rapamycin-containing plates, despite being expressed at
levels comparable to a wild-type control (Fig. 5, B and C). Point
mutations in the Amel motif had differential effects on viabil-
ity: charge-reversing mutations in the highly conserved arginine
residues Arg10 and Arg12 were lethal, whereas mutations of the
same residues to alanine or replacement of the less conserved
Arg3 residue with aspartate were tolerated (Fig. 5 B).

To analyze the phenotype of Amel motif mutants we fol-
lowed the segregation of fluorescently labeled chromosome V
after treating strains with rapamycin. Ame1-FRB strains lacking
arescue allele accumulated large budded cells that failed to seg-
regate chromosome V to the daughter cell (Fig. 5 D). Although
cells with a wild-type rescue allele successfully segregated
chromosome V in 60% of the cases, cells with the Ame]">~**
allele resembled cells lacking a rescue allele (Fig. 5 E). We ad-
ditionally followed the levels of Pdsl/Securin after release of
Amel-FRB strains from an « factor arrest into rapamycin-
containing medium. Cells with a wild-type Amel allele displayed
normal Pds1 degradation kinetics, whereas Amel'* cells
delayed Pds1 degradation, consistent with the accumulation of
large-budded cells (Fig. 5 F). These results indicate that imme-
diately after rapamycin treatment, Amel mutant strains display
checkpoint activity. After prolonged treatment with rapamycin
(>3 h) we noticed, however, a rapid accumulation of multi-
budded cells in Amel-FRB strains, indicating that the cells were
not able to maintain the mitotic arrest—a phenotype typically
seen in checkpoint-defective mutants (Li and Murray, 1991).
Presence of a wild-type allele prevented accumulation of large
and multi-budded cells, whereas Ame1'>=% cells behaved very
similar to cells lacking any rescue allele (Fig. 5 G). To determine
the underlying reason for the severe phenotype, we examined
the localization of GFP-tagged wild-type and mutant Amel res-
cue alleles as well as the Mtw1 complex and Mif2 1 h after treat-
ing a logarithmic culture with rapamycin. Although wild-type
Amel-GFP showed the typical kinetochore localization to two

stoichiometric combination (5 pM each) of all three complexes (bottom). Note formation of a high molecular mass assembly containing all three complexes.
The depicted experiment is representative of more than three similar binding experiments. (G) Electrophoretic mobility shift assay demonstrating DNA-
binding activity of the AO complex. Double-stranded 230-bp DNA fragments covering CEN3 or a random noncentromeric fragment were resolved on 1.2%
Agarose gels in the presence or absence of the AO complex. Gel was stained with ethidium bromide to visualize DNA and Coomassie fo visualize proteins.
(H) Binding of AO binding to DNA is concentration dependent and can occur in the presence of Mtw 1C. A fixed concentration of CEN3 dsDNA (0.18 pM)
was incubated with increasing concentrations of the Mtw 1C complex, the AO complex, and both (0.9, 1.9, 3.8, or 6 pM for each complex) and analyzed
by electrophoretic mobility shift assay. Note that the Mtw 1C does not interact with DNA and does not impede AO binding to DNA.
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Figure 3. A conserved motif in the N terminus of Ame1 is necessary and sufficient for Mtw1 complex binding. (A) Coexpression experiment demonstrating
association of Ame1 with a heterodimeric Mtw1-Nnf1 complex. The heterotrimeric complex was purified via a Flag tag on Ame1 and further separated
by gel filtration (GF). (B) A conserved motif predicted to form an « helix is present at the N terminus of Ame1-related proteins. Multiple sequence alignment
of the N terminus of CENP-U proteins from distantly related yeast species. Conserved or similar residues are shaded according to the ClustalW scheme.
Secondary structure predictions are indicated at the top and bottom and a red bar denotes the prediction of an « helix. (C) SEC elution profiles and cor-
responding SDS-PAGE of the AO complex (top), the Mtw 1-Nnf1 heterodimer (MN) of the Mtw 1 complex (middle), and a stoichiometric combination of both
complexes (5 pM each; bottom). The depicted experiment is representative of more than three similar binding experiments. (D) SEC analysis of a mutant AO
complex lacking the N-terminal 15 residues of Ame1 (top), the MN heterodimer, and a stoichiometric combination of both complexes (bottom). Note the
abrogation of the inferaction upon deletion of the Ame1 motif. The depicted experiment is representative of more than three similar binding experiments.
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Figure 4. Structural andlysis of the hexameric Mtw1C-AO complex by single particle electron microscopy. (A) Negative-stained electron microscopy of re-
combinant full-length Miw 1 complex (top) or a stoichiometric combination of the Mitw 1 complex and the Ame1-Okp1 complex (bottom). (B) Close-up views
of individual negatively stained particles. (C) 2D class averages derived from electron microscopy images shown in A represent characteristic views of the
Mitw1 complex in the absence (top set) and presence (bottom sef) of the AO complex. Note the increase in size of the larger lobe of the Miw1 complex,

