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YEAST MEIOSIS

Sister kinetochores are mechanically
fused during meiosis I in yeast

Krishna K. Sarangapani,™* Eris Duro,?* Yi Deng,’ Flavia de Lima Alves,” Qiaozhen Ye,?
Kwaku N. Opoku,' Steven Ceto,* Juri Rappsilber,”® Kevin D. Corbett,>® Sue Biggins,*”

Adéle L. Marston,? Charles L. Asbury'f

Production of healthy gametes requires a reductional meiosis | division in which replicated
sister chromatids comigrate, rather than separate as in mitosis or meiosis Il. Fusion of
sister kinetochores during meiosis | may underlie sister chromatid comigration in diverse
organisms, but direct evidence for such fusion has been lacking. We used laser trapping
and quantitative fluorescence microscopy to study native kinetochore particles isolated
from yeast. Meiosis | kinetochores formed stronger attachments and carried more
microtubule-binding elements than kinetochores isolated from cells in mitosis or meiosis
Il. The meiosis I-specific monopolin complex was both necessary and sufficient to drive
these modifications. Thus, kinetochore fusion directs sister chromatid comigration, a
conserved feature of meiosis that is fundamental to Mendelian inheritance.

he hallmark of meiosis is a twofold reduc-
tion in ploidy, which occurs because one
round of DNA replication is followed by
two rounds of chromosome segregation.
Sister chromatids distinctly comigrate dur-
ing meiosis I, thereby enabling segregation of ho-
mologous chromosomes. During meiosis II, which
resembles mitosis, the sister chromatids separate
(fig. S1, A and B). It has been suggested that the
comigration of sister chromatids during meiosis I
depends on fusion of sister kinetochores in a range
of organisms (I-4) (fig. S1C). Because fused sister
kinetochore pairs would contain more microtubule-
binding elements than individual kinetochores,
we reasoned that they might form stronger at-
tachments to microtubules. Alternatively, if one
kinetochore within each sister pair was selectively
inactivated during meiosis I (5, 6), then the re-
maining active kinetochores would probably form
attachments with similar strength relative to in-
dividual mitotic and meiosis II kinetochores.

To distinguish between the “fusion” and “one-
sister shut-off” mechanisms, we purified native
kinetochore particles from yeast cells arrested
in metaphase of meiosis I (via meiosis-specific
depletion of Cdc20) (7), using methods devel-
oped for the isolation of mitotic particles (8, 9).
The purified material contained essentially all
known Kinetochore components (table S1), and
its bulk composition was very similar to material
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isolated from mitosis (Fig. 1A; fig. S2, A and B;
and table S1). We used fluorescence- and laser
trap-based assays to determine whether the
meiosis I kinetochore particles remained func-
tional in vitro. As shown previously for mitotic
particles (8), fluorescently labeled particles isolated
from meiosis I cultures bound specifically to mi-
crotubules and tracked processively with disas-
sembling microtubule tips (Fig. 1B and movie S1).
Furthermore, meiosis I kinetochore particles
formed load-bearing attachments to microtubule
tips, supporting forces up to 15 pN and persisting
through “catastrophe” and “rescue” events, in
which the filament switched from assembly to
disassembly and vice versa (Fig. 1C). Thus, na-
tive kinetochore particles isolated from meiotic
cultures are functional. The meiotic particles
formed very-long-lived tip attachments with a
mean lifetime of 52 + 23 min at 7 pN of tension,
double the lifetime measured previously for mi-
totic particles (26 + 6 min) at a similar level of
tension (7.2 pN) (8).

The long lifetimes of attachments formed by
meiosis I kinetochore particles suggested that
they may be stronger than particles from mitotic
cells. To assess their strength directly, we attached
the meiosis I Kinetochore particles to growing
microtubule tips and tested them using a force
ramp, where force was increased at a constant
rate until the attachments ruptured (Fig. 1D).
Control Kkinetochore particles isolated from
metaphase-arrested mitotic cells ruptured at an
average force of 9.4 + 0.4 pN (Fig. 2B), which is
indistinguishable from the strength of particles
harvested during vegetative (asynchronous mitotic)
growth (8). Rupture strengths were unaffected
by differences in ploidy and were relatively in-
sensitive to the method of mitotic cell cycle arrest
(fig. S3). Meiosis I particles, however, formed sig-
nificantly stronger attachments, rupturing at
forces ranging from 6.5 to 22 pN (i.e., up to the
load limit of our laser trap), with an average of
13.1+ 0.3 pN (Fig. 2, A and B, and table S2). Mean
rupture forces for both meiosis I and mitotic

particles remained invariant as the density of
particles on the beads was reduced below the
single-particle limit (fig. S4), indicating that
higher strength is an intrinsic property of indi-
vidual meiosis I kinetochore particles.

To determine whether the higher kinetochore
attachment strength is specific to meiosis I or
persists into meiosis II, we prepared synchron-
ized meiotic cultures by releasing cells from a
prophase I block (10, 11). Particles harvested from
synchronized metaphase I cells formed attach-
ments that ruptured at 13.1 = 0.6 pN, on average
(Fig. 2, A and B, meiosis I*). However, particles
from synchronized metaphase II cells ruptured
at 9.3 £ 0.7 pN, on average (Fig. 2, A and B,
meiosis I1*). Thus, the higher intrinsic strength
of Kinetochore particles occurs specifically dur-
ing meiosis I and returns to mitotic-like levels as
cells progress into meiosis II.

If the particles isolated from meiosis I cells are
fused sister kinetochore pairs, they should con-
tain more microtubule binding elements than mi-
totic particles. We purified fluorescent particles
doubly tagged with SNAP-549 on Nuf2 (a subunit
of the microtubule-binding Ndc80 complex) and
CLIP-647 on Mif2 (an inner Kinetochore compo-
nent orthologous to CENP-C). Spore viability was
unaffected, and rupture strengths for the fluores-
cent particles were indistinguishable from un-
tagged particles (fig. S5 and table S2), indicating
no loss of functionality. The purified kinetochore
material contained a mixture of dual-color particles
carrying both Nuf2 and Mif2, plus subcomplexes
lacking Nuf2 or Mif2 (Fig. 2C). Subcomplexes with
just one detectable Nuf2 [identifiable by their
single-step photobleaching behavior (fig. S6)]
served as internal controls, allowing normal-
ization of particle brightnesses into estimates
for the approximate numbers of Nuf2 molecules
associated with each particle. Dual-color particles
from meiosis I cells carried more Nuf2 molecules,
on average [6.5 + 2.8 (mean + SD from N = 4
preparations)], than those from vegetatively
growing cells, which had 3.8 + 1.3 (V = 4) (Fig.
2, D and E). The apparent Nuf2 content was
variable and lower than in vivo estimates [which
suggest 8 to 20 copies per mitotic kinetochore
(12, 13)]. However, consistent with the fusion
model, Nuf2 content was significantly higher for
dual-color meiosis I particles than for vegetative
particles prepared in tandem, by a factor of 1.66 +
0.26 (mean + SD, N = 4 tandem pairs; P = 0.014
by t test).

If fusion of sister kinetochore pairs underlies
the increased strength of meiosis I kinetochore
particles, the increase should vanish if the par-
ticles are harvested from cells in which every
kinetochore lacks a sister. We engineered cells to
undergo meiosis without replicating their DNA
[via meiosis-specific depletion of Cdc6 (14), part
of the prereplicative complex (75)]. Because the
lack of sister chromatids precludes homology-
based DNA repair (16), we also deleted the Spoll
endonuclease, thereby avoiding high levels of
DNA damage that might interfere with meiotic
progression. Spoll catalyzes formation of the
chiasmata that link homologous chromosomes
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(17), so its deletion (spolIA) enabled us to test
whether tension across homologs is required for
sister kinetochore fusion (I8). Kinetochore par-

