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Abstract

Background—The kinetochore is a multiprotein machine that couples chromosome movement
to microtubule (MT) polymerization and depolymerization. It uses numerous copies of at least
three MT-binding proteins to generate bidirectional movement. The nanoscale organization of
these proteins within the kinetochore plays an important role in shaping the mechanisms that drive
persistent, bidirectional movement of the kinetochore.

Results—We used Forster Resonance Energy Transfer (FRET) between genetically encoded
fluorescent proteins fused to kinetochore subunits to reconstruct the nanoscale organization of the
budding yeast kinetochore. We performed > 60 FRET and high resolution colocalization
measurements involving the essential MT-binding kinetochore components: Ndc80, Dam1,
Spcl05, and Stu2. These measurements reveal that neighboring Ndc80 complexes within the
kinetochore are narrowly distributed along the length of the MT. Dam1 complex molecules are
concentrated near the MT-binding domains of Ndc80. Stu2 localizes in high abundance within a
narrowly defined territory within the kinetochore centered ~ 20 nm on the centromeric side of the
Dam1 complex.

Conclusions—Our data show that the microtubule attachment site of the budding yeast
kinetochore is well-organized. Ndc80, Dam1 and Stu2 are all narrowly distributed about their
average positions along the kinetochore-MT axis. The relative organization of these components,
their narrow distributions, and their known MT-binding properties together elucidate how their
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combined actions generate persistent, bidirectional kinetochore movement coupled to MT
polymerization and depolymerization.

Introduction

Understanding the molecular mechanism of bidirectional chromosome movement during
cell division is an enduring challenge in cell biology. Chromosome movement is driven by
the kinetochore, a multiprotein, microtubule-based force coupler [1]. The properties of
individual MT-binding proteins in the kinetochore are known. However, a cohesive
understanding of how these proteins cooperate to achieve bidirectional chromosome
movement is lacking.

A distinguishing feature of the kinetochore is its ability to generate chromosome movement
in the absence of external energy sources by generating a motile force from the
mechanochemical changes accompanying MT polymerization and depolymerization [2].
The mechanisms underlying such force generation depend on both, the MT-binding
properties of kinetochore proteins and their nanoscale organization. For example, force
coupling properties of the MT-binding Dam1 complex and the biophysical mechanism of
Dam1-coupled motility depend on its oligomerization state [3, 4]. Similarly, the persistence
of motility mediated by the kinetochore complex Ndc80 depends on its copy number and
distribution relative to the MT tip [5, 6]. Thus, the nanoscale organization of MT-binding
proteins within the kinetochore must be known in order to define the mechanisms
underlying kinetochore motility.

The budding yeast kinetochore is an ideal model for studying how the organization of MT-
binding proteins shapes the mechanisms of kinetochore movement. Key data regarding the
MT-binding machinery of the yeast kinetochore are known. This machinery consists of three
components: Ndc80 complex, Dam1 complex, and the protein Spc105. In addition, the MT-
associated protein Stu2 is a functional component that is necessary for chromosome
dynamics [7, 8]. The structures of these proteins are known [9-11]. It is also known that the
yeast kinetochore incorporates an invariant copy number of each protein: at least 16-20
molecules of Dam1, and 5-8 copies of Spc105 and Ndc80, positioned at well-defined
average locations along the kinetochore-MT attachment (Figure 1A top, [12-16]). Two
critical facets of kinetochore organization remain unknown: (1) the distribution of multiple
copies of each protein about its average position, and (2) their distribution around the MT
circumference (Figure 1A). These data are necessary to define the organization of the yeast
kinetochore, and to understand how this organization generates movement.

