Supplemental Data:

Supplemental Information 1: Tilting of KMT axis with respect to the spindle axis
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The average tilt in the axis of a KMT with respect to the spindle axis was estimated from a
published serial section EM reconstruction of a metaphase budding yeast spindle (Fig. S1a). The average
of angles for all the kMTs from this reconstruction was found to be 6.3 + 5° (Fig. S1b). This angle would

result in a negligible underestimation (0.001) in distances measured along the spindle axis.

We found that the average separation between the two kinetochore clusters in a strain expressing
Nuf2p-GFP & Ndc80p-tdTomato from our metaphase dataset is 1.05 + 0.26 um (N = 75) and 5.01 + 1.07
um (N = 80) for the anaphase dataset. These values are typical for all of our data, and they correctly
predict the expected spindle length (assuming a mean KMT length of ~ 300 nm) from previous
experiment. We can thus very reliably distinguish metaphase cells from cells in early/late anaphase based

on the position of the kinetochore spots and the distance separating the two spots within a cell.



Supplemental Data 2: Expected precision in centroid localization
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The accuracy in centroid localization for an imaging and image acquisition setup is determined by
the signal-to-noise ratio of the image. To estimate the centroid localization accuracy for the budding yeast
kinetochore clusters in metaphase, we first determined the average GFP and tdTomato signal and
background values for strains containing Ctf19p-GFP, Ndc80p-tdTomato, and Ndc8op-GFP. Ctf19p-GFP
represents kinetochore proteins with low copy numbers, and also a higher background signal, whereas
Ndc80p represents proteins with high copy number per kinetochore. Ndc80p-tdTomato (or Nuf2p-
tdTomato) was used as the reference point on the kinetochore for all the measurements. For each strain,
the maximum signal intensity as well as the standard deviation of the background (from intra-nuclear
regions) was determined. The spread of the intensity distribution in the image plane was determined
through 1-D Gaussian curve fitting. Images of kinetochore clusters were then simulated by randomly
distributing fluorophores in an area of appropriate size, and then convolving this object space with a 2-D
Gaussian point spread function. For each signal and background condition, 100 image pairs were
simulated such that one image had the centroid of kinetochore distribution in the object space displaced
by a known, fixed amount with respect to its partner image. The images included background signal

containing noise with Gaussian characteristics (modeled after the camera dark noise) and noise due to



Poisson statistics (shot noise dependent on signal magnitude). Such image pairs were then analyzed by
least squares fitting the intensity distribution with a 2-D Gaussian surface. The standard deviation in the
measured separation between the centroids of each image pair was designated as the expected precision
and plotted as a function of the brightest pixel value within the spot (the dotted lines mark the
approximate range for our measurements). The results show that for the lowest signal-to-noise ratio
conditions (Ctf19p-GFP), the expected precision in determining the distance is ~ 10 nm. Due to a more

compact distribution of kinetochores in anaphase cells, the signal-to-noise ratio improves in anaphase.

Effect of the spatial staggering of kinetochores on centroid localization accuracy
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Nanometer-scale distances can be accurately measured along the axis of the kinetochore, even if
the kinetochores themselves are staggered along the spindle axis as shown in the schematic at the top
(variation in KMT lengths in metaphase is less than 150 nm; ref. [1]). The accuracy of such measurements
directly depends only on the accuracy with which the location of the centroid of the image of a cluster of
kinetochores can be determined, and not directly on the staggering of the kinetochores. The extent of
kinetochore staggering can have an indirect effect, since for large spatial staggering, the image of a
kinetochore cluster does not appear as one spot as shown in the bottom figure. To illustrate this point, we
simulated images of kinetochore clusters by randomly dispersing only six Kinetochores over a square area
of the indicated dimension. Each kinetochore is represented by a pair of green and red fluorophores
separated by a distance of 56 nm — the length of the Ndc80 complex molecule. An overlay of the images
made by such a cluster of six kinetochores is shown in the middle panel. The bottom panel displays an
overlay of the 2-D Gaussian fits obtained for the simulated images. These representative images clearly
show that as the staggering of the kinetochore cluster exceeds 200 nm, the corresponding microscope
image acquires a distinct structure with multiple peaks, instead of the single peak seen for the first two
cases. The least squares fitting routine for determining the centroid location with nanometer accuracy
described in the previous section makes the assumption that the observed intensity distribution can be
described by a 2-D Gaussian function. The last two images show that this key assumption breaks down
for kinetochore staggers over a 200x200 nm region, which is much larger than the expected spatial
staggering of the sixteen kinetochores in a metaphase as well as anaphase spindle is much smaller.
Therefore, the accuracy with which distances can be determined is unaffected by the staggering of the

kinetochore along the axis of the budding yeast spindle.