indicated by red arrows, and the disappearance of the central cavity.

clusters in large-budded cells, localization of Amel'3~* to ki-
netochores was severely reduced (Fig. 5, F and G). Importantly,
the reduction in Amel localization was accompanied by a pro-
portional decrease of the Mtw1-mCherry signal in kinetochore
clusters. The drastic reduction in localization of the Mtw1 com-
plex, which serves as an assembly hub for the outer kinetochore
(Petrovic et al., 2014), can explain the severe phenotype of
the Ame1'3*** mutant. In addition, localization of the CENP-C
homologue Mif2 was reduced in the Amel mutant, although to
a lesser extent compared with the Mtw1 complex. We conclude
that the interaction between Amel and the Mtw1 complex me-
diated by the conserved N-terminal motif is essential for their
codependent localization to the kinetochore.

MIif2CENP-C provides CENP-A recognition but
is dispensable for direct KIMIN binding

Preventing an interaction between Amel and the Mtw1 complex
led to a loss of both proteins from the kinetochore, implying that
their recruitment to centromeres depends on additional CCAN

subunits. The CENP-C homologue Mif2 is a prime candidate
for such a factor because it is an essential CCAN component in
all systems. Previous work has defined three important domains
that are common to CENP-C proteins: a C-terminal cupin fold,
which mediates the homodimerization of the molecule (Cohen
et al., 2008); a so-called CENP-C signature motif that has re-
cently been shown to provide a direct contact to the hydrophobic
C terminus of CENP-A (Kato et al., 2013), thus discriminat-
ing between CENP-A and H3 nucleosomes; and an N-terminal
conserved domain, which confers a direct interaction between
human CENP-C and the Mis12 complex (Screpanti et al., 2011;
Fig. 6 A). To dissect the contributions of these domains to ki-
netochore assembly, we generated recombinant baculoviruses
and purified full-length Mif2 as well as mutant versions lack-
ing the N-terminal motif (AN), the signature sequence (ASigna-
ture), or the cupin fold (ACupin) from insect cells (Fig. 6 B).
As predicted, deletion of the cupin domain prevented dimeriza-
tion, resulting in an increased elution volume from the gel fil-
tration column (Fig. S2 A). After coexpression, the four-protein

(E) SDS-PAGE showing SEC analysis of the Mtw1 complex (top), GST-Ame1'° (middle), or a stoichiometric combination of both components (5 pM each;
bottom). GST alone was unable to bind the Miw1 complex (not depicted). (F) ITC analysis of the AO-MN association. SDS-PAGE shows protein complexes
used for the experiment. The dissociation constant (Ky) was calculated from n = 3 experiments. (G) ITC analysis of the binding of GST-Ame 1'% to the MN
complex. SDS-PAGE shows proteins used for the analysis. The molar concentration of GST-Ame1 was calculated as a monomer, meaning that the dimeric
GST-Ame 1'% binds two copies of the MN complex. The dissociation constant was calculated from n = 3 experiments.
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Mtw1 complex copurified with Mif2-Flag from insect cells and
formed a defined complex. Copurification of the Mtw1 complex
with Mif2-Flag was maintained in ASignature and ACupin mu-
tants, but abrogated in the AN mutant (Fig. 6 C). Thus, similar to
human CENP-C, yeast Mif2 contains a binding domain for the
Mtw1 complex located in the extreme N terminus of the mol-
ecule. We next analyzed the phenotypes of these Mif2 mutants
in vivo. Tetrad analysis indicated that deletion of the CENP-C sig-
nature motif was lethal, whereas deletion of the cupin fold pro-
duced slowly growing but viable spores (Fig. 6 D). Surprisingly,
deletion of the N-terminal Mtw1 complex binding domain was
well tolerated, causing only a minor growth defect in the pres-
ence of the microtubule-destabilizing drug benomyl (Fig. 6 E).
Consistent with the lack of a pronounced growth phenotype, the
level of Mtw1-GFP at kinetochore clusters appeared unchanged
as judged by live cell microscopy (Fig. 6 F). Nevertheless, the
N terminus of Mif2 contributes to outer kinetochore function
as indicated by a synthetic growth phenotype with a deletion
of the yeast CENP-T homologue Cnnl (Fig. 6 G). We conclude
that CENP-A recognition via the signature motif is essential
for Mif2 kinetochore function in vivo, whereas binding to the
Mtw1 complex via the N terminus or homodimerization via the
cupin fold plays a functionally less important role.