Fig. 1. Native kinetochore particles from meiotic cells recapitulate tip-
coupling in vitro. (A) Core kinetochore proteins copurified from cells under-
going vegetative (mitotic) growth and cells arrested in metaphase | of meiosis,
visualized by silver-stained SDS—polyacrylamide gel electrophoresis (9). Mif2
(1) comigrates with nonspecific background proteins (8). kDa, kilodaltons. (B)
Kymograph showing movement of fluorescent meiosis | kinetochore particles
(green) driven by a disassembling microtubule (red) (see movie S1). Filled arrow-
heads mark tip-particle encounters; the open arrowhead denotes particle release.
Insets shows images at indicated times. (C) Position versus time for tip-attached
meiosis | particles tested with a force clamp at indicated loads. Arrows mark
catastrophes and rescue. Intervals when the laser trap was briefly shuttered (to
clear debris) appear as gaps in the 1- and 7-pN traces. The inset shows a sche-
matic of the assay (9). KT, kinetochore. (D) Tensile force versus time for indicated
particles bound to assembling tips and tested with a 0.25-pN s force ramp.
Gray dots show raw data; colored traces show the same data after smoothing
(500-ms sliding boxcar average). Dashed vertical lines mark the start of the
force ramp. Arrows denote rupture.
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Fig. 2. Meiosis | kinetochore particles are stronger and brighter. (A and B)
Distributions of rupture force (A) and mean rupture force values (B) for indicated
kinetochore particles (color-matched). Asterisks indicate particles from cells un-
dergoing meiosis synchronized by release from a prophase | block. Error bars
represent SEM (N = 15 to 107 ruptures). (C) Fluorescence images of particles
carrying Nuf2-SNAP-549 (green) and Mif2-CLIP-647 (red) bound to coverslips.
Colors are offset slightly; green-red pairs represent colocalized, dual-color
particles. (D) Distributions of Nuf2 brightness for dual-color particles (N >

ticles from spolIA cells were identical in strength
to those from wild-type cells, indicating that
linkage between homologs (and, thus, spindle-

generated tension across them) was dispensable
for the high attachment strength of meiosis I
kinetochores (Fig. 2, A and B, no chiasmata).
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However, high strength was lost when meiosis I
particles were harvested from cdc6-meiotic-null
cells (Fig. 2, A and B, no sisters or no chiasmata
& no sisters). Thus, sister kinetochores are re-
quired for the increased strength of meiosis I
kinetochore particles, as predicted by the fusion
model.

The meiosis I-specific monopolin complex con-
sists of four proteins (Maml, Csm1, Lrs4, and
Hrr25) (5, 19-21) with twin kinetochore-binding
sites that have been proposed to directly cross-
link sister kinetochores in budding yeast (7, 5, 20, 22).
However, because the receptor for monopolin,
Dsnl (Z, 23), is present in multiple copies in the
kinetochore (12), another possibility is that the
twin monopolin sites bind to the same Kkineto-
chore and inactivate it, thereby shutting off one
of the two sister kinetochores (fig. S1C) (5, 6).

Monopolin was detectable at low levels in ki-
netochore material from meiosis I cultures (fig.
S2C). To test the impact of monopolin on the be-
havior of kinetochore particles, we genetically
disrupted its function in three ways (mamiIA,
csml-L161D, and dsnl-AN), all of which disrupt
sister comigration during meiosis I (1, 21, 23).
In all cases, we found that the high 13-pN strength
of meiosis I kinetochore particles was lost and their
strength returned to mitosis-like levels (~9 pN)
(Fig. 3), confirming that monopolin is required
for high attachment strength. We also engineered
cells to ectopically express monopolin during mi-
tosis by inducing expression of MAMI together
with CDC5 (encoding Polo kinase), which caused
erroneous co-orientation in 28% of cells (5). Ki-
netochore particles isolated from these cells gave
a bimodal rupture force distribution (Fig. 3A)

with an intermediate average strength of 11.2 +
0.4pN (Fig. 3B). This observation may be explained
by the incomplete penetrance of monopolin in-
duction in these cells (5).

To test whether Kinetochores can be fused by
monopolin in the absence of other cellular fac-
tors, we recombinantly expressed and purified
the four-protein monopolin complex [containing
a kinase-dead Lys®*—Arg® mutant of Hrr25 (fig.
S2D)] (22) and incubated it with isolated kine-
tochore particles. Incubation with recombinant
monopolin was sufficient to strengthen mitotic
particles and also particles from meiosis I cells in
which monopolin was disrupted (mamiIA or csmiI-
LI6ID), raising their mean rupture forces from ~9
to ~13 pN (Fig. 4, A and B) in a dose-dependent
manner (Fig. 4C). However, the same treatment
did not affect the strength of particles from cells
lacking the monopolin binding site on Dsnl

Fig. 3. Monopolin is B +ectopic monopolin (dsnl-AN) (Fig. 4, A and B). Likewise, monopolin
necessary for the high . 15 invivo | addition did not strengthen particles (mamiA) pre-
strength of meiosis | > Z 1 ¢ linked to laser trapping beads (Fig. 4C), presumably
kinetochore particles Z 0.8+ E 127 because immobilization on beads prevented cross-
and is sufficient in vivo. .'g“ 0.6 S o9 linking of the particles. When fluorescent particles
(A and B) Distributions of E. g 1 from vegetatively growing cells were incubated
rupture force (A) and g 047 ‘gi 6 with increasing amounts of monopolin, their av-
mean rupture force % 0.2 c 37 erage brightness grew monotonically, and the ap-
values (B) for indicated < 0.0 -t g proximate number of Nuf2 molecules associated
kinetochore particles ' - o O B @ S with each particle increased twofold, from 4.8 +
(color-matched). Data for g 20+ moneoul S N ¢ Q\N\ o & \'\\"i\v & 0.4 t0 10.9 + 1.5 (mean + SD, N > 2 experiments)
particles from meiosis | € 10 duction é\ & ' N o(;\‘v\\\\ooc\\c?s © Qo\\0 (Fig. 4D). Thus, monopolin alone is sufficient for
(red), meiosis | without S - — & éo‘.’\% @?*\,\oé\" ,\or;\% & fusion of kinetochore particles in vitro.
chiasmata (dark red), 3 6 9 1215 18 & && Sister chromatid comigration is a universal fea-
and mitosis (black) are Force (pN) & ture of meiosis I that governs Mendelian in-
replotted from Fig. 2, A heritance, and its failure is a major cause of birth
and B, for comparison. Error bars represent SEM (N = 21 to 118 ruptures). defects and infertility (24). Here we have shown
Fig. 4. Pure recombinant monopolin is sufficient to increase the strength A + recombinant B
and brightness of kinetochore particles in vitro. (A and B) Distributions of monopolin
. . invitro: - + - + - + - + -
rupture force (A) and mean rupture force values (B) for kinetochore particles (color- 15
matched) after incubation with recombinant monopolin [at molar ratio 1.8 versus =~ 109 5 ]
Dsnl-His-Flag; “+" in (B)]. Data for particles without monopolin incubation [*-" in § 0.8+ g 127
(B)] are replotted from Fig. 3, A and B, for comparison. Error bars represent SEM {é 0.6 % 9
(N =17 to 118 ruptures). (C) Mean rupture forces for meiosis I, mamlA kinetochore & | El 6]
particles after incubation with indicated amounts of recombinant monopolin (9). g 04 % ]
Filled circles are data from particles preincubated with monopolin before linking to VB, 0.2 c 37
polystyrene laser trapping beads. The open circle shows control in which particles 0.0 H—rr s 2 ol
were first linked to trapping beads and subsequently incubated with monopolin. 3 6 9 121518 ,\@‘B‘L’ O@W »@O 0@ <°
Error bars represent SEM (N = 28 to 118 ruptures). Dashed lines denote means for Force (pN) < _‘,\\‘Q é\«\/ _%\‘5“ &
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that a meiosis I-specific factor from budding
yeast, monopolin, generates kinetochores with
more microtubule-binding elements and greater
strength. These findings provide direct evidence
that sister kinetochore fusion underlies the cose-
gregation of sister chromatids during meiosis I.
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LUNG CANCER EVOLUTION

Spatial and temporal diversity in
genomic instability processes defines
lung cancer evolution

Elza C. de Bruin,’* Nicholas McGranahan,>>* Richard Mitter,>* Max Salm,>*

David C. Wedge,** Lucy Yates,**t Mariam Jamal-Hanjani,'+ Seema Shafi,'
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Spatial and temporal dissection of the genomic changes occurring during the evolution of
human non-small cell lung cancer (NSCLC) may help elucidate the basis for its dismal
prognosis. We sequenced 25 spatially distinct regions from seven operable NSCLCs

and found evidence of branched evolution, with driver mutations arising before and after
subclonal diversification. There was pronounced intratumor heterogeneity in copy nhumber
alterations, translocations, and mutations associated with APOBEC cytidine deaminase
activity. Despite maintained carcinogen exposure, tumors from smokers showed a
relative decrease in smoking-related mutations over time, accompanied by an increase

in APOBEC-associated mutations. In tumors from former smokers, genome-doubling
occurred within a smoking-signature context before subclonal diversification, which
suggested that a long period of tumor latency had preceded clinical detection. The regionally
separated driver mutations, coupled with the relentless and heterogeneous nature of the
genome instability processes, are likely to confound treatment success in NSCLC.

ung cancer is the leading cause of cancer-
related mortality (Z, 2). Understanding the
pathogenesis and evolution of lung cancer
may lead to greater insight into tumor ini-
tiation and maintenance and may guide
therapeutic interventions. Previous work char-
acterizing the genome of non-small cell lung
cancer (NSCLC) has demonstrated that NSCLC
genomes exhibit hundreds of nonsilent muta-
tions together with copy number aberrations and
genome doublings (3-9). Although subclonal pop-
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ulations have been identified within single bi-
opsies (9), the extent of genomic diversity within
primary NSCLCs remains unclear. Moreover, al-
though both exogenous mutational processes,
such as smoking (10-12), and endogenous pro-
cesses, such as up-regulation of APOBEC cyti-
dine deaminases (13-15), have been found to
contribute to the large mutational burden in
NSCLC, the temporal dynamics of these processes
and their contribution to driver somatic aberra-
tions over time remain unknown.