Supplemental Data 3: Image registration procedure
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Registration between the EGFP and tdTomato images was carried out prior to each experiment as
follows [2]. Tetraspek microspheres (diameter = 100 nm, cat. # T-7279, Invitrogen) were suspended in
5% poly-acryl amide gel (refractive index ~ 1.37) and sandwiched between a slide and a coverslip.
Single, isolated beads were selected, and scanned over a 150x150 pixel image area in the center of the
field of view with a spacing of 1 pm or 1.5 pm using an XY translation stage (MS-2000, ASI, Eugene,
OR). An image of the bead was recorded at each position. Irregular movements of the XY translation
stage resulted in a slightly irregular displacements of the bead. Stage drift along the optical axis over the

time of acquisition was minimized through the use of Perfect Focus system (Nikon) to maintain the bead



in focus. The image acquisition time for each image ranged from 600-1800 ms. Acquisition time was
selected so as to maintain a signal to noise ratio > 30 in both imaging channels. The top panel in this
figure shows the maximum intensity superposition of 240 image planes obtained in this manner. The
EGFP and tdTomato images are high-lighted with green and red squares respectively. The high signal to
noise ratio ensures centroid localization accuracy approaching 1 nm for each bead image along both X
and Y axes using 2-D Gaussian curve fitting. The image transform for registration between the EGFP and
tdTomato fields was computed using the local weighted mean algorithm implemented in MatLAB
(MathWorks, Natick, Md). The use of Dual-View attachment to acquire the EGFP and tdTomato channels
simultaneously introduces spatially varying offsets between the centroids of the EGFP image of a bead
and the corresponding tdTomato image (displayed as vectors), which are apparent in the left middle
panel. A histogram of the absolute offset between the centroids of an EGFP spot and the corresponding
tdTomato spot prior to registration is displayed in the bottom left panel. This variation along with
chromatic aberrations is corrected by the image registration procedure (vector map in the right middle
panel, and a histogram of corresponding offset magnitude). The average offset magnitude after image
registration was found to range from 3-6 nm (mean offset magnitude of 3.7 £ 1.9 nm in this particular
example). This procedure was carried prior to or just after each experiment. Each experiment lasted for

30-40 minutes to minimize effects of drift during the experiment.

The distance measurements were conducted with a custom interactive graphical user interface
written in MatLab. In each experiment, the tdTomato image stack was first registered with respect to the
corresponding EGFP stack based on the image transform obtained as discussed above. Two kinetochore
clusters (distinguished as metaphase and anaphase cells) in each cell were manually selected using the
EGFP image. The region of interest was then automatically defined for the selected kinetochore cluster as
described in the methods section. The same region was then transferred to the corresponding tdTomato
image. The centroids of these regions were then determined by 2-D Gaussian fitting, and the data was

appropriately stored.



Supplemental Data 4: Residual chromatic aberrations & spindle orientation

Chromatic aberrations can introduce a systematic bias in the distance measurements. Although
the image registration procedure described in the previous section will also correct for chromatic
aberrations. Generally, however, the bead chosen for image registration procedure is not at the same depth
as the average depth at which kinetochore clusters are imaged. A small bias due to residual chromatic
aberrations may still be expected. We offer two data that demonstrate that the bias due to chromatic
aberrations is negligibly small in our data. The first evidence is the measurement of the distance between
to SPB proteins carried out in two strains that have the color of the fluorescent label switched. The
random orientation of the spindle axis within the image plane in any data set will also average out the
directional offset between the red and green PSFs resulting from chromatic aberrations. The average

value of the angle subtended by the spindle axes in the set for a given distance measurement is 0 + 40°.