We previously developed a FRET-based technique to reconstruct nanoscale distributions of
kinetochore proteins [17, 18]. To measure FRET, selected proteins, e.g. subunits of the
Ndc80 complex (Figure 1B), are fused to either GFP(S65T) (the donor) or mCherry (the
acceptor). FRET is quantified as the sensitized emission intensity, which is the acceptor
fluorescence due to FRET, emanating from the two kinetochore clusters, each containing 16
kinetochores, seen in haploid cells in metaphase (Fig. 1C). This intensity is calculated by
subtracting the GFP bleed-though and mCherry cross-excitation intensity from the
fluorescence measured in the FRET channel [17]. We ensure that the sensitized emission
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intensity for each kinetochore cluster depends only on: (1) average FRET efficiency for all
FRET pairs and (2) total number of FRET pairs within the cluster [17]. Furthermore, we
construct strains wherein the labeled kinetochore subunits generate the same number of
FRET pairs per kinetochore cluster. In such strains, the measured sensitized emission
intensity depends only on the FRET efficiency, and hence the average donor-acceptor
separation. Therefore, comparison of sensitized emission intensities can reveal relative
proximities between labeled proteins.

Here we report the organization of the MT-binding machinery in the budding yeast
kinetochore. For each protein, we obtained two types of FRET measurements. To elucidate
axial protein distribution (i.e. along the length of the kinetochore-MT attachment), we
measured FRET between the labeled protein and suitable reference points in the
kinetochore. To obtain circumferential protein distribution, we measured FRET between
neighboring copies of the same protein in heterozygous diploid strains. Importantly, each
budding yeast kinetochore binds to exactly one MT tip. Therefore, we could combine these
FRET data with known kinetochore protein structures, copy numbers, and localizations to
reconstruct the in vivo architecture of the metaphase kinetochore-MT attachment.

Subunit organization of the Ndc80 complex

First, we used the known structure of the Ndc80 complex to validate our methodology
(Figure 1B, ref. [9, 19, 20]). Since FRET quantitation is obtained from fluorescence
intensity, it is affected by cell-to-cell variation in GFP and mCherry maturation, and the
distance of the kinetochore cluster from the coverslip [12] [17]. To minimize the effects of
this experimental variation, we normalized the sensitized emission intensity for each cluster
by dividing it with the sum of GFP bleed-through fluorescence and mCherry fluorescence
due to cross-excitation (see Supplemental Experimental Procedures, also [17]). This
normalized sensitized emission, termed as ‘Proximity Ratio’, is 0 when FRET efficiency is
negligible, and directly proportional to non-zero FRET efficiency values [17].

As predicted by the known organization of the Ndc80 complex, we recorded the highest
FRET between the carboxyl termini of Spc24 and Spc25, abbreviated as Spc24-C and
Spc25-C respectively (Figure 2A, ref. [9, 20]). Ndc80-C and Nuf2-C produced a lower
proximity ratio. For Ndc80-C and Spc25-C, which are ~ 10-15 nm apart, the proximity ratio
was 0. We also detected FRET between the amine terminus of Ndc80 (N-Ndc80) and N-
Nuf2, which are separated by a 113 amino acid long unstructured tail of Ndc80 (Figure 2A).
This observation reveals that at least some of the tails are located within 10 nm of N-Nuf2
either belonging to the same Ndc80 complex or an adjacent complex. FRET increased when
the tail was deleted (A113-Ndc80, Figure 2A), suggesting that some N-Ndc80 termini
extend away from N-Nuf2. Thus, the in vivo FRET data confirm the known Ndc80 subunit
organization.
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Neighboring Ndc80 complexes are aligned along their entire length

We next assessed the distribution of adjacent Ndc80 complexes within the kinetochore. The
rigid structure and subunit organization of the Ndc80 complex precludes FRET between
subunits belonging to the same Ndc80 complex, i.e. intra-complex FRET. However, inter-
complex FRET can occur if neighboring Ndc80 complexes are staggered along the length of
the MT (Figure 2B). Therefore, we specifically tested whether domains of the Ndc80
complex that are separated by > 10 nm within one complex, e.g. Ndc80-C and Spc25-C,
nonetheless exhibit FRET. FRET between Ndc80-C and Spc25-C was negligible implying
that neighboring Ndc80 complexes are rarely staggered by 5-10 nm. FRET was also absent
between N-Ndc80 and either Nuf2-C or Spc25-C, which are separated from N-Ndc80 by 37
and > 57 nm respectively, confirming that the staggering does not exceed the 10 nm
detection limit for FRET. Thus, neighboring Ndc80 complexes are rarely staggered along
the length of the kinetochore.