Mif2 and Ame1-0Okp1 interact to form

a binding scaffold for Mtw1 complexes

at the inner kinetochore

Besides recognition of the CENP-A nucleosome Mif2 may addi-
tionally contribute to inner kinetochore formation through direct
binding of AO. Indeed, SEC indicated the formation of a stable
Mif2-AO complex (Fig. 7, A and B) that did not require dimer-
ization of Mif2 (Fig. S2 B). We next asked whether Mif2 and the
AO complex compete for Mtw1 complex interaction, or whether
their association is compatible with the binding of multiple Mtw1
complexes. In comparison to the individual components, a com-
bination of Mif2, AO, and the Mtw1 complex eluted early from
SEC with the peak fractions containing stoichiometric amounts
of all seven components (Fig. 7, E and D). Comparison to the
elution position of the Mtw1 complex alone indicates that the
main molecular species formed under these conditions contains
at least two copies of the Mtw1 complex, suggesting a 2:2:2 stoi-
chiometry of the Mif2-AO-Mtw1C complex. The elution profile
remained relatively broad, however; therefore we cannot exclude
the possibility of higher-order associations. Removing Mtw1
binding sites through the Ame1'"~**> mutation eliminated the fast
eluting species (Fig. S3). Thus, Mif2, the AO complex, and the
Mtw1 complex can associate into a stable complex whose forma-
tion depends on the conserved motif in the Amel N terminus.

To gain further insights into the topology of this network
of inner kinetochore proteins, we performed chemical cross-
linking of the Mif2—AO-Mtw 1C assembly followed by detection
of cross-linked peptides by MS (Fig. 8 A). The method exploits
the ability of Bis[sulfosuccinimidyl] suberate to cross-link primary
amines of lysine residues within a distance compatible with
the cross-linker (11 A). In total, 154 intersubunit cross-links
between the seven proteins were mapped (Table S3). The detec-
tion of extensive cross-links between the conserved CENP-U
and -Q domains confirmed the biochemical characterization
of the requirements for AO heterodimerization. Furthermore,
in accordance with our biochemical analysis, the N-terminal
Mif2 residues Lys9 and Lys12 were involved in cross-links to
the Mtw1 complex subunits Dsnl and Nsl1. Importantly, cross-
links between the N terminus of Amel (Lys30) and the N-terminal
domain of Mtwl (Lys49 and Lys51) were detected, further il-
lustrating the key role of the conserved Amel motif. We failed
to identify cross-links involving lysine residues in the Amel
motif itself, possibly because they are buried in the interaction
interface and are therefore not accessible for the cross-linker.
A key role for Okpl in establishing the contact to Mif2 is sug-
gested by the detection of multiple cross-links between these
subunits. In particular the Mif2 residues Lys342, Lys343, and
Lys363, located between the cupin fold and the Signature motif,
were found to be physically close to Okpl. In summary, the
cross-linking map provides a comprehensive overview of the
connectivity between these essential kinetochore subunits.

Discussion

An essential role for the AO complex in the
budding yeast kinetochore

Our biochemical and genetic experiments have revealed key mo-
lecular requirements for the assembly of the yeast kinetochore.
Fundamentally, the goal of kinetochore formation is to trigger
the specific association of multiple copies of the KMN network
in the immediate vicinity of a nucleosome in which the histone
H3 is replaced by Cse4/CENP-A. The severe kinetochore phe-
notype of biochemically defined mutants demonstrates that in
budding yeast the critical connection between inner and outer
kinetochore hinges on the Ame1“*V subunit and a short bind-
ing motif that establishes a link to the Mtw1 complex as the
central KMN component (Fig. 8, B and C).