Supplemental Data 5: Effects if tilting of kinetochore axis along the optical axis

The separation between the EGFP and tdTomato centroid determined in the “in focus™ plane is
projection of the true distance on the image plane. Since the long axes of all sixteen kinetochores are
closely aligned with the spindle axis, the orientation of the spindle axis can be used to deduce the average
tilt in the kinetochore axes. In this study, we analyzed spindles in which, the centroids of the two
kinetochore clusters were separated by less than 600 nm along the optical axis. We compensate for the
spindle axis tilt along the optical axis by dividing the measured separation with the cosine of the angle

that the spindle axis (as determined by the centroids of sister kinetochore clusters) makes with the image

plane.
L
O = atan(ﬂ)
z
where,
L, « = Separation between two EGFP centroids in the image plane (nm)
z = 100 + separation between the two in-focus planes along the optical axis (nm)
and,
= D d -
Dype = measure 05 emt/where,

Dy = the true separation between the EGFP and tdTomato centroids

Dreasured = the measured separation between the EGFP and tdTomato centroids

The kinetochore axes have yet another degree of freedom, which is the curling of the kinetochore
axis along the optical axis, and it can’t be detected. If we assume that the curling of the kinetochore axis
within the image plane and along the optical axis are the same, we can estimate its effect from the
measured curling of the kinetochore axis within the image plane. This angle is given by the angle of the

kinetochore axis with the spindle axis in the image plane. We chose the full-length measurements for the
8



NDC80 complex for two reasons — the complex is exists as a single macro-molecule, and the distance is
larger than the uncertainty in centroid determination. The average value of this angle for the entire dataset
was 23 + 16° (cosine of this angle is 0.92). If the kinetochores have a similar tilt along the optical axis, all
of our measurements would have to be increased by ~ 8%. E.qg. the full length of the NDC80 complex
with the correction would be ~ 57 nm instead of the measured length of 55 nm. However, because of the
absence of direct measurements, and because of the small magnitude of the underestimation involved, we

did not apply this correction to our measurements.



Supplemental Data 6: Maximum likelihood estimation of the mean centroid separation

Measurements of the distance separating two centroids that are defined by Gaussian probability
distributions have been shown to be distributed according to a 2-D non-Gaussian probability density

function given by [2]:

Py (1) =[§]*exp(“2;! ]* I(;—“] 1)

Where,

r = measured magnitude of distance separating the two centroids

o = expected standard deviation for each centroid location measurement (experimental errors)
W = true distance separating the two centroids

I, = modified Bessel function of order zero

This is an asymmetric probability distribution skewed towards larger values of r. A maximum
likelihood method was devised for estimating the true distance that is based on fitting the observed
probability distribution of distance measurements with the theoretical probability distribution given by
equation (1). The ability to accurately measure the distance separating the two centroids depends on the
relative magnitudes of the true distance being measured (w) and the expected uncertainty in centroid
determination (o). It follows that for correct determination of p using this method, the measurements of
the two centroids must be normally distributed. We have implemented this method for our measurements
of the centroids that reflect the centroid of a cluster of fluorophores rather than single molecules. The
implicit assumption is that the centroid localization errors will be normally distributed as in the single

molecule case.
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Supplemental Data 7: Imbalanced fluorophore maturation and the limit of resolution

Centroid separation measurements for kinetochore clusters contain an additional source of
variance besides the uncertainty in centroid determination, residual errors from image registration, and
biological variation in the kinetochore structure. Each diffraction-limited spot represents a cluster of 16
kinetochores that are spread over an area, and kinetochore each carrying multiple copies of EGFP and
tdTomato. Furthermore, the maturation efficiency for fluorescent proteins is less than 100%. Maturation
efficiency has been estimated [3] at 90% for EGFP. Since the maturation half-life for tdTomato is ~ 3-
fold higher than that for EGFP, its maturation efficiency can be expected to be lower [4]. These two
factors combine to introduce a significant error in individual distance measurements. The effective error

in each measurement is:

2 2 2 2
O-To’[al — “centroid + O-registration + O-malturation (2)
O centroid = uncertainty in centroid determination (< 10 nm, Supplemental Data 3)
O registration = average residual error after image registration (~ 6 nm, Supplemental Data 4)
O maturation = error due to differential fluorophore maturation within a kinetochore cluster

Centroid determination error and error due to registration account for only 50% of the
measurement variance. Exact values for fluorophore maturation are unknown. The distribution of

kinetochores within the cluster is less than 150 nm.