The lack of FRET between Ndc80-C and Spc25-C could also indicate that the average
spacing between neighboring Ndc80 complexes around the MT circumference is > 10 nm.
To test this, we quantified inter-complex FRET in heterozygous diploid strains that express
two versions of a selected subunit: one labeled with GFP and the other with mCherry
(Figure 2C). The kinetochores in such strains incorporate GFP and mCherry labeled
molecules randomly. For accurate comparison of proximity ratios, it is essential that the
average number of GFP and mCherry labeled molecules per kinetochore cluster in each
strain is equal [17]. We verified this by comparing the average GFP and mCherry
fluorescence per kinetochore cluster in diploid strains with the kinetochore cluster
fluorescence in haploid strains that express only GFP or only mCherry labeled subunits
(Figure S1).

In diploid strains, FRET can occur only if adjacent complexes labeled with GFP and
mCherry are located within 10 nm. Furthermore, if the neighboring complexes are parallel to
and aligned with each other, then FRET will be similar along their entire length (Fig. 2C).
Accordingly, modest inter-molecular FRET could be detected at three points positioned
along the length of the Ndc80 complex (Figure 2D), indicating that at least a subset of
neighboring Ndc80 molecules are within 10 nm. FRET between adjacent N-Nuf2 was
slightly higher than the FRET between Nuf2-C, Ndc80-C or Spc24-C. Since N-Nuf2 is
proximal to the MT-binding Calponin Homology (CH) domain of Ndc80, higher FRET
indicates that the MT-binding domains of adjacent Ndc80 molecules are closer to one
another than the centromere-binding domains. FRET between adjacent Nuf2-C, Ndc80-C, or
Spc24C domains was statistically indistinguishable revealing that adjacent complexes run
parallel to one another.

The Ndc80 complex bends in metaphase

The Ndc80 complex bends freely through 90° at the flexible kink in the Nuf2/Ndc80 dimer
invitro [21]. Therefore, we tested whether the Ndc80 complex also bends in vivo by
measuring its length projected along the spindle axis using high resolution colocalization,
and then comparing the measured length with its contour length [14]. Any reduction in the
projected length reveals bending of the Ndc80 complex perpendicular to the axis of the
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kinetochore-MT attachment. This inference assumes that all Ndc80 complexes are aligned
along the microtubule, which is supported by MT-binding and unbinding rates measured for
single human Ndc80 molecules [22].

Using high-resolution colocalization of N-Nuf2 and Spc24-C, we found that these termini
are separated by 37 + 2 nm along the length of the kinetochore-MT attachment (Figure 3A—
B, mean £ 95% confidence intervals predicted by maximum likelihood estimation, ref. [23]).
This distance is significantly smaller than the extended contour length of 57 nm for Ndc80
[9]. Previous measurements also show that the projected length of the Spc24/Spc25 dimer in
vivo equals its contour length [14]. Therefore, the observed reduction in the projected length
is due to the bending of the Ndc80/Nuf2 dimer at the kink. The measured separation of 40 £
3 nm between A113-Ndc80 and Spc24-C confirmed that the tail extends by ~ 15 nm away
from the CH-domains adding this distance to the measured separation between N-Ndc80 and
Spc24-C (also see Figure S2).

The FRET and high-resolution colocalization measurements together define the distribution
and conformation respectively of the Ndc80 complex in the metaphase kinetochore (Figure
3C). This organization establishes a spatial frame of reference that is useful for elucidating

the distributions of other kinetochore components.