What is the underlying reason for this key role of Amel“*N*"Y
in yeast? Other organisms such as Caenorhabditis elegans
and Drosophila melanogaster seem to lack an extended CCAN
(including CENP-U) entirely and solely rely on CENP-C to
connect the KMN network to CENP-A chromatin. In budding

(D) Segregation of fluorescently labeled chromosome V in Ame1-FRB strains with different rescue alleles. Bar, 5 pm. (E) Quantification of chromosome
missegregation in Ame1-FRB strains. Segregation was scored in large-budded cells 3 h after treatment with 1 pg/ml rapamycin. (F) Pds1/Securin levels
analyzed by Western blot in Ame1 wild-type and mutant strains after release from an « factor arrest into rapamycin to anchor-away Ame1-FRB. Note sta-
bilization of Pds1 levels in the mutant. (G) Quantification of cellular morphology upon nuclear depletion of Ame1-FRB in the absence or presence of Ame1
rescue alleles. The percentage of cells in the population containing more than one bud is indicated. Error bars denote SEM; n = 3. (H) Localization of Amel
and Miw1 analyzed by live cell microscopy after anchoring-away endogenous Ame1. Bar, 2 pm. Inset represents twofold magnification of indicated area.
() Quantification of AmeT, Miw1, and Mif2 fluorescence in kinetochore clusters in Ame1 wild type and Ame1'>-*24 mutant. Fluorescence intensity in Ame1

wild type was normalized to 1. Error bars denote SEM; n = 3 for each strain.
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(10 pM), and a combination of Mif2-Flag, Miw1 complex, and AO complex (bottom). The depicted experiment is representative of n > 3 binding assays
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yeast the interaction of a Mif2 homodimer with a single centro- Mtw]1 recruitment factor that can enhance affinity through co-
meric nucleosome may not configure a sufficient number of high- operative binding. This requirement may be more relaxed in
affinity binding sites for the assembly of multiple copies of the systems where multiple CENP-A nucleosomes are brought to-
KMN network, which could necessitate the usage of an additional gether to provide a binding platform for the CCAN. In human
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cells it has been shown that overexpression of the N termi-
nus of CENP-C disrupts kinetochore function by a dominant-
negative effect (Screpanti et al., 2011). As the loss of Mis12
complex binding by CENP-C has not been directly tested,
this leaves open the possibility of alternative routes of Mtw1
complex recruitment. Although a clear conservation of the
Amel motif can only be detected with confidence for fun-
gal CENP-U proteins, secondary structure predictions in-
dicate the presence of short structured domains also at
the N terminus of human CENP-U, hinting that a Misl2
complex binding function of the OPQUR subcomplex might
be conserved.
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Implications for kinetochore architecture

Our study contributes to a deeper understanding of the design
principles of kinetochores. Extending an architectural theme al-
ready found in CENP-T and CENP-C proteins, yeast CENP-U
uses a linear, peptide-like motif in an otherwise flexible exten-
sion of the molecule to establish the connection to the Mtw1
complex. Given the emergence of the Mtw1 complex as a bind-
ing scaffold for proteins containing RWD domains (Petrovic
et al., 2014), it may be somewhat surprising that the RWD
domain—containing proteins Ctf19-Mcm?21 do not seem to be
able to bind to the Mtw1 complex in isolation. We cannot ex-
clude, however, that in the context of the full COMA complex,
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Ctf19-Mcm21 might be contacting the Mtw1 complex with their
RWD domains and therefore contribute to the overall affinity
and structure of the assembly. A further characterization of the
DNA-binding activity of the AO complex will be necessary to
evaluate the extent of its contribution to kinetochore function.
For a variety of fungal CENP-U proteins, “AT-hook” domains
similar to the DNA binding motifs found in CENP-C are pre-
dicted (unpublished data), but for Amel itself this assignment
is uncertain. It seems plausible that both Mif2 and Ame1-Okpl
associate with the AT-rich DNA that wraps around the Cse4 nu-
cleosome. Cooperative binding of multiple AO complexes could
then provide several binding sites for the Mtw1 complex. Our
structural analysis gives insights into the topology of the Mtw 1
complex within the kinetochore organization: the AO complex
interacts specifically with the larger lobe of the Mtw1 complex.
This conclusion is strengthened by our cross-linking analysis,
which detected physical proximity between the N terminus of
Amel and the N terminus of Mtw1. Maskell et al. (2010) have
shown that MBP fusions to the N terminus of Mtw1 are local-
ized at the larger lobe of the Mtw1 complex, resembling the AO
binding detected in our study. Based on recent electron micros-
copy results (Petrovic et al., 2014), this places the DNA-binding
components AO juxtaposed to the two outer members of the
KMN network, Ndc80 and Spc105, which are at the other lobe
of the Mtw1 complex, thus rationalizing the central role of AO
within the kinetochore architecture. A key goal for future struc-
tural analysis will be to visualize higher order assemblies that
reveal how multiple copies of the Mtw1 complex are organized.
The biochemical insights provided in our study allow a good
starting point for such an analysis.