To investigate lung cancer evolution, we per-
formed multiregion whole-exome and/or whole-
genome sequencing (M-seq WES/WGS) on a total
of 25 tumor regions, collected from seven NSCLC
patients who underwent surgical resection before
receiving adjuvant therapy. The major NSCLC
histological subtypes, including adenocarcinoma
(LUAD) and squamous cell carcinoma (LUSC),
were represented (table S1). Sequencing of tumor
and normal DNA to mean coverage depths of
107x and 54x for M-seq WES and M-seq WGS,
respectively (table S2), identified 1884 nonsilent
and 76,129 silent mutations (76).

To evaluate the intratumor heterogeneity of
nonsilent mutations, we classified each mutation
as ubiquitous (present in all tumor regions) or
heterogeneous (present in at least one, but not
all, regions). Spatial intratumor heterogeneity
was identified in all seven NSCLCs, with a me-
dian of 30% heterogeneous mutations (range 4
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Materials and Methods
Genetic methods and strains

Standard genetic techniques were used. All newly created yeast strains were isogenic with
SK1; genotypes are described in Table S3. Deletions, promoter replacements and epitope tags
were made using a PCR-based integration system and confirmed by PCR (25, 26). The 6His—

3Flag epitope tagging of the endogenous DSNI gene was performed using PCR-based
integration, as previously described (8), and did not affect spore viability or the co-orientation of
sister centromeres during meiotic metaphase I (as judged by microscopy of GFP-tagged CENV
foci in tetranucleate cells). Truncation of endogenous Dsnl and its simultaneous tagging with
6His—3Flag were also performed using PCR-based integration. A pGAL-CDC35 fusion tagged
with 3MYC epitopes was integrated at the URA3 locus (27). MAMI-9MYC (21), NDCI10-6HA
(21), the Dsnl N-terminal truncation allele (dsni-AN) (23), and the csm1-L161D allele (1), have
all been previously described (/, 21, 23). The ipl1-321 allele (28) was PCR-amplified from a
W303 strain and introduced into SK1 using lithium acetate transformation (26). Strains with
SNAP{- and CLIP{-tagged proteins were prepared as previously described (29).

Growth conditions
To obtain meiotic cultures, yeast strains were grown at 30°C for 16 h on YPG plates (1%
yeast extract, 2% bactopeptone, 2.5% glycerol, and 2% agar) and then for 24 h on YPD4% plates

(1% yeast extract, 2% bactopeptone, 4% glucose, and 2% agar). Cells were then cultured in
YPD (1% yeast extract, 2% bactopeptone, and 2% glucose) for 24 h and then inoculated at an
ODgoo of 0.2-0.3 in YPA (1% yeast extract, 2% bactopeptone, and 1% potassium acetate) and
grown overnight to an ODgp of >1.8. Cells were then harvested and re-suspended into
sporulation medium (0.3% potassium acetate, pH 7) to an ODgpp of 1.8-1.9 and induced to
sporulate at 30°C. For metaphase I arrest, a meiotic shut-off allele of CDC20 was used (pCLB2-
CDC20; here referred to as cdc20-meiotic-null, or abbreviated cdc20-mn) (7). For synchronous
meiosis, a pachytene block-release protocol was used: expression of the NDT80 gene, which is
required for exit from pachytene, was induced by the addition of 1 uM estradiol 6 h after
inoculation of cells into sporulation medium as previously described (/0). Mitotic cultures were
prepared using either benomyl (as described (30)) or depletion of Cdc20. For depletion of Cdc20
in mitosis, the endogenous CDC2(0 gene was tagged with an AID-degron (auxin-induced
degradation) (37). Cells were grown overnight in liquid YPD medium to saturation, then diluted
1:200 in YP+lactate (for G1 arrest). After 16h growth, cultures were harvested and resuspended
in YPD media containing 1 mM of the synthetic auxin, NAA (1-Naphthaleneacetic acid; Sigma
N0640), to deplete Cdc20 and thus cause a metaphase arrest. NAA was added every hour to
maintain metaphase arrest. For temperature-sensitive mutants, cultures were shifted to 37°C for
3h.



Mitotic induction of monopolin

Monopolin expression in mitosis was induced essentially as described (5) with minor
modifications. Diploid yeast cells carrying the CDC20-AID and pGAL-CDCS5 pGAL-MAMI
fusions and CENV-GFP dots were cultured in YPDA media to saturation. Cells were then
diluted 1:200 in YP+lactate (for G1 arrest); after 16h, cells were harvested and resuspended in
media containing 2% galactose (to induce Cdc5 and Maml expression) and NAA (to deplete
Cdc20, and thus cause a metaphase arrest). NAA was added every hour to maintain metaphase

arrest. When metaphase arrest was complete, cells were harvested. GFP dot separation (to
estimate the percentage of co-oriented and bi-oriented sister kinetochores) was also scored.

Isolation of kinetochore particles
Kinetochore particles were isolated by affinity-purifying Dsnl—6His—3Flag protein, as

previously described (8), with minor modifications. Briefly, extract was prepared by breaking
yeast cells with a Retsch ball mill (using a single 25 mm ball for 3x 3min at 30 Hz for mitotic
cells or 5x 3min at 30 Hz for meiotic cells, with 10 min in liquid nitrogen in between) followed
by ultracentrifugation (24,000 rpm for 90 minutes at 4°C). Beads conjugated with anti-Flag
antibodies were incubated with extract for 3h with constant rotation, followed by three washes
with buffer H (BH)/0.15 (25 mM HEPES, 2 mM MgCl,, 0.1 mM EDTA, 0.5 mM EGTA pH 8.0,
0.1% NP-40, 150 mM KCI, 15% glycerol) containing protease inhibitors (at 10 pg mL™" final
concentration for each of chymostatin, leupeptin, antipain, pepstatin A, E-64, aprotinin; 2 mM
final AEBSF—Pefablock, 1 mM NEM) phosphatase inhibitors (0.4 mM Na orthovanadate,
0.5 uM microcystin, 4 mM B-glycerophosphate, 2 mM Na pyrophosphate,10 mM NaF) and
2 mM dithiothreitol (DTT). Beads were further washed twice with BH/0.15 with protease
inhibitors. Associated proteins were eluted from the beads by gentle agitation of beads in elution
buffer (0.5 mgmL™ 3Flag peptide in BH/0.15 with protease inhibitors) for 25 min at room
temperature. A typical concentration of Dsnl—6His—3Flag was 2 pgmL" as determined by
comparing the purified material with BSA standards on silver-stained SDS-PAGE gels.

For some of the kinetochore samples analyzed by mass spectrometry (Table S1), cross-
linking with dithiobis[succinimidyl propionate] (DSP) was performed during particle
preparation. Yeast cells were harvested and resuspended in 100 ml of reaction buffer (20 mM
HEPES pH 7.4, 100 mM KAc), then 10ml of 20 mM DSP (in DMSO) was slowly added, and the
suspension was incubated at room temperature for 30 min with slow shaking. The cross-linking
reaction was then quenched with 10 ml of 100 mM Tris pH 7.5. Cells were then harvested and
lysed as described above.