Daml molecules are concentrated near Ndc80/Nuf2 CH-domains

Two facets of Dam1 organization within the kinetochore are necessary for defining its
function. First, the orientation of the 10-subunit Dam1 complex monomer within the
kinetochore is needed to understand the contributions of individual Dam1 subunits to Dam1
complex function and regulation. Second, the oligomerization state of Dam21 molecules must
be known to determine the properties and mechanism of Dam1-mediated force coupling [3,
4].

To understand the orientation of the Dam1 complex, we measured the proximity of Dam1
subunits relative to N-Nuf2, which is proximal to the MT lattice (Figure 4A). FRET between
Ask1-C, Spc34-C, or Dad1-C with N-Nuf2 was negligible, suggesting that these C-termini
are distal from N-Nuf2 (category 1). In contrast, significantly higher FRET detected for
Dad3-C, Dad4-C, and Dam1-C suggests a closer proximity of these subunits to N-Nuf2
(category 2, Figure 4B). The same classification emerged from FRET measured between
Dam1 subunits and A113-Ndc80 (Figure S2).

The categorization of Dam1 subunits above may reflect subunit placement either along the
MT or radially away from it. To distinguish between these possibilities, we calculated the
distance between copies of a Dam1 subunit in adjacent complexes as a function of its radial
position (Figure 4C displays a pseudo-colored density map based on ref. [24]). According to
this calculation, neighboring copies of a MT-proximal Dam1 subunit should allow FRET,
while the copies of a subunit distal to the MT should not (indicated in Figure 4C). To
measure this dependence in vivo, we assessed the separation between adjacent copies of the
Daml subunits. FRET between adjacent C-termini of subunits in category 1 was minimal,
which indicates a spacing = 10 nm. In contrast, C-termini of subunits in category 2
generated modest FRET revealing that their spacing is < 10 nm (Figure 4D). These
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measurements suggest that Dam1 subunits in category 1 extend away from the MT lattice
and from N-Nuf2. Thus, the Dam1 complex is positioned in the kinetochore with shoulders
containing Dad1-C, Spc34-C, and Ask1-C distal to the MT, and Dam1-C, Dad3-C, and
Dad4-C proximal to the MT lattice (Figure 4E).

The analysis above does not reveal whether Dam1 molecules oligomerize, because Dam1
rings and dimers predict the same subunit proximity (if the dimer fits into the ring without
any conformational change). Lack of Dam1 oligomerization should correspond to a wide
distribution of at least 8-10 Dam1 dimers, each of ~ 15 nm width, ~ 10 nm height, and ~ 5
nm thickness [10]. In this case, at least some of the Dam1 dimers should be proximal to
Nuf2-C situated ~ 20 nm away from the CH-domains (Fig. 3C). However, we did not detect
any FRET between Ask1-C or Dad2-C, and Nuf2-C. Since the average position of all the
Daml molecules is also in close vicinity of the CH-domains [14], the absence of FRET
suggests that most of the Dam1 molecules are concentrated here (Figure 4E). As discussed
in the next section, localization of Dam1 molecules near N-Nuf2 is confirmed by the lack of
FRET between Dam1 subunits and Stu2, which is concentrated at Nuf2-C.

An experimental issue with the Dam1 complex data in heterozygous diploid strains was that
the apparent number of Dam1 molecules was unexpectedly low for all of the subunits tested
(Figure S1). Quantitative Western blots revealed that the lower kinetochore recruitment was
not due to lower protein expression (Figure S1). The lower fluorescence may be due to
hypomorphic chimeras. Importantly, the lower abundance was observed for all the Dam1
subunits. Therefore, our conclusions regarding the proximity between adjacent copies of a
Dam1 subunit based on comparative FRET analysis should not be affected.

Stu2 is narrowly distributed in the interior of the kinetochore

Microtubule Associated Proteins (MAPS) also contribute to kinetochore motility, either
through a kinetochore-specific function or by controlling MT dynamics and spindle stability.
Therefore, we examined the spindle abundance and distribution of four MAPs that bind the
MT tip: Stul (CLASP), Bik1 (CLIP-170), Bim1 (EB1) and Stu2 (XMAP215/chTOG1), to
assess whether they perform kinetochore-specific functions.