A multistep assembly pathway of the
budding yeast kinetochore

In the process of kinetochore assembly, cells have to balance
conflicting requirements. On the one hand, assembly should be
rapid, such that after replication yeast centromeres quickly be-
come competent to bind to microtubules and initiate the process
of sister chromatid biorientation on the spindle. On the other
hand, kinetochore assembly needs to be highly specific to avoid
the deleterious effects of assembling multiple kinetochores on
the same chromosome. This conflict is especially evident in
budding yeast, where kinetochore assembly is initiated around
a single CENP-A nucleosome, which is overall very similar to
its H3 counterpart (Furuyama and Biggins, 2007; Tachiwana
et al., 2011). Moreover, CENP-A nucleosomes frequently be-
come deposited in noncentromeric regions, yet this usually does
not lead to the assembly of a functional kinetochore, even under
conditions of CENP-A overexpression (Lefrancois et al., 2013).
Our results provide indications for how specific and coopera-
tive assembly of a kinetochore is achieved. Although Mif2“FN"-¢
is required for the specificity of the assembly via its CENP-A
binding motif, it is only upon association of the AO complex
that yeast centromeres become competent to assemble the outer
kinetochore. The additional requirement of a key molecular fac-
tor that initiates outer kinetochore assembly may provide a form
of kinetic proofreading that protects against inappropriate as-
sembly. Such assembly intrinsic mechanisms may work together

with additional factors that control the level of CENP-A nucleo-
somes at chromosome arms (Hewawasam et al., 2010; Ranjitkar
et al., 2010). The essential kinetochore components, Mif2,
Mtw1 complex, and Amel1-Okp1, may also be important points
of regulation during assembly as indicated by the presence of
critical phosphorylation sites on these subunits (Westermann
et al., 2003; Akiyoshi et al., 2013). This might be especially
important immediately before and after replication of centro-
meric DNA. Our experiments provide a biochemical framework
in which the regulation of the kinetochore assembly process, for
example through cell cycle kinases, can be tested in the future.

Materials and methods

Protein expression and purification

Expression constructs for kinetochore proteins were created by amplifying
the respective genes from yeast genomic DNA and cloning them using
appropriate restriction sites info pST3?, pET28, pETDuett, pACYCDuet,
pGEX6P, or pCOLA plasmids (bacterial expression) or pFL plasmids (insect
cell expression). For list of constructs please see Table S1. Unless indicated
otherwise the following conditions are valid for all protein expressions
performed in this work. Cells were grown at 37°C until ODgqo of 0.6
and subsequently induced with 0.5 mM IPTG. Expressions were conducted
overnight at 18°C with the exception of the MNc (0.5 mM IPTG; 4 h
at 37°C). Expression of Miw1lc and MNc was performed in BL21 (DE3;
Novagen). AOc and CMc were expressed in Rosefta 2(plys) (DE3) cells
(EMD Millipore). Lysis, wash, and elution buffers as well as chromatog-
raphy steps varied for the different protein complexes and are described
in the individual sections. Sonication of bacteria was performed in the
presence of protease inhibitors (Roche) and PMSF. The 6xHistidine fusion
proteins were isolated with Ni-NTA agarose beads (QIAGEN), whereas
M2 aoffinity agarose (Sigma-Aldrich) was used for FLAG-tagged proteins.
Incubation with affinity beads was performed in batch format in a 50-ml
Falcon tube for 1 h at 4°C.