The magnitude of the effective measurement error is also the smallest distance that can be
measured using the maximum likelihood method described in the previous note. The maximum likelihood

method only considers the probability distribution of EGFP-tdTomato centroid vector magnitudes for a
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given pair of labeled kinetochore proteins. In cases where the actual separation between two protein
domains is smaller than the measurement error, the maximum likelihood method will therefore estimate
the mean value of the measurement error rather than the expected distance. E.g. the C-termini of Ndc80p
and Nuf2p are separated by an 80 amino acid tail on Ndc80p (ref. [5]). We localized the C-termini of
Ndc80p and Nuf2p with respect to the C-terminus of Ctf19p that is far removed from these protein
domains, and hence can be accurately determined by the maximum likelihood estimation method. We
found that in anaphase, the distance separating the C-termini of both Ndc80p and Nuf2p from the Ctf19p
C-terminus is 24 nm and 25 nm respectively, whereas in metaphase, these distances were 37 nm and 33
nm respectively. The difference between these separations provides the separation between the C-termini
of Ndc80p and Nuf2p: -1 nm in anaphase and 4 nm in metaphase. These values compare well with the
separation of Ndc80p and Nuf2p C-termini projected along the spindle axis (1 £ 5 nm; N=160 in
anaphase and 6 + 11 nm; N=98 in metaphase). In contrast, the maximum likelihood estimation method
predicts an anaphase separation of 10 nm between these two protein domains (metaphase data does not
generate a satisfactory fit), which can be used as an estimate of the measurement error for our technique.

We thus estimate the resolution limit for our technique to be approximately 10 nm.
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Supplemental Data 8: Comparison of raw means and maximum likelihood estimates

Protein Raw data Max. likelihood fit

Mean (nm) Std. dev. (hm) | Mean (nm) 68% limits (nm) | N

Ndc80p-C:N-Csedp 42 18 -34 3 96
Ndc80p-C:Okplp-C 36 16 -30 2 107
Ndc80p-C:Amelp-C 39 19 -30 2 126
Nuf2p-C:Ctf19p-C 41 15 -37 2 125
Ndc80p-C:Ctf19p-C 40 18 -33 2 109
Ndc80p-C:Mtw1p-C 27 12 -23 1 119
Ndc80p-C:Dsnlp-C 29 13 -23 2 126
Ndc80p-C:N-Dsnlp 25 12 -19 2 91
Ndc80p-C:Nsllp-C 27 12 -22 2 112
Ndc80p-C:Nnflp-C 23 12 -14 2 102
Ndc80p-C:Spc105p-C 28 15 -16 3 98
Ndc80p-C:N-Spcl05p* 25 14 -1 17 113
Ndc80p-C:Spc24p-C 20 9 -17 1 225
Ndc80p-C:Nuf2p-C* 20 10 7 13 147
Nuf2p-C:N-Ndc80p 41 14 38.5 1 107
N-Ndc80p:Spc24-C 60 22 55 2 183
Ndc80p-C:Asklp-C 31 13 27 1 127
Nuf2p-C:Akslp-C 46 23.1 30 3 141

* - Metaphase localizations for these proteins could not be determined reliably using the non-Gaussian
probability distribution fits due to high variation in the data relative to the distance being measured. The

value cited in these cases is the separation along the spindle axis.
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Negative signs for distances were assigned to indicate that the distance inside (towards the centromere) of
the C-terminus of Ndc80p or Nuf2p. Positive sign implies that the protein localizes on the outside (away

from the centromere) of this reference point.