We first quantified the abundance of each MAP using quantitative fluorescence microscopy.
Stu2 was the most abundant, followed by Bim1 (Figure 5A, [25]). The measured Stu2
abundance translates into an average of ~ 6—7 Stu2 dimers per kinetochore (assuming 8
Ndc80 molecules per kinetochore [13]). Bik1 abundance was significantly lower. Stul,
which functions mainly at unattached kinetochores [26], was the least abundant MAP. We
next quantified the distribution of each MAP along the spindle using a previously
established method [27, 28]. Stul distribution was skewed towards the spindle mid-zone,
whereas Bik1 distribution was skewed towards the spindle pole (Figure 5B). Bim1
distribution was more or less uniform along the length of the spindle. Strikingly, Stu2
formed two distinct clusters that colocalized with Nuf2, a Ndc80 complex subunit. The large
number of Stu2 molecules concentrating within the kinetochore suggests a kinetochore-
specific function for Stu2.
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Stu2 is necessary for chromosome dynamics and for keeping spindle MTs dynamic [7, 29].
Therefore, we characterized its distribution within the kinetochore using FRET. We found
that Stu2-C and N-Stu2 both localize close to Nuf2-C and Ndc80-C, as evidenced by high
FRET (Figure 5C). Stu2 was also narrowly distributed, because Stu2-C or N-Stu2 were not
proximal to any other kinetochore subunits that are centromere proximal (Mtw1-C) or
located in the outer kinetochore (N-Ndc80, Dad2-C or Dad4-C). Thus, Stu2 molecules
occupy a distinct territory within the kinetochore. High-resolution colocalization also placed
the centroid of Stu2-C fluorescence in close vicinity of Nuf2-C, confirming that the majority
of Stu2 molecules are concentrated near Nuf2-C or Ndc80-C (Figure S4). FRET between
Ndc80 subunits and either Bim1 or Bik1 was negligible, consistent with their skewed
spindle distributions (Figure S4).

Unlike other kinetochore proteins, Stu2 localization in the kinetochore was highly dynamic
[12]. Stu2-GFP fluorescence recovered completely within a minute after photobleaching
(Figure 5D). The turn-over rate is > 2-fold faster than tubulin turn-over (ty =24 £5siin
metaphase and 45 £ 5 s in anaphase, mean * s.e.m., n > 5 for both, [30]). Thus, Stu2
emerges as the only tip-interacting protein that occupies a well-defined position within the
yeast kinetochore (Figure 5E).

Organization of the Mtw1 complex relative to the Ndc80 complex

Finally, we investigated the organization of the Mtw1 complex, and the kinetochore protein
Spcl105. Mtwl complex connects Ndc80 to the centromere via physical interaction between
the Mtw1 subunit and the centromeric protein CENP-C [31-33]. High resolution
colocalization data place the C-termini of Mtw1 complex subunits within ~ 10 nm of Spc25-
C [14]. Therefore, we selected Spc25-C as the reference point to measure the distribution of
Mtw1 subunits. NsI1-C and Dsn1-C as well as Spc105-C are proximal to Spc25-C, as
evidenced by the high FRET between these termini and Spc25-C (Figure 6B). FRET
between Spc25-C and Nnfl-C, Mtw1-C, N-Dsnl or N-Mtw1 was lower, indicating a larger
separation. These data are largely consistent with the subunit organization of the Mtw1
complex predicted by structural studies [34, 35]. Direct binding between Mtw1 and Ndc80
complex predicts that the circumferential distribution of Mtw1 subunits proximal to Ndc80
should be the same as Ndc80 complexes. This was the case for Nsl1-C and Spc105-C
(Figure 6C). Surprisingly, inter-complex FRET was significantly higher for both N-Mtw1
and N-Dsn1 indicating a narrower spacing of these two termini (schematic, Fig. 6C).