Isolation of fluorescent kinetochore particles

For examination of individual particles by total internal reflection fluorescence (TIRF)
microscopy, the kinetochore material was isolated as described above, with the following
modifications. Before FLAG peptide elution, beads were incubated with BHO.15 buffer
(supplemented with protease inhibitors and phosphatase inhibitors) containing 30 uM SNAP-




Surface™ 549 and CLIP-Surface® 647 dyes (New England Biolabs) for 25 min in the dark at
room temperature. After dye-labeling, the beads were washed three times with BHO.15
(supplemented with protease inhibitors and phosphatase inhibitors) before elution.
Quantification of the level of fluorescence after SDS-PAGE confirmed that the labeling reaction
was specific, and that the amount of labeled protein in the eluate was maximized under these
conditions (Fig. S8).

Protein and immunological techniques

Immunoblotting was performed as previously described (8). Commercial anti-Flag
antibodies (Sigma-Aldrich) and anti-Myc antibodies (9E10, Roche) were used at 1:1,000 in PBS
0.2% tween with 1% BSA and 1% milk. Anti-Spc105 was used at 1:1,000 dilution, anti-Cse4
antibodies at 1:500 (8). The anti-Ndc80 (OD4, 1:10,000), anti-Mif2 (OD2, 1:6,000), and anti-
Ctf19 (OD10, 1:15,000) antibodies were kind gifts from Arshad Desai (8, 30).

Mass spectrometry

A band of coomassie-stained gel was excised and proteins where digested using trypsin as
previously described (32). In brief, proteins were reduced in 10 mM DTT for 30 min at 37°C,
alkylated in 55 mM iodoacetamide for 20 min at room temperature in the dark, and digested
overnight at 37°C with 12.5 ng uL™" trypsin (Proteomics Grade, Sigma). The digestion media
was then acidified to 0.1% of TFA and spun onto StageTips as described previously (33).
Peptides were eluted in 20 pL of 80% acetonitrile in 0.1% TFA and were concentrated to 4 pL
(Concentrator 5301, Eppendorf AG). The peptide sample was then diluted to 5 puL by 0.1% TFA
for LC-MS/MS analysis. Analyses were performed in a Velos LTQ-Orbitrap mass spectrometer
(Thermofisher Scientific) coupled on-line to a Waters Nano AQUITY UPLC (Waters), or in a
Q-Exactive mass spectrometer (Thermofisher Scientific) coupled on-line to an Ultimate 3000
RSLCnano System (Thermo Fisher Scientific). Injections were performed in an analytical
column with a self-assembled particle frit (34) and C18 material (ReproSil-Pur C18-AQ 3 pum;
Dr. Maisch, GmbH) was packed into a spray emitter (75-um ID, 8-um opening, 300-mm length;
New Objective) using an air-pressure pump (Proxeon Biosystems). Mobile phase A consisted of
water and 0.1% formic acid; mobile phase B consisted of acetonitrile and 0.1% formic acid. The
gradient used was 100 min. The peptides were loaded onto the column at a flow rate of
0.6 uL min™" and eluted at a flow rate of 0.3 pL min™' according to the gradient: 1 to 5% buffer B
for 1 min, then to 32% B for 82 min, then to 35% B for 7 min and to 85% B for 5 min (Velos
LTQ-Orbitrap); or at a flow rate of 0.5 puL min”’, followed by elution at a flow rate of
0.2 uL min™' according to the gradient: 2% to 40% buffer B for 168 min, then to 95% B for
11 min (QExactive). For the Velos LTQ-Orbitrap, FTMS spectra were recorded at 60,000
resolution and the twenty most intense peaks of the MS scan were selected in the ion trap for
MS2 (normal scan, wideband activation, filling 5.0ES5 ions for MS scan, 1.0E4 ions for MS2,
maximum fill time 100 ms, dynamic exclusion for 60 s). For the Q-Exactive, FTMS spectra
were recorded at normalized collision energy of 25, 70,000 resolution, AGC le6 and max filling




time of 20 ms. The 10 most intense peaks of MS scan were selected in the ion trap for MS2
(17,500 resolution, AGC 1e6, maximum fill time 60 ms, dynamic exclusion for 60s). Searches
were conducted against a database containing Saccharomyces cerevisiae sequences (SGD —
Saccharomyces Genome Database). The search parameters were: MS accuracy, 6 ppm; MS/MS
accuracy, 0.6 Da; enzyme, trypsin; allowed number of missed cleavages, 2; fixed modification,
carbamidometylation on cysteine; variable modification, oxidation on methionine.

Microscopy on fixed cells
Samples were analysed on a microscope (Axioplan 2; Carl Zeiss) with a 100x o Plan Fluar
1.45 NA (oil) objective lens, and images were taken using a camera (ORCA-ER; Hamamatsu

Photonics) operated through Axiovision software (Carl Zeiss). Nuclei were visualized in
ethanol-fixed cells by DAPI staining. 200 cells were scored at each time point. Indirect
immunofluorescence was performed as previously described (35). Tubulin was visualized using
a rat antibody at a 1:50 dilution and anti-rat FITC antibody at a 1:100 dilution. For
determination of spindle morphology, 200 cells were scored at each time point. Spindle
morphologies were classified as follows (also see Fig. SID): metaphase I was defined by a
single, short, bipolar spindle spanning one mass of DNA. Anaphase I was defined by an
elongated spindle spanning two distinct DNA masses. Metaphase Il was defined by two short,
bipolar spindles, each spanning a DNA mass. Anaphase II was defined by two elongated
spindles, each spanning two distinct DNA masses (four DNA masses in total).

Purification of monopolin
The S. cerevisiae monopolin complex was expressed and purified as previously described
(22). Briefly, the four proteins (with protease-sensitive unstructured regions removed) were

cloned into a bacterial polycistronic expression vector with an N-terminal TEV-protease
cleavable Hise-tag (36) on Hrr25: Hisg-Hrr25 2-394 (K38R)/Mam1 87-302/Csm1 1-190/Lrs4 1-
102. We found that the complex was more stable when the kinase-dead K38R mutant of Hrr25
was used (22). Protein was expressed in E. coli Rosetta2 (DE3) pLysS cells (EMD Millipore)
and purified using Ni-NTA (Qiagen) and ion-exchange (Hitrap SP HP, GE Life Sciences)
columns. Hise¢-tags were cleaved with TEV protease, then the cleaved protein was passed
through Ni-NTA to remove uncleaved protein and Hise-tagged TEV protease, then passed over a
Superdex 200 16/600 column (GE Life Sciences). Fractions were concentrated and stored at -
80°C.

Laser trap instrument
The laser trap has been described previously (37). Position sensor response was mapped

using the piezo stage to raster-scan a stuck bead through the beam, and trap stiffness was
calibrated along the two principle axes using the drag force, equipartition, and power spectrum
methods. Force feedback was implemented with custom LabView software. During force
measurements, bead-trap separation was sampled at 40 kHz while stage position was updated at



50 Hz to maintain the desired tension (force-clamp assay) or ramp-rate (force-ramp assay). Bead
and stage position data were decimated to 200 Hz before storing to disk.

Bead functionalization and coverslip preparation for laser trap experiments

Native kinetochore particles were linked to beads as previously described (8, 37, 38). First,
streptavidin-coated polystyrene beads (0.44 um in diameter, Spherotech Inc., Libertyville, IL)
were functionalized with biotinylated anti-Hiss antibodies (Qiagen, Valencia, CA) and stored
with continuous rotation at 4 °C in BRB80 (80 mM PIPES, 1 mM MgCl,, and 1 mM EGTA,
pH 6.9) supplemented with 8 mg-mL™" BSA for up to 3 months. Prior to each experiment, beads
were decorated with kinetochore particles by incubating 6 pM anti-Hiss beads for 60 min at 4 °C

with different amounts of the purified kinetochore material, corresponding to Dsnl-His-Flag
concentrations ranging from 0.6 to 70 nM.

For laser trap experiments in which kinetochore particles were pre-incubated with
recombinant monopolin in vitro (Figs. 4A-C), particles at stock concentrations ranging from 22
to 45 nM Dsnl-His-Flag were mixed with equal volumes of monopolin complex at 20, 40, 80 or
400 nM to yield molar ratios, [monopolin] s [Dsnl1]", between 0.44 and 8.9. Each kinetochore-
monopolin mixture was pre-incubated for 30 min at 4 °C, then mixed with an equal volume of 12
pM anti-Hiss beads, and then incubated another 30 min at 4 °C prior to testing in the laser trap.
For the control experiment in which kinetochore particles were first linked to beads and
subsequently incubated with monopolin (Fig. 4C, open circle), meiosis | mamlIA kinetochore
particles at 22 nM Dsnl-His-Flag were first mixed with an equal volume of 12 pM anti-Hiss
beads, incubated for 30 min at 4 °C, mixed with an equal volume of 80 nM monopolin complex,
and then incubated another 30 min at 4 °C (final molar ratio, [monopolin] e [Dsnl]' =7.1). The
amounts of kinetochore material for all rupture force experiments (expressed as the
corresponding Dsnl-His-Flag concentration, [Dsnl], during incubation with 6 pM anti-Hiss
beads), and the molar ratios ([monopolin] [Dsnl]") for all experiments involving recombinant
monopolin, are given in Table S2.