Confidence limits obtained from maximum likelihood estimation are typically asymmetric [6]. The 68%
confidence interval cited above is the larger limit of the two obtained from maximum likelihood

estimation.
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Supplemental Data 9: Protein localizations in metaphase and anaphase cells

Metaphase Anaphase
Mean 68% limits w.r.t. Mean  68% limits w.r.t.
Protein
(nm) (nm) Spc24-CT | (nm) (nm) Spc24-Cf
Ndc80p-C:Ndc10p - - - -59 3 -47
Ndc80p-C:N-Csedp -34 3 -17 -24 1 -12
Ndc80p-C:Okplp-C -30 2 -13 -22 1 -10
Ndc80p-C:Amelp-C -30 2 -13 -23 1 -11
Nuf2p-C:Ctf19p-C -37 2 -20 -24 1 -12
Ndc80p-C:Ctf19p-C -33 2 -16 -25 1 -13
Ndc80p-C:Mtwlp-C -23 1 -6 -15 1 -3
Ndc80p-C:Dsnlp-C -23 1 -6 -16 1 -4
Ndc80p-C:N-Dsnlp -19 2 -2 -14 1 -2
Ndc80p-C:Nsllp-C -22 2 -5 -26 1 -14
Ndc80p-C:Nnflp-C -14 2 3 -13 1 -1
Ndc80p-C:Spcl05p-C -16 3 1 -12 2 0
Ndc80p-C:N-Spcl05p* -1 17 - -12 1 0
Ndc80p-C:Spc24p-C -17 1 0 -12 1 0
Ndc80p-C:Nuf2p-C* 7 13 - 1 5 -
Nuf2p-C:N-Ndc80p 38.5 1 - 26 1 -
N-Ndc80p:Spc24-C 55 2 55 34 1 34
Ndc80p-C:Ask1p-C 27 1 44 17 1 29
Nuf2p-C:Aks1p-C 33 3 - 23 2 .
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* - Metaphase localizations for these proteins could not be determined reliably using the maximum

likelihood method due to high variation in the data relative to the distance being measured.
68% confidence limit cited is the larger limit obtained from maximum likelihood estimation.

Negative signs for distances were assigned to indicate that the distance inside (towards the centromere) of
the C-terminus of Ndc80p or Nuf2p. Positive sign implies that the protein localizes on the outside (away

from the centromere) of this reference point.

" - Although the distances were measured with respect to Ndc80p-C, Fig. 3 was constructed by using
Spc24p-C as the point of reference. These columns display each distance from Spc24p-C. The metaphase
values was carried out by subtracting 17 nm from the original measurement, while the anaphase values

were obtained by subtracting 12 nm.
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Supplemental Data 10: Estimation of the systematic underestimation in anaphase measurements

The release of tension in anaphase can be expected to provide more freedom to the orientation of
the two SPBs that nucleate spindle microtubules. Kinetochore-microtubules in anaphase cells are only 60
nm in length on average [1], and can therefore be assumed to be perpendicular to the face of the SPBs.
The increased rotational freedom in SPB orientation along the Z-axis will introduce a systematic
underestimation in distance measurements for the kinetochore. To estimate this distance, we carried out
distance measurements in a strain that had two SPB proteins: Spc72p and Spc110p labeled at their C-
termini with EGFP and tdTomato respectively. We found that the metaphase distance separating these
two ends was 75 nm, whereas the anaphase distance was found to 70 nm. If we ascribe this decrease in
SPB dimension to the greater orientations freedom for the SPB face along the optical axis, we can expect

an underestimation of no more than 7% in anaphase measurements.

17



Supplemental Data 11: A case for centromeric nucleosome vs. hemisomes in budding yeast