Kinetochore subunit organization is maintained in late anaphase\telophase

In late anaphase, the kinetochore architecture is expected to change due to partial
dissociation of the Dam1 complex and also the centromere-bound CBF3 complex [12, 36].
Despite these changes in kinetochore composition and behavior, the organization of
kinetochore proteins relative to one another did not change in late anaphase/telophase.
However, the kinetochore was more compact as evidenced by a systematic increase in FRET
(Figure S5).
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Discussion

The FRET and high-resolution colocalization data provide novel insights into the
physiological organization of the kinetochore-MT attachment. We combined these insights
with structural data and previously reported protein counts to reconstruct a 3-D visualization
of the metaphase kinetochore-MT attachment (Figure 7A). Although the large size of
fluorescent proteins can be problematic when using FRET for deducing protein architecture,
our experimental design ensures that it has minimal effect on the main conclusions
(Supplementary Note 1). We used FRET only to compare: (a) proximity between different
subunits of the same heteromeric complex and one reference point, or (b) proximity between
adjacent copies of subunits of the same heteromeric complex. This design ensures that each
experiment involves similar numbers of FRET pairs and differences in proximity ratios
result from differences in FRET efficiencies. We also confirmed each key conclusion with
multiple measurements using similarly situated kinetochore subunits (by virtue of their
known average position or because they belong to the same complex). Therefore, the
organization of MT-binding proteins revealed by the FRET data can be used to elucidate
protein functions.

We find that the Ndc80 complex bends even in metaphase, likely at the kink within the
Ndc80/Nuf2 dimer. A previous study depicted the Ndc80 molecule running parallel to the
MT along its entire length [14]. However, this study assumed that the unstructured tail at the
N-terminus of Ndc80 does not contribute to the in vivo, projected length of the Ndc80
complex. We find that the projected length measured from N-Nuf2 to Spc24-C is ~ 40 nm,
and that the unstructured tail adds 15 nm to this length. This Ndc80 conformation is also
consistent with the average position of Dam1 molecules ~ 15 nm on the centromeric side of
N-Ndc80. This position implies that Dam1 molecules should be proximal to N-Nuf2. This is
confirmed by detected FRET between Dam1 subunits and N-Nuf2. The bent Ndc80
conformation will facilitate optimal binding between the CH-domains and the MT [37].
Based on the location of the Dam1-interacting residues proximal to the CH-domain of
Ndc80, it may also promote binding of Ndc80 to Dam1 [38].

We also find that at least a fraction of Ndc80 complexes have a neighbor within 10 nm.
Together with the lack of staggering along the length of the kinetochore, this observation
suggests that the Ndc80 complexes are narrowly distributed along the length of the MT. The
narrow Ndc80 complex distribution along the length of the MT is not well-suited for
persistent attachment with a depolymerizing MT tip, especially under opposing forces [6].
Therefore, the Ndc80 complex is unlikely to be the major force coupler during MT
depolymerization-driven motility. The circumferential distribution of Ndc80 complexes
cannot be determined directly. However, detectable inter-complex FRET suggests that it
cannot be symmetric, because symmetric placement of 8 Ndc80 complexes over a circle >
25 nm in diameter translates into an inter-complex spacing > 10 nm. As the simplest case,
we depict Ndc80 complexes as randomly distributed around the MT circumference (Fig.
7A).

The Dam1 complex acts as a processivity factor for the Ndc80 complex in vitro [39, 40].
Our data show that Dam1 molecules are concentrated in close vicinity of the CH-domains of
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the Ndc80 complex. This narrow Dam1 distribution and its strong tendency to oligomerize
when bound to the MT suggest that the metaphase kinetochore may contain a Dam1 ring or
ring-like oligomer. Such an oligomeric Dam1 assembly can efficiently generate force
coupled to MT depolymerization and drive kinetochore motility [3, 4]. The organization of
Dam1 subunits relative to the MT lattice is generally consistent with the subunit
organization suggested by structural studies [10]. However, one notable difference is the
opposite orientations of Dam1-C suggested by the two studies. FRET data suggest that
Dam1-C is oriented towards the MT lattice (consistent with the localization of the GFP-
density observed in Dam1 rings incorporating Dam1-GFP [41]), whereas a recent study
suggests that Dam1-C points away from the MT lattice [10]. Further work is necessary to
resolve this discrepancy.