Ndc80 complex

Expression and purification of yeast Ndc80 complex was performed as
described previously (Lampert et al., 2010). In brief, the two subcomplexes
of the Ndc80 complex (Ndc80-6xHis—-Nuf2-EGFP and Spc24-6xHis—
Spc25p) were separately expressed from the pETDuett or pACYCDuet-1
vectors (Novagen). Both plasmids were cotransfected into BL21 DE3 (EMD
Millipore). Bacteria were grown to ODgoo = 0.6 at 37°C, induced with
0.2 mM IPTG, and grown for 12-15 h at 18°C. The two subcomplexes were
eluted with 150 mM NaCl, 10 mM Hepes, pH 7.0, and 250 mM imidazol
from the Ni-NTA beads, and then subjected to in vitro reconstitution of the
full-length Ndc80 complex and further purified on the Superdex 200 Hi-
Load 16/60 (GE Healthcare). Gel filtration was conducted in 150 mM
NaCl and 10 mM Hepes, pH 7.

Miw1 complex

Lysis buffer for Mtw1 complex (N+erminal 6xHis tag on the Dsn1 sub-
unit) was 50 mM Tris-HCL, pH 7.5, 500 mM NaCl, 30 mM imidazole,
10% glycerol, and 0.5% Tween 20 as described previously (Maskell
et al., 2010). Elution was performed in batch with 30 mM Tris, pH 8.5,
80 mM NaCl, and 250 mM imidazole. Subsequently, proteins were directly
loaded onto anion exchange chromatography (MonoQ5/50 GL column;
GE Healthcare). The column was developed with 2—column volume (CV)
gradient wash from 0-20% buffer B, followed by 15-CV wash of 20%
buffer B. The conductivity is at 25 mS/cm. The chromatography was per-
formed with a step gradient consisting of buffer (30 mM Tris HCI, pH 8.5,
and 5% glycerol from 80 mM [A] to T M NaCl [B]) using a flow rate of
1 ml/min. The protein is eluted within 2 CV by increasing buffer B to 50%.

MN complex purification

Purification was performed as for Miw1 complex. Additionally, after the
ion exchange chromatography a SEC was conducted with buffer (30 mM
Hepes, pH 7.5, 150 mM NaCl, and 5% glycerol).

AO complex purification
AO'5*% s well as the CM complex purification pellets were resuspended
in lysis buffer (30 mM Na/K phosphate, pH 7.0, 30 mM imidazole, 1 M
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NaCl, and 1 mM DTT). To remove the E. Coli DNA that was bound to the
AO complex, beads were washed six times for 10 min at 4°C while rotat-
ing with wash buffer (30 mM Hepes, pH 7.5, 30 mM imidazole, 5 mM
CaCly, 1 mM DTT, and 600 mM NaCl). AO-6xHis was eluted from a Ni-
NTA column using a step gradient consisting of a 50-mM imdazole step
followed by 300 mM imidazole for elution. Subsequent purification over
gel filiration was performed in 30 mM Na/K phosphate, pH 7.0, and
50 mM ammonium sulfate.

Mif2 and Mitw1 complex purification from insect cells
Open reading frames encoding kinetochore subunits were amplified from
yeast genomic DNA and cloned into the pFL vector for insect cell expres-
sion. Generation of recombinant viruses expressing multiple subunits was
performed according to the multi-Bac system (Trowitzsch et al., 2010).
For expression and purification, insect cells were opened with a Dounce
homogenizer in Llysis buffer (20 mM Na;HPO,/NaH,PO,4, pH 7.0,
300 mM NaCl, and 1 mM EDTA) with Complete EDTA-free protease inhibi-
tors (Roche). Cleared extracts were incubated with M2 anti-Flag agarose
(Sigma-Aldrich) for 2 h, washed 3x with buffer, and eluted with 2 mg/ml
3xFlag peptide in Lysis buffer.

For purification of 6xHistagged proteins, insect cells were lysed in
20 mM Na,HPO,/NaH,PO,, pH 7.0, 300 mM NaCl, 20 mM imidazole,
1 mM PMSF, and Complete protease inhibitors. Cleared exiracts were in-
cubated with Ni-NTA agarose (QIAGEN) for 2 h and washed three times,
and proteins were eluted with 200 mM imidazole in Lysis buffer.