Flow chambers (~10 pL volume) were made using glass slides, double-stick tape, and
KOH-cleaned coverslips, and then functionalized in the following manner. First, 10 - 25 pL of
10 mg'mL™" biotinylated BSA (Vector Laboratories, Burlingame, CA) was introduced and
allowed to bind to the glass surface for 15 min at room temperature. The chamber was then
washed with 100 pL of BRB80. Next, 20-100 puL of ~1 mg:mL™' avidin DN (Vector
Laboratories, Burlingame, CA) was introduced, incubated for 3 min, and washed out with
100 uL of BRB80. GMPCPP-stabilized biotinylated microtubule seeds were introduced in
BRBS80, and allowed to bind to the functionalized glass surface for 3 min. The chamber was
then washed with 100 uL of growth buffer (BRB80 containing | mM GTP and 1 mg-mL™
k-casein). Finally, kinetochore particle-coated beads were introduced at an eightfold dilution
from the incubation mix (see above) in a solution of growth buffer containing 1.5 mg-mL™"
purified bovine brain tubulin and an oxygen scavenging system (1 mM DTT, 500 ug-mL™"
glucose oxidase, 60 pg-mL ™" catalase, and 25 mM glucose). The edges of the flow chamber



were sealed to prevent evaporation. All laser trap experiments were performed in temperature-
controlled rooms, maintained at 23 °C.

Binding fraction and rupture force measurements

Using the laser trap, individual free beads were placed close to the ends of growing
microtubules to allow binding. Binding fraction was defined as the number of free beads that
bound a microtubule divided by the total number of free beads tested. Upon binding, the
attachments were preloaded with a constant force of ~4 pN. After a brief preload period, during
which we verified that the beads were moving at a rate consistent with that of microtubule
growth, the laser trap was programmed to ramp the force at a constant rate (0.25 pN s™') until the
linkage ruptured, or until the load limit of the trap (~22 pN) was reached. ~5% of all trials ended
in detachment during the preload period (i.e., before force ramping began), ~12% reached the
load limit. These out-of-range events were not included in the distributions or the calculated
mean rupture forces. In addition to free beads, beads found already attached (pre-bound) to
microtubules were also used for the preload survival and rupture force (but not binding fraction)
measurements. We found no statistically significant difference in the mean rupture force for pre-
bound versus free beads that interacted with microtubules. Statistics for all data presented in this
work are summarized in Table S2. All the individual rupture force values are provided in
Additional Data Table S2, together with the numbers of trials that detached prematurely during
the preload period or reached the load limit of the trap without rupture. p-values for comparison
of mean rupture forces are given in Additional Data Table S3.

Imaging individual fluorescent kinetochore particles
Flow chambers were constructed as described above except that plasma-cleaned slides and

coverslips were used. To provide specific binding for kinetochore particles, each chamber was
first coated with a supported lipid bilayer composed of DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine; Avanti Polar Lipids, Inc.) mixed with 0.1% biotinylated PE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl); Avanti). After lipid binding the chamber was
washed with 35 pL of BRB80 also containing 1 mg'mL™' «-casein, and then 8 pL of
0.25 mg'mL"" streptavidin (Sigma-Aldrich) in BRB80 was introduced, incubated for 5 min, and
washed out with 35 uL of BRB80 plus 1 mg:mL ™' k-casein. 20 pM biotinylated anti-Hiss
antibodies (Qiagen, Valencia, CA) were then introduced in BRB80 plus 1 mg:mL™" k-casein,
incubated for 15 min, and washed in the same way. Finally, kinetochore particles were diluted in
BRBS0 plus 1 mg-mL ™" k-casein to a concentration corresponding to ~140 pM Dsnl, introduced
into the chamber, allowed to bind 5 min, washed out, and then BRB80 plus 1 mg-mL ™" k-casein
with an oxygen scavenging system (see above) was flushed in. The edges of the flow chamber
were sealed to prevent evaporation. Individual kinetochores immobilized on the anti-penta-his
surface were viewed in a custom-built multi-color TIRF microscope with a computer-controlled
3-axis piezo specimen stage. An automated procedure was developed to rapidly record >200
images for each sample, using custom LabView software to raster the specimen stage while



maintaining image focus. All TIRF experiments were performed at room temperature.
Fluorescent images of the kinetochores were filtered by a Laplacian-of-Gaussian (LOG) filter to
remove the background. Individual bright spots were detected, and their brightnesses quantified
by the sum of the 5 by 5 pixel area around the maxima. Custom MatLAB software was used for
image processing.

Brightness distributions for fluorescent particles varied significantly from preparation to
preparation, unlike mean rupture forces, which were highly reproducible. In particular, the
proportion of single-color fragments lacking Nuf2 or lacking Mif2 varied between samples that
were prepared, to the best of our ability, in exactly the same manner. This prep-to-prep
variability made meaningful comparisons of particle brightnesses more challenging than
comparisons of mean rupture forces. We therefore used two methods to control for the
variability: First, to minimize the possibility for slight differences in preparation methods, we
tested pairs of meiosis I and vegetative control particles that were purified and dye-labeled in
tandem, on the same day. Second, to reduce the contribution of incomplete kinetochore
fragments, we selected for analysis only dual-color particles carrying both Nuf2 and Mif2.
Selection for both Nuf2 and Mif2 is expected to enrich for more complete kinetochore particles,
since these proteins are found in the outermost (microtubule-binding) and innermost (chromatin-
binding) layers of the kinetochore, respectively. A similar selection may occur in our laser trap
experiments, which measure only the mechanically active, and presumably relatively complete,
kinetochore particles. With these controls a clear and reproducible increase in Nuf2 content was
measured for the meiosis I particles (Fig. 2E).
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Fig. S1. Meiosis I differs fundamentally from mitosis.

(A) and (B) Replicated sister chromatids split apart during mitosis (A) and during meiosis II (B,
bottom), whereas they co-migrate together during meiosis I (B, top). (C) Possible models for



how monopolin may promote the co-orientation of sister chromatids, and hence their co-
migration, during meiosis I. First, monopolin might selectively bind and inactivate one of the
two sister kinetochores (one sister shut-off) (5, 6). In this model, similar attachment strengths are
predicted for meiosis I, meiosis II, and mitosis, because the active kinetochores are expected to
retain similar numbers of microtubule-binding elements. Second, monopolin might hold the two
sister kinetochores together so that they face in the same direction. In this case, if their
microtubule-binding elements remained distinct then one might expect them to form dual
attachments to a pair of microtubule tips (dual attachments) (21, 23, 39, 40). However, electron
microscopy has shown that budding yeast undergoing meiosis I contain only half as many
microtubules as would be required for dual attachments to every pair of sister kinetochores (6),
so this model appears to be untenable for budding yeast. Finally, monopolin might hold sister
kinetochores so closely that their microtubule binding elements cooperate together to form a
single attachment site (fused) (2-4). Because a fused pair of sister kinetochores could engage a
microtubule through more microtubule-binding elements, this model uniquely predicts higher
strengths for isolated meiosis I kinetochore particles. We note, however, that doubling the
number of microtubule-binding elements by fusing sister kinetochores will not necessarily
double the rupture force: The number of elements actually bound to the microtubule may scale
non-linearly if elements from the two sisters partially interfere with one another (e.g., if the
microtubule tip becomes saturated before all elements are bound). Moreover, given the plasticity
of kinetochore-microtubule coupling, the bound elements probably detach asynchronously, such
that a complete rupture of the kinetochore-microtubule interface will not require surmounting
one energy barrier equivalent to the sum of all the individual bond energies. A ‘diminishing
returns’ scenario is likely, where rupture strength grows more slowly than the number of
microtubule-binding elements. (D) Fluorescence images of budding yeast spindles at various
stages of meiosis. Tubulin was immuno-labeled with FITC (green) and DNA was stained with
DAPI (blue). In metaphase I, a bipolar spindle spans a single mass of DNA. In anaphase I, the
bipolar spindle is elongated and spans two distinct DNA masses. In metaphase II, two short
bipolar spindles span a DNA mass. In anaphase II, the two spindles are elongated and each one
spans two distinct DNA masses (four DNA masses in total).
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Fig. S2. The bulk composition of kinetochore material purified from mitotic and meiotic
cells is similar.