The narrow distribution of a large number of Stu2 molecules within the kinetochore is
surprising, because Stu2 is capable of binding to MTs anywhere along the spindle. We
hypothesize that Stu2 localizes within the kinetochore by autonomously binding at the tip of
the MT. The TOG domains of Stu2 bind specifically to tubulin dimer conformations present
only the MT tip [42—44]. This tip-specific binding has been observed for Stu2 homologs in
vivo [45] and for Stu2 invitro [43, 44]. Furthermore, MT tips, when stabilized with taxol,
extend up to Spc24-C in vertebrate kinetochores [46]. Stu2 is narrowly distributed in the
same region in the yeast kinetochore. It is unlikely that the Ndc80 complex, which is
proximal to Stu2, recruits it, because physical interaction between the two is undetectable
[8]. Together, these observations suggest that the dynamically localizing Stu2 molecules
likely reveal the position of growing MT tips in the yeast kinetochore.

When considered together, the distributions of MT-binding proteins described here suggest
an elegant, integrative mechanism that corrals the dynamic MT tip within the kinetochore. In
this mechanism, the Ndc80-Dam1 assembly couples kinetochore movement to MT
depolymerization, and ensures persistent attachment by implementing tension-dependent
rescue [47]. MT destabilizing activity of Stu2 located in the interior of the kinetochore
ensures that the growing MT tip remains within the kinetochore. Although the MT-binding
machinery in yeast, with the exception of the Ndc80 complex, is not conserved in higher
eukaryotes, the overall organization of MT-binding proteins is maintained [14, 46, 48].
Therefore, the mechanism of corralling the dynamic MT tip may be conserved by the
organization of MT-binding proteins in the eukaryotic kinetochore.

Experimental Procedures

A complete description of the imaging and image analysis methodology is provided in the
Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantification of FRET from metaphase kinetochore clusters
(A) Top: The known average positions of kinetochore proteins along the kinetochore-MT

attachment [14]. Nanoscale protein distributions along the MT axis (possibilities indicated in
the cartoon) or around the circumference of the MT are unknown. (B) Physical dimensions
and subunit organization of the Ndc80 complex. (C) Metaphase cells expressing two labeled
Ndc80 subunits (indicated the top) as observed in the GFP, mCherry, and FRET channel.
Heat maps of sensitized emission intensity were calculated by subtracting contributions of
GFP bleed-through and mCherry cross-excitation (estimated using the GFP and mCherry
signals measured in the respective images), and cellular auto-fluorescence from the FRET
image. Quantification of the GFP, mCherry and sensitized emission intensity per
kinetochore cluster (mean % s. d.) shown on the right. Reduction in the GFP signal is due to
FRET [17].
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Figure 2. Distribution of Ndc80 complex molecules within the kinetochore
(A) Box and whisker plot for proximity ratios quantifying FRET between Ndc80 complex

subunits. The horizontal blue lines of each box represent the 25t and 75! percentile values,
and the whiskers display the extreme values. Red line in each box indicates the median; red
crosses display outliers. Non-overlapping notches on the box plots signify statistically
significant differences in mean values (p < 0.05 using the Wilcoxon rank-sum test). The
number of measurements for each dataset is indicated at the bottom. (B) If two Ndc80
complexes are staggered by distances > 10 nm along the length of the MT, then inter-
complex FRET can occur between a GFP and mCherry on adjacent complexes (marked with
asterisks). (C) Inter-complex FRET can be measured in heterozygous strains expressing one
copy of the gene of interest labeled with GFP and the other with mCherry only if adjacent
Ndc80 complexes are aligned with each other (FRET pair denoted by asterisks) and if they
do not splay away from one another. (D) Proximity ratio quantification for inter-complex
FRET between the labeled domains of neighboring Ndc80 complexes.
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Figure 3. The Ndc80 complex bends in metaphase
(A) Frequency distribution of the separation between the centroids of Spc24-mCherry and