A recent study of the conformation of chromatin using chromatin immunoprecipitation against
CENP-A in Drosophila cells demonstrated that the CENP-A bound DNA is packed as hemisomes
containing one molecule each of CENP-A, H2A, H2B and H4 (ref. [7]). Several lines of evidence suggest
that the budding yeast centromere may not follow this pattern. (1) Histone depletion experiments [8] show
that the depletion of histone H3 leaves the nucleosomal compaction within centromeric chromatin
unaltered, whereas depletion of the histone H4 or Cse4p disrupt the wild-type pattern of nucleosomal
compaction. (2) Fitzgerald-Hays et al. created two mutant alleles of Cse4p — one with a mutation within
the histone-fold-domain, and the other with a mutation in the N-terminal tail of the protein [9]. Both these
alleles were non-functional, and hence lethal to the cells. The authors found that when co-expressed in the
same strain, the two mutant alleles could function together to restore wild-type Cse4p function. This
synthetic restoration of protein function is possible only if the two mutant alleles dimerize, so that one
could provide the essential function of the HFD, whereas the other monomer could provide the function
of the N-terminal tail. (3) The length of nuclease resistant centromeric DNA (220 base pairs long) and
the recent finding that Cse4p localization is limited only to the centromeric nucleosome indicate that the
kinetochore is likely supported by a single centromeric nucleosome containing Cse4p (or two hemisomes,
ref. [10],[11]). Based on these findings, we use a representation of a nucleosome in the model 3-D

drawing of the yeast kinetochore-microtubule attachment.
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Supplemental Data 12: List of strains & plasmids used in this study

Strain Genotype Source
YEFA473A trpl A 63 leu2A ura3-52 his3 A 200 lys2-8 A 1 Bloom
YEF 473A
pJB2 #7 Gal-CEN3:URA3 Bloom
pKK1 GFP-Cse4:TRP (cen plasmid) M. Fitzgerald-Hays
pKK2 Ndc10-GFP:URA3 M. Fitzgerald-Hays
KBY 9345 YEF473A + pJB2#7 Bloom
KBY 7040 YEF473A Ndc80-tdTomato:Nat' Bloom
KBY 7041 KBY 9345 + Ndc80-tdTomato:Nat" Bloom
KBY 7043 KBY9345 Nat'-Cyc1-GFP-Ndc80p + Spc24p-tdTomato: KAN' Bloom
KBY 7046 KBY7041 + Nuf2-GFP:KAN' Bloom
KBY 7046 KBY9345 Ndc80p-tdTomato:Nat' + Nuf2p-GFP:Kan' Bloom
KBY 7047 KBY9345 Ndc80p-tdTomato:Nat' + Spc24-GFP:Kan' Bloom
KBY 7048 KBY9345 Ndc80p-tdTomato:Nat'+ Spc105p-GFP:Kan' Bloom
KBY 7049 KBY9345 Ndc80p-tdTomato:Nat' + Mtwlp-GFP:Kan' Bloom
KBY 7052 KBY9345 Nuf2p-tdTomato:Kan'+ Cse4p-GFP:Hyg' Bloom
KBY 7055 KBY9345 Ndc80p-tdTomato:Nat'+ Dsn1p-GFP:Kan' Bloom
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KBY 7056

KBY 7057

KBY 7063

KBY 7064

KBY 7081

KBY 7082

KBY 7083

KBY 7084

KBY7086

KBY7088

KBY7090

KBY7091

KBY7095

KBY7096

KBY7073

KBY9345 Nuf2p-tdTomato:Kan"+ Ctf19p-GFP:Kan'

KBY9345 Nuf2p-tdTomato:Kan" + Ask1p-GFP:Kan'

KBY9345 Ndc80p-tdTomato:Nat' + Amelp-GFP:Kan"

KBY9345 Ndc80p-tdTomato:Nat' + Okplp-GFP:Kan'

KBY9345 + Nat"Cyc1-GFP-Ndc80p + Nuf2-tdTomato: Kan'

KBY9345 + Ndc80p-tdTomato:Nat" + pKK2

KBY9345 Ndc80p-tdTomato:Nat' + Nnf1p-GFP:Kan'

KBY9345 Ndc80p-tdTomato:Nat" + Nsl1p-GFP:Kan'

KBY7041 csed::KAN' + pKK1

KBY7041 + Asklp-GFP:Kan'

YEF473a Ndc80p-tdTomato:Kan" Nat*-Cyc1-GFP-Spc105p

YEF473a Ndc80p-tdTomato:Kan" Nat*-Cyc1-GFP-Dsnip

YEF473a Ndc80p-tdTomato:Kan" Ctf19p-GFP: TRP1

YEF473a Ndc80p-tdTomato:Kan" Nnf1-GFP:TRP1

YEF473a Spc72p-GFP:Kan' Spc110p-tdTomato:Nat'

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom

Bloom
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