(A) Silver-stained SDS-PAGE showing kinetochore proteins co-purified using anti-Flag
antibodies. Asterisks (*) indicate preparations from cells undergoing synchronous meiosis. All
other meiotic preparations are from cells arrested in metaphase I via meiosis-specific depletion
of Cdc20 (cdc20-meiotic-null). Mitotic preparations are from cells arrested in metaphase via
auxin-induced degradation of Cdc20 (CDC20-AID) or benomyl treatment. Mif2 (1) co-migrates
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with non-specific, background proteins (8). (B) and (C) Immunoblots showing kinetochore
components in whole cell extract and immunoprecipitate (IP, anti-Flag) from mitotic metaphase
(CDC20-AID) and meiotic metaphase I[-arrested cells. (D) Coommassie-stained SDS-PAGE
showing the purified four-protein, kinase-dead (K38R mutant of Hrr25) monopolin complex.
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Fig. S3. The high strength of meiosis | kinetochore particles is not due to ploidy, method of
arrest, or syntely.

(A) and (B) Distributions of rupture force (A) and mean rupture force values (B) for indicated
kinetochore particles (color matched). Data for meiosis I and mitosis particles (red and black)
are replotted from Figs. 2A and 2B for comparison. Haploid data were published previously (§).
Error bars represent s.e.m. (N = 19-107 ruptures).
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Fig. S4. Single meiotic and mitotic Kinetochore particles suffice for strong attachment to
dynamic microtubule tips.

(A) Fraction of beads that bound a growing microtubule tip versus concentration of kinetochore
particles used to functionalize the beads. Dotted curves show Poisson fits. Error bars represent
s.d. (N = 1-12 experiments). (B) Mean rupture force versus concentration of kinetochore
particles used to functionalize the beads. Error bars represent s.e.m. (N = 19-56 ruptures).
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Fig. S5. Fluorescent tags on Nuf2 and Mif2 do not interfere with kinetochore particle
strength.

(A) and (B) Distributions of rupture force (A) and mean rupture forces (B) for indicated
kinetochore particles (color matched). Data for untagged particles from meiosis I (red), mitosis
(black), and vegetative growth (blue) are replotted from Figs. 2A, 2B, S3A, and S3B, for
comparison. Error bars represent s.e.m. (N = 29-107 ruptures).
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Fig. S6. Classification of fluorescent kinetochore particles and estimation of the number of
Nuf2 molecules per particle.

(A) Bivariate plot of brightnesses determined from snapshots in two color channels (Nuf2-
SNAP-549, Mif2-CLIP-647) and corresponding univariate brightness histograms (right and
bottom) for N > 24,000 fluorescent meiosis I kinetochore particles bound specifically to a
coverslip. The particles fall into several distinct classes, including dual-color particles with
brightnesses exceeding 100 a.u. in both the Nuf2 and Mif2 channels, plus fragments lacking
either Nuf2 or Mif2 (i.e., with brightnesses below 100 a.u. in either the Nuf2 or the Mif2
channel). A sub-population with just one detectable Nuf2 molecule is clearly visible (dashed
line, unitary Nuf2 brightness, 180 a.u.). (B) Example records of Nuf2 brightness versus time
showing stepwise photobleaching in increments of ~180 a.u. (C) Brightness versus time plotted
for N = 439 particles, showing a prominent unitary population at 180 a.u. (D) To quantify
photobleach stepsize, we computed the distribution of all pairwise brightness differences from
records of brightness versus time. For the analysis shown here, only initially bright particles
(i.e., those with brightness > 300 a.u. at = 0 s) were included. The resulting pairwise difference
distribution (red curve) shows a clear peak, demonstrating that these bright particles bleach in
stepwise increments of 175 + 69 a.u., equivalent to the unitary brightness from snapshots (blue
curve, peak at 188 &+ 32 a.u.). This correspondence indicates that the number of Nuf2 molecules
in the bright particles can be estimated by dividing their brightness by the unitary brightness.
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Fig. S7. Depletion of Cdc6 does not prevent recruitment of monopolin to Kinetochores.

Fluorescence images of Mtwl-tomato (red) and Maml-GFP (green) in cells arrested in
metaphase I by meiosis-specific depletion of Cdc20 (cdc20-meiotic-null). The fraction of total
imaged cells in which Mam1 colocalized with Mtw1 was similar for wild type and spolIA cdc6-
meiotic-null strains, as shown previously (417).
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Fig. S8. Dye-labeling of SNAP- and CLIP-tagged kinetochore particles was specific and
maximal.

(A) and (B) Fluorescence image (A) and corresponding silver stain (B) after incubation of
immunoprecipitated kinetochore material with SNAP-Surface® 549 and CLIP-Surface® 647 at
indicated concentrations, followed by separation by SDS-PAGE. The gel area shown in A
corresponds to the dashed box in B. (C) Integrated band intensities from the image in A, plotted
as a function of dye concentration.
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Table S1. Mass spectrometry identifies core kinetochore subcomplexes.

Names, numbers of identified peptides, and percent coverage for core kinetochore proteins
prepared from strain number AMS8292 (see Table S3) are shown. All proteins identified by mass
spectrometry are given in Additional Data Table S1.

Vegetative (mitotic) growth Meiotic metaphase | Meiotic metaphase |
with cross-linking
Sub- Protein Total Unique % Total Unique % Total Unique %
complex name peptides peptides coverage peptides peptides coverage peptides peptides coverage
CENP-A CSE4 10 10 38.9 9 9 29.7 24 24 84.3
CENP-C MIF2 47 47 70.7 37 37 61 34 34 65.8
CEP3 11 11 229 15 15 30.9 13 13 38.2
CBF3 NDC10 - - - - - - 38 38 51.4
CTF13 5 5 12.6 5 5 13.4 10 10 35.1
SKP1 1 1 10.3 2 2 19.6 - - -
CTF19 35 35 86.2 40 40 77.8 35 35 83.5
COMA OKP1 37 37 81.5 44 44 73.6 45 2 74.6
MCcwm21 34 34 82.9 37 37 84 32 32 74.7
AME1 26 26 77.8 31 31 82.7 29 29 75.9
SPC105 SPC105 106 106 78.5 128 128 85.5 79 79 70
(K) YDR532C 44 44 90.9 50 50 95.3 27 26 77.1
MTW1 44 44 87.5 55 55 94.5 49 47 97.6
Mis12 DSN1 56 56 56.6 65 65 58 72 71 72.6
(M) NSL1 24 24 88.4 24 24 88.4 31 31 96.8
NNF1 26 26 96.5 31 31 98 29 29 98
NDC80 109 109 93.3 126 126 95.5 78 77 92.2
Ndc80 NUF2 56 56 78.3 66 66 86.7 37 37 86.7
(N) SPC24 24 24 83.6 26 26 84.5 20 20 89.7
SPC25 19 19 81.9 25 25 91.4 19 18 78.3
DAM1 16 16 51.6 24 24 60.1 12 12 47.8
ASK1 14 14 89.4 15 15 79.5 3 3 28.4
SPC19 13 13 83.6 13 13 83.6 3 3 49.1
SPC34 29 29 79.7 33 33 84.7 17 17 64.7
Daml HSK3 5 5 58 5 5 87 1 1 30.4
DUO1 16 16 68 22 22 89.5 10 10 80.2
DAD1 3 3 51.1 3 3 51.1 2 2 37.2
DAD2 2 2 15 5 5 29.3 1 1 15
DAD3 3 3 43.6 4 4 51.1 3 3 36.2
DAD4 3 3 47.2 4 4 55.6 1 1 34.7
SLI15 8 8 20.3 54 54 67.8 5 5 25.6
CPC BIR1 9 9 14.6 53 53 63.1 4 4 16
IPL1 1 1 4.4 27 27 62.1 1 1 12.8
LRS4 - - - - - - 9 9 39.2
Mono- csmi1 - - - - - - 8 8 69.5
polin MAM1 - - - - - - 4 4 30.7
HRR25 - - - - - - 13 13 35.6
CTF3 49 49 68.6 52 52 71.1 35 35 62.5
CHL4 28 28 62.9 34 34 71.2 21 21 61.1
IML3 14 14 80.8 17 17 85.7 13 13 56.3
Others MCM16 6 6 43.1 9 9 58.6 14 13 99.4
MCM22 15 15 74.5 16 16 83.7 17 17 84.1
CNN1 9 9 38.5 8 8 26.6 7 7 343
NKP1 10 10 49.2 15 15 58.8 22 21 73.1
NKP2 6 6 50.3 8 8 72.5 8 8 67.3
WipP2 1 1 13.5 2 2 27 - - -
SLK19 9 9 17.4 74 74 77.3 11 11 31.8
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Table S2. Summary of laser trap results.