Coexpression and purification of MNc with Ame1

Ame1-FLAG was cloned into cassette 4 of the pST39 plasmid that already
contained the subunits Miw1, Nsl1, and Nnf1-6xHis. Bacterial expression
was performed at 37°C for 4 h. lysis buffer was PBS with 5% glycerol.
After binding to the M2 affinity gel (Sigma-Aldrich) beads were washed
with PBS, 5% glycerol, and either 150 or 600 mM NaCl. Elution was per-
formed with 2 mg/ml 3xFLAG peptide. Complex formation was detectable
even under conditions of 600 mM NaCl.

Interaction studies using SEC

Analytical SEC experiments were performed on Superose 6 10/30 (CMc +
Miw1c) or on Superose 6 3.2/30 columns. All SEC interaction studies
were conducted under isocratic elution conditions at 4°C. The protein elu-
tion was monitored by absorbance at a wavelength of 280 nm. For analyti-
cal SEC, proteins were mixed in equimolar ratios between 5 and 15 pM
and incubated for 10-30 min on ice. The eluates were fractioned, loaded
onto SDS-PAGE, and stained with Coomassie.

ITC

ITC experiments were performed in 30 mM Hepes, pH 7.5, 150 mM NaCl,
and 2% glycerol at 28°C using a VP-ITC calorimeter (Microcal Inc.). In the
individual experiments, the following protein concentrations were titrated
into the device cell that contained the protein of lower molarity: GST-Ame
1-30 (400 mM) info MN (25 mM); MN (243 mM) into AO (24 mM); and,
as a control experiment, MN (271 mM) into GST (18 mM). The calculated
molarities were based on the assumption that GST is present as a monomer
in solution. Thermodynamic values and stoichiometries were obtained using
Origin 7 (Originlab Corp.) by fitting the binding isotherms with the nonlin-
ear least squares method, assuming one set of binding sites.

Electron microscopy

Miw1 and Miw1AO complexes were further prepared for electron micros-
copy analysis using the GraFIX method (Kastner et al., 2008). 200 pg of
the complex was layered onto a 10-20% glycerol gradient in 25 mM
Hepes, pH 7.5, and 100 mM NaCl, which also contained 0.02-0.15%
glutaraldehyde gradient, and ultracentrifuged at 56,000 rpm for 14 h at
4°C. Fractions were analyzed by SDS-PAGE and fractions containing
monomeric cross-linked complex were deposited onto a freshly glow-
discharged, carbon-coated copper grid, blotted after 1 min, and stained
with 2% uranyl formate for 1 min. Images were collected on an 11-megapixel
charge coupled device camera (Morada; Olympus) using a Morgani
268D electron microscope (FEI) operated at 80 kV and 71,000 magnifica-
tion. Approximately 2,000 particles that appeared to correspond to full
Miw1 and Miw1AO complexes were picked in EMAN2 boxer, and class
averages were calculated by XMIPP ML2D. Other measurements were per-
formed using Image) (National Institutes of Health).

Ame1-Flag purification and MS

Amel-associated proteins were obtained by a single-step antibody purifi-
cation with a 6xFlag tag fused to the Ame1 C terminus according to a
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previously published profocol with a few exceptions (Akiyoshi et. al., 2010).
The logarithmic yeast culture was collected at ODgoo = 1, and the cells
were harvested and frozen as droplets in liquid N2. Yeast cells were sub-
sequently lysed with a freezer mill (Biospec). The cleared lysate was incu-
bated for 2 h with 50 pl of Dynabeads coupled with M2 flag antibody. The
bound protein complex was predigested overnight at 37°C by addition of
500 ng LysC (sequencing grade; Wako Pure Chemical Industries). Cyste-
ines were reduced (6.5 mM TCEP; 30 min at 56°C) and alkylated (40 mM
MMTS; 30 min at RT in dark) followed by overnight digestion at 37°C by
addition of 500 ng trypsin (sequencing grade). Before the MS analysis the
samples were acidified with 10% TFA. To check the immunopurification,
15 pl of beads were used to elute with 3xFlag peptide and SDS-PAGE gel
was run.