GFP-Ndc80, GFP-Nuf2, and GFP-A113-Ndc80 (indicated in the insets). Black curve is the
non-Gaussian maximum likelihood fit [23]. (B) Average separation predicted by a non-
Gaussian maximum likelihood fit (mean + s. e. m.). (C) Metaphase architecture of the
Ndc80 complex deduced from FRET and colocalization data.
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Figure 4. Distribution of Dam1 molecules in the metaphase kinetochore
(A) The subunit organization of the Dam1 complex [10], and the schematic of our FRET-

based approach to position each subunit relative to N-Nuf2, which is proximal to the MT.
(B) Proximity ratio quantification for FRET between Dam1 subunits and either N-Nuf2 or
Nuf2-C. (C) Pseudo-colored Dam1 ring EM density map (based on EMDB 5254, [24])
displays the separation between equivalent points on adjacent monomers of the ring. The
MT lattice is displayed in gray. (D) Proximity ratio quantification for neighboring molecules
of Dam1 subunits. (E) The proximity of the tested subunits to the MT lattice and the
metaphase architecture of the Dam1 complex relative to Ndc80.
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Figure 5. Abundance and spindle

distribution of MAPs

(A) Relative abundance of Stu2, Bik1, Bim1, and Stul. In comparison with Stu2, other
MAPs have a significantly lower abundance (p-value < 1e-9 from a two-sided Student’s t-
test) and a significantly larger cell-to-cell variation in abundance (p-value < 0.02 from a
two-sided F-test). (B) Representative micrographs of MAP distribution (spindle extremities
marked by Spc97-mCherry, a spindle pole body protein; scale bar ~ 1 um). Normalized
distributions of Bik1, Bim1, Stul, Stu2, and Nuf2 in metaphase arrested cells (mean +\-
s.e.m.). (C) Top: schematic of the Stu2 dimer. Stu2 length was estimated by adding 5 nm
length of its two TOG domains [42], and the estimated 15 nm contour length of its 100
amino acid long a-helical coiled coil domain (3.6 residues per turn and a pitch of 0.54 nm).
FRET quantification for Stu2-C (upper graph) or N-Stu2 (lower graph) and kinetochore
subunits. (D) Fluorescence Recovery after Photobleaching (FRAP) of Stu2-GFP. Red circles
display the fluorescence recovery, and black circles display the concurrent fluorescence
decay of the unbleached cluster in the same cell. The initial, steep decrease in the intensity
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of the unbleached cluster is due to inadvertent photobleaching. Black lines display single
exponential fit of the data. The scatter plot displays the half-life for fluorescence recovery
(rec.) and decay (dec.) in metaphase and only recovery in anaphase. Red line indicates the
mean value. (E) Stu2 localization in the metaphase kinetochore.
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Figure 6. Metaphase architecture of the Mtw1 complex
(A) Architecture of the Mtw1 complex based on ref. [34, 35]. (B) FRET between Spc105-C

or Mtw1 subunits, and Spc25-C. (C) FRET between neighboring Mtw1 complexes.
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Figure 7. Visualization of the budding yeast kinetochore-MT attachment
(A) Visualization of the kinetochore-MT attachment in metaphase. Spc105 is not shown. (B)

Proposed mechanism of MT depolymerization-coupled motility (only one protofilament of
the MT is shown). Black line displays the protofilament profile for a kinetochore MT from
Fig. 4b in [49]. Blue arrow indicates force coupling by the Dam1 complex. (C) Proposed
mechanisms for MT polymerization-coupled motility. The dark blue arrow represents
centromeric tension, while the light blue arrow represents higher Dam1 affinity for GTP-
tubulin [50].
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