Binding fractions indicate the fraction of beads that bound when held near the tip of a growing
microtubule, expressed as mean + s.d. from N experiments. The number of individual beads
tested during each experiment ranged from 5 to 50. Rupture forces indicate mean + s.e.m. from
N individual rupture events. All the individual rupture force values are provided in Additional
Data Table S2.

i M h
. Strain etaphase Fraction [Dsn1] Binding Mean rupture Out-of-range
Kinetochore type number arrest? of cells (nM) fraction force (pN) events*
(ploidy) (method) p
meiosis [ AM8292 yes 66% 0.9 0.11+£0.02 12.59+0.53 a=4; b=7
(diploid) (cdc20-mn) metaphase [ (N=12) (N=31)
4.5 0.47 £ 0.06 13.09 +0.47 a=4; b=13
(N=3) (N=56)
42.0 1.00 +0.00 13.91+1.03 a=3; b=30
(N=2) (N=20)
mitosis AM10622 yes 66% 1.0 0.09 £0.01 9.04+0.61 a=2; b=5
(diploid) (CDC20-AID) metaphase (N=3) (N=28)
5.6 0.42 £0.02 9.61+0.56 a=2; b=10
(N=2) (N=44)
22.0 0.88 9.41+1.20 a=1; b=2
(N=1) (N=19)
+recombinant monopolin in vitro, 5.6 0.50 +£0.00 13.08 £ 0.63 a=0; b=4
[monopolin]¢[Dsn]™ = 3.6 (N=2) (N=24)
meiosis I*, synchronous AM11158 no 57% 4.5 0.48 £0.03 13.07 £ 0.64 a=22; b=1
(Ndt80 block-release) (diploid) metaphase | (N=3) (N=15)
meiosis 11*, synchronous AM11158 no 85% 5.0 0.50 +£0.00 9.30+0.73 a=1; b=9
(Ndt80 block-release) (diploid) binucleated (N=2) (N=30)
meiosis [, no chiasmata (spo114) AM11647 - 65% 6.0 0.50 13.23+0.73 a=2; b=16
(diploid)  (cdc20-mn)" meiosis I (N=1) (N=27)
meiosis [, no sisters (cdc6-mn) AM11689 yes 63% 6.0 0.42 +£0.02 9.27+0.79 a=4; b=2
(diploid) (cdc20-mn) meiosis I (N=2) (N=30)
meiosis [, no chiasmata (spo114) AM11710 - 61% 6.0 0.47 £0.04 9.44+0.74 a=4; b=4
& no sisters (cdc6-mn) (diploid) (cdc20-mn) ' meiosis I (N=2) (N=35)
meiosis I, no monopolin (mam14) AM10455 yes 67% 5.25 0.14 +0.03 9.47 +0.61 a=6; b=5
(diploid) (cdc20-mn) metaphase [ (N=3) (N=43)
7.5 0.19 £0.02 9.26 £ 0.63 a=2; b=6
(N=3) (N=46)
42.0 0.75 9.99 +0.68 a=0; b=7
(N=1) (N=29)
+recombinant monopolin in vitro, 11.3 0.25 10.19 +0.55 a=1; b=6
[monopolin]¢[Dsn]™ = 0.44 (N=1) (N=64)
+recombinant monopolin in vitro, 11.3 0.24 +0.02 11.29+0.88 a=2; b=5
[monopolin]¢[Dsn]™ = 0.89 (N=2) (N=30)
+recombinant monopolin in vitro, 11.3 0.23+0.03 13.21+0.48 a=3; b=12
[monopolin]¢[Dsn]™ = 1.8 (N=3) (N=57)
+recombinant monopolin in vitro, 11.3 - 13.14+0.80 a=0; b=5
[monopolin]¢[Dsn]™ = 8.9 (N=28)
+recomb. monopolin after bead 11.3 0.25+0.00 9.31+0.80 a=0; b=1
linkage, [monopolin]e[Dsn]™ = 7.1 (N=2) (N=29)
meiosis I, monopolin point AM12390 yes 74% 7.6 0.19+£0.01 9.37+0.73 a=3; b=5
mutant (csm1-L161D) (diploid) (cdc20-mn) metaphase | (N=2) (N=33)
42.6 0.80 9.59 £ 0.96 a=0; b=9
(N=1) (N=24)
+recombinant monopolin in vitro, 11.3 - 13.26 £ 0.89 a=0; b=0
[monopolin]-[Dsn]’1 =1.8 (N=24)
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Strain Metaphase

Kinetochore type number arrest? F;?Z:ﬁ: [E’}s&:;] ?rlanc(:.::i Mfe;rr::::pr\lt;re Ou:::fr-‘;:i\ e
(ploidy) (method) p
meiosis [, no chiasmata (spo114) AM12539 yes 58% 7.5 0.23+0.04 9.11+0.85 a=2; b=3
& no monopolin (mam14) (diploid) (cdc20-mn) metaphase [ (N=2) (N=31)
meiosis I, truncated AM12285 yes 71% 15.0 0.83 9.37+1.04 a=0; b=2
Dsn1 (dsn1-AN) (diploid) (cdc20-mn) metaphase [ (N=1) (N=21)
+recombinant monopolin in vitro, 9.5 0.75 9.28+1.21 a=0; b=1
[m«anopolin]-[Dsn]'1 =21 (N=1) (N=17)
mitosis, +ectopic monopolin AM12111 yes 84% 6.0 0.45 +0.07 11.16+0.45 a=0; b=1
induction in vivo (diploid) (CDC20-AID) metaphase (N=2) (N=65)
mitosis, with mono-orientation AM11789 yes 76% 6.0 0.23+0.04 9.26 £ 0.82 a=1; b=1
(ipl-321) (diploid) (CDC20-AID) metaphase (N=2) (N=19)
vegetative growth AMS8292 no n/a 3.75 0.23 £0.05 9.04 +0.64 a=3; b=1
(diploid) (N=2) (N=28)
mitosis, benomyl AMS8292 yes >80% 7.5 0.50 7.98+0.95 a=0; b=2
(diploid) (benomyl) mitotic (N=1) (N=19)
vegetative growth ¥ SBY8253 no n/a 6.0 0.52+0.04 9.18+0.45 a=10; b=12
(haploid) (N=7) (N=69)
mitosis, benomyl ¥ SBY8253 yes - 6.0 0.45+0.11 7.78 £0.36 a=8; b=7
(haploid) (benomyl) (N=4) (N=57)
vegetative growth, AM12285 no n/a 6.0 0.50 9.19+0.69 a=0; b=4
truncated Dsn1 (dsn1-AN) (diploid) (N=1) (N=18)
+recombinant monopolin in vitro, 9.0 0.75 9.46 £ 0.86 a=0; b=2
[monopolin]e[Dsn]™ = 2.2 (N=1) (N=17)
fluorescent prep pair #1, AM13794 yes 70% 7.5 - 13.65+1.16 a=0; b=4
meiosis [ (diploid) (cdc20-mn) metaphase [ (N=22)
vegetative growth no n/a 6.0 - 9.09+0.76 a=0; b=2
(N=17)
fluorescent prep pair #2, AM13794 yes 57% 7.5 0.13 12.92+1.32 a=0; b=1
meiosis [ (diploid) (cdc20-mn) metaphase [ (N=1) (N=11)
vegetative growth no n/a 7.5 0.40 8.73+0.76 a=0; b=0
(N=1) (N=16)
fluorescent prep pair #3, AM13794 yes 61% 6.0 0.20 12.90+1.14 a=1; b=2
meiosis [ (diploid) (cdc20-mn) metaphase [ (N=1) (N=17)
vegetative growth no n/a 6.0 0.17 8.53+2.46 a=1; b=0
(N=1) (N=4)
fluorescent prep pair #4, AM13794 yes 56% 6.0 0.50 12.74+0.70 a=5; b=13
meiosis [ (diploid) (cdc20-mn) metaphase [ (N=1) (N=35)
vegetative growth no n/a 6.0 0.50 9.22+0.83 a=0; b=0
(N=1) (N=20)

"The number of trials that ended in premature detachment during the preload period before force ramping began, and
the number that reached the load limit of the trap before rupture occurred, are represented by @ and b, respectively.
These out-of-range events were not included in the calculations of mean rupture force.