MS analysis was performed on a 5600 TripleTOF (AB Sciex) cou-
pled with an Ultramate 3000 RCLC nanosystem (Thermo Fisher Scientific).
The samples were measured with a 120-min linear gradient. For data-
dependent analysis experiments (protein identification and spectral library
generation), the mass spectrometer was operated in a manner where a
TOF-MS scan was collected, from which the top 20 ions were selected, in
a total cycle time of 2.3 s. For SWATH MS-based experiments (protein
quantification), the method was set in a similar manner to a previously es-
tablish method (Gillet et al., 2012). The isolation window was set to 35 D
and the tofal cycle time was 1.29 s. All data-dependent analysis MS files
were searched using ProteinPilot software v. 4.5 (AB Sciex) with the Para-
gon algorithm with the following parameters: MMTS cysteine alkylation,
digestion by trypsin, and search against yeast database (http://www
.yeastgenome.org). Spectral alignment and targeted data extraction of
SWATH samples was performed using PeakView v.1.2 (AB Sciex). For the
protein quantification, three manually selected peptides with three transi-
tions per peptide were used in Marker View v.1.2 (AB Sciex).

Chemical cross-linking and MS of the Miw 1-Mif2-Ame1-Okp1 complex
Recombinant protein complex at a concentration of ~0.2 mg/ml was
cross-linked with 100 pM isotopically labeled (do/ds2) Bis[sulfosuccinimidyl]
suberate (Creative Molecules) at 35°C for 30 min. Reaction was quenched
with 50 mM ammonium bicarbonate and supplemented with 8 M urea to
a final concentration of 6 M. After reduction and alkylation cross-linked
proteins were digested with Lys-C (1:50 wt/wt; Wako Pure Chemical In-
dustries) for 3 h, diluted with 50 mM ammonium bicarbonate to 1 M urea,
and digested with trypsin (1:50 wt/wt; Promega) overnight. Cross-linked
peptides were purified by reversed phase chromatography using C18 car-
tridges (Sep-Pak; Waters). Cross-linked peptides were enriched by peptide
SEC and analyzed by tandem MS (Orbitrap Elite; Thermo Fisher Scientific;
Herzog et al., 2012). Fragment ion spectra were searched and cross-links
were identified by the dedicated software program xQuest (Walzthoeni
etal, 2012).

Yeast genetics

Yeast strains were constructed in the S$288C background. Yeast strain gen-
eration and methods were performed by standard procedures. The anchor-
away approach for characterization of Amel mutants was performed as
described (Haruki et al., 2008), using the ribosomal RPL13-FKBP12 an-
chor. Final rapamycin concentration in plates or liquid media was 1 pg/ml.
For a list of strains see Table S2.

For live cell microscopy, cells were grown in synthetic medium
and imaged on concanavalin A—coated coverslips by live cell Deltavision
deconvolution microscopy (Applied Precision) on an IX-71 microscope
(Olympus) controlled by Softworx and equipped with a Plan Apochro-
mat 100x 1.4 NA objective (Olympus) and a Coolsnap HQ camera
(Photometrics) at 25°C. Z stacks (8 x 0.35 pm apart) were acquired
and projected info 2D images. Images were processed and analyzed
using Image), Photoshop (Adobe), and Metamorph (Molecular Devices).
Quantification of kinetochore fluorescence intensity was performed on
maximum intensity projections of equally scaled images in Image).
A rectangular region of interest was defined around a kinetochore cluster,
and the integrated kinetochore fluorescence intensity was measured after
background subtraction of an equally sized nonkinetochore area. Kineto-
chore fluorescence was quantified for at least 30 clusters in three inde-
pendent biological experiments.

Online supplemental material

Fig. S1 shows microtubule cosedimentation assay of the AO complex.
Fig. S2 shows gel filtration analysis of Mif2 mutants and additional in-
teraction studies of Mif2 mutants with the AO complex. Fig. S3 provides
additional gel filtration analysis of the binding between a mutant AO
complex lacking the conserved Amel motif and the Mif2 and Miw1
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complexes. Table S1 lists plasmids used in this study and Table S2
lists yeast strains. Table S3 provides a comprehensive list of all interpro-
tein cross-links found by the MS analysis of the Mif2-AO-Miw1 com-
plex. Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.201403081/DC1.
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