Tede20-mn spollA cells have been reported to arrest in metaphase IT (42); but at the time we harvested these cells
for kinetochore purification, the majority (> 60%, as indicated above) appeared to have meiosis I spindles.

*Data from ref [(8)].
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Table S3. Yeast strains used in this study.

All strains are isogenic with the SK1 background, except strain SBY 8253, which is isogenic with

W303.

Strain Kinetochore type(s) Relevant genotype Used in
number figure
AM8292 meiosis I, MATa/MATalpha 1A, 1C, 1D,

mitosis, benomyl, and DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3 2A, 2B, 3A,
vegetative growth €dc20::pCLB2-3HA-CDC20::KANMX6/cdc20::pCLB2-3HA-CDC20::KANMX6 3B, 4A, 4B,
S2A, S2B,
S3A, S3B,
S4A, S4B,
S5A, S5B
AM10455 meiosis I, no monopolin (mam1A) MATa/MATalpha 3A, 3B, 4A,
€dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6 4B, 4C, S2A,
mam1A::KANMX6/mam1A::KANMX6 S4A, S4B
DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3
AM10622 mitosis MATa/MATalpha 1D, 2A, 2B,
CDC20-AID::KANMX6/CDC20-AID::KANMX6 3A, 3B, 4A,
ura3::pADH1-OsTIR1-9MYC::URA3/ura3::pADH1-OsTIR1-9MYC::URA3 4B, S2A,
DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3 S2B, S3A,
S3B, S4A,
S4B, S5A,
S5B
AM11158 meiosis I* and meiosis 11*, MATa/MATalpha 2A, 2B, S2A
synchronous DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3
(Ndt80 block-release) GAL-NDT80::TRP1/GAL-NDT80::TRP1
ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3
AM11647 meiosis I, no chiasmata (spo114) MATa/MATalpha 2A, 2B, 3A,
€dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6 3B, S2A
DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3
spol1::URA3/spoll::URA3
NDC10-6HA:HIS3MX6/+
MAM1-9MYC:TRP1/+
AM11689 meiosis |, no sisters (cdc6-mn) MATa/MATalpha 2A, 2B
€dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6
cdc6::KANMXG6::pSCC1-3HA-CDC6/cdc6::KANMX6::pSCC1-3HA-CDC6
DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3
AM11710 meiosis I, no chiasmata (spo114) MATa/MATalpha 2A, 2B, S2A
& no sisters (cdc6-mn) spol1::URA3/spoll::URA3
€dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6
cdc6::KANMX6::pSCC1-3HA-CDC6/cdc6::KANMX6::pSCC1-3HA-CDC6
DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3
AM11789 mitosis, with mono-orientation MATa/MATalpha S2A, S3A,
(ipl-321) CDC20-AID::KANMX6/CDC20-AID::KanMX6 S3B
ura3::pADH1-OsTIR1-9MYC::URA3/ura3::pADH1-OsTIR1-9MYC::URA3
DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3
ipl1-321:KANMX6/ipl1-321:KANMX6
CENV::tetOx224::HIS3/+
promURA3::TetR::GFP::LEU2/+
AM12111 mitosis, +ectopic monopolin MATa/MATalpha 3A,3B
induction in vivo GAL3+/GAL3+
CDC20-AID::KANMX6/CDC20-AID::KANMX6
ura3::pADH1-OsTIR1-9MYC::URA3/ura3::pGAL1-3MYC-CDC5::URA3
DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3
MAM1::pGAL1-3HA-MAM1::TRP1/MAM1::pGAL1-3HA-MAM1::TRP1
promURA3::TetR::GFP::LEU2/+
CENV::tetOx224::HIS3/+
AM12285 meiosis I, truncated Dsn1 MATa/MATalpha 3A, 3B, 4A,
(dsn1-AN) €dc20::pCLB2-3HA-CDC20::KANMX6/cdc20::pCLB2-3HA-CDC20::KANMX6 4B, S2A
dsn1:A110DSN1-6HIS-3FLAG::URA3/dsn1::A110DSN1-6HIS-3FLAG::URA3
promURA3::TetR::GFP::LEU2/+
CENV::tetOx224::HIS3/+
AM12390 meiosis I, monopolin point mutant MATa/MATalpha 3A, 3B, 4A,
(csm1-L161D) DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3 4B, S2A,
€dc20::pCLB2-3HA-CDC20::KANMX6/cdc20::pCLB2-3HA-CDC20::KANMX6 S4A, S4B

leu::pURA3-TetR-GFP::LEU2/+
CENV::tetOx224::HIS3/+
¢sm1(L161D)::KANMX6/csm1(L161D)::KANMX6
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Strain Kinetochore type(s) Relevant genotype Used in
number figure
AM12539 meiosis I, no chiasmata (spo114) MATa/MATalpha 3A, 3B, S2A
& no monopolin (mam14) €dc20::pCLB2-3HA-CDC20::KANMX6/cdc20::pCLB2-3HA-CDC20::KANMX6
DSN1-6HIS-3FLAG::URA3/DSN1-6HIS-3FLAG::URA3
mam1A::KANMX6/mam1A::KANMX6
spo11A::NATMX/spol1A::NATMX
AM13794 fluorescent kinetochores, MATa/MATalpha 1B, 2C, 2D,
meiosis I and vegetative growth €dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6 2E, 4D, S5A,
(Nuf2-SNAP, Mif2-CLIP) DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3 S5B, S6A,
NUF2-fSNAP::HPH/NUF2-fSNAP::HPH S6B, S6C,
MIF2-fCLIP:NATMX6/MIF2-fCLIP:NATMX6 S6D
MAM1-9MYC:TRP1/+
NDC10-6HA:HIS3MX6/+
AM13558 meiosis | MATa/MATalpha S7
(Mtw1-tomato & Mam1-GFP) €dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6
MAM1-yeGFP::KITRP1/MAM1-yeGFP::KITRP1
MTW1-tdTomato::NAT/MTW1-tdTomato::NAT
AM13565 meiosis I, no chiasmata (spo114) MATa/MATalpha S7
& no sisters (cdc6-mn), ¢dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6
(Mtw1-tomato & Mam1-GFP) spol1::URA3/spoll::URA3
cdc6::KANMX6::pSCC1-3HA-CDC6/cdc6::KANMX6::pSCC1-3HA-CDC6
MAM1-yeGFP::KITRP1/MAM1-yeGFP::KITRP1
MTW1-tdTomato::NAT/MTW1-tdTomato::NAT
AM14361 meiosis | MATa/MATalpha s2C
(Mam1-9myc, for Western) ¢dc20::pCLB2-CDC20::KANMX6/cdc20::pCLB2-CDC20::KANMX6
DSN1-6HIS-3FLAG:URA3/DSN1-6HIS-3FLAG:URA3
NDC10-6HA:HIS3MX6/NDC10-6HA:HIS3MX6
MAM1-9MYC:TRP1/MAM1-9MYC:TRP1
SBY8253 mitosis, benomyl, and MATa S3A, S3B

vegetative growth
(haploid)

ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 can1-100 LYS2 barlA
DSN1-6HIS-3FLAG::URA3
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Movie S1. Meiotic kinetochore particles bind microtubules and track with disassembling
tips.

Dynamic microtubules were polymerized from Alexa-488-labeled tubulin in the presence of
fluorescent kinetochore particles, purified from strain AM13794 and dye-labeled as described in
Materials and Methods. Depolymerization was triggered by removing the free tubulin via buffer
exchange, causing disassembly-driven movement of microtubule-bound kinetochore particles.

Additional Data Table S1. All proteins identified by mass spectrometry.

Names, numbers of identified peptides, and percent coverage for all proteins identified by mass
spectrometry are provided in the accompanying spreadsheet (Excel file link).

Additional Data Table S2. All individual rupture force values.

The individual rupture force values for all rupture events are listed in the accompanying
spreadsheet (Excel file link). Mean rupture forces and standard errors (Figs. 2-4, S3-S5, and
Table S2) were computed arithmetically from these individual values.

Additional Data Table S3. Statistical comparison of rupture strengths for all measured
kinetochore types.

p-values for comparison of mean rupture forces for different kinetochore types at comparable
Dsnl concentrations (see Table S2) are summarized in the accompanying spreadsheet (Excel file
link). We employed the criterion that p > 0.1 indicates lack of statistical significance (red) while
p <0.05 indicates a statistically significant difference (green) between the compared means.
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