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For proper segregation during cell division, each chromosome must connect to the poles of the spindle via microtubule 
bundles termed kinetochore fibers (K-fibers). K-fibers form by two distinct mechanisms: (1) capture of astral microtubules 
nucleated at the centrosome by the chromosomes’ kinetochores or (2) attachment of kinetochores to noncentrosomal 
microtubules with subsequent transport of the minus ends of these microtubules toward the spindle poles. The relative 
contributions of these alternative mechanisms to normal spindle assembly remain unknown. In this study, we report 
that most kinetochores in human cells develop K-fibers via the second mechanism. Correlative light electron microscopy 
demonstrates that from the onset of spindle assembly, short randomly oriented noncentrosomal microtubules appear in 
the immediate vicinity of the kinetochores. Initially, these microtubules interact with the kinetochores laterally, but end-on 
attachments form rapidly in the first 3 min of prometaphase. Conversion from lateral to end-on interactions is impeded upon 
inhibition of the plus end–directed kinetochore-associated kinesin CenpE.
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Introduction
Segregation of chromosomes during cell division requires for-
mation of specialized microtubule bundles termed kinetochore 
fibers (K-fibers). Mature K-fibers comprise ∼25 microtubules 
in mammalian cells (McEwen et al., 1997). The dynamic plus 
ends of these microtubules attach to the kinetochore (Euteneuer 
and McIntosh, 1981), whereas the minus ends embed into 
spindle poles or they establish dynamic connections to other 
microtubule bundles within the spindle (Elting et al., 2014; 
Sikirzhytski et al., 2014).

Two distinct mechanisms for K-fiber formation have been 
described (Rieder, 2005; Heald and Khodjakov, 2015). In one 
mechanism, connection to the pole forms when an astral 
microtubule produced by a centrosome is captured by a kine-
tochore. This process has been directly observed in vertebrate 
cells (Hayden et al., 1990; Merdes and De Mey, 1990; Alexander 
and Rieder, 1991) and yeast (Tanaka et al., 2005). In the alter-
native mechanism, K-fibers grow from kinetochores in random 
directions (Khodjakov et al., 2003; Maiato et al., 2004) until the 
minus end of a growing fiber is captured and transported pole-
ward along another spindle microtubule by cytoplasmic dynein 
(Rusan et al., 2002; Maiato et al., 2004; Elting et al., 2014; 
Sikirzhytski et al., 2014). Kinetochore-driven K-fiber assembly 
is common in Drosophila melanogaster S2 cells (Maiato et al., 
2004) and has been occasionally observed in vertebrate cells 

with prominent centrosomal arrays (Khodjakov et al., 2003). 
Thus, both mechanisms appear to coexist, but their relative 
contributions to normal mitosis remain unknown. This lack 
of information hinders mechanistic understanding and mod-
eling of mitotic spindle assembly. Indeed, kinetochore-driven 
K-fiber formation is largely ignored in the current compu-
tational models of mitosis (Wollman et al., 2005; Paul et al., 
2009; Pavin and Tolić-Nørrelykke, 2014; Magidson et al., 2015; 
Blackwell et al., 2017).

In this study, we demonstrate that at the onset of spindle 
assembly short noncentrosomal microtubules begin to accumu-
late near most (>75%) kinetochores in human cells. Initially lat-
eral interactions with these microtubules are rapidly converted 
into end-on attachments, and the conversion is impeded upon 
inactivation of the kinetochore-associated kinesin CenpE.

Results
Behavior of Mad2 suggests simultaneous formation of end-on 
attachments during early prometaphase
The checkpoint protein Mad2 is known to be rapidly removed 
from the kinetochores when the load-bearing end-on attach-
ments are established (Kuhn and Dumont, 2017). Therefore, the 
pattern of Mad2 recruitment and release from the kinetochores 
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during spindle assembly is a readout for when most kinetochores 
become end-on attached.

Time-lapse recordings in RPE1 cells with a single allele of 
Mad2 replaced with Mad2-Venus (Collin et al., 2013) demonstrate 
the amount of Mad2 at kinetochores increases for ∼4 min after 
nuclear envelope breakdown (NEB) and then remains constant 
in cells entering mitosis without microtubules (3 µM nocodazole; 
Fig. 1, A and A′; and Video 1).

During normal spindle assembly in untreated cells, micro-
tubules rapidly invade the former nuclear volume while the 
chromosomes arrange into a ring around the nascent spin-
dle (Fig.  1  B and Video  2; Magidson et al., 2011). The amount 
of Mad2 recruited to the kinetochores during early prometa-
phase (1–4 min after NEB) is significantly lower than in noco-
dazole-treated cells at similar times after NEB (Fig.  1, A′ and 
B′). During late prometaphase-metaphase (>8 min after NEB), 

Figure 1. Behavior of Mad2 during mitosis in RPE1 cells. (A–C) Selected time points from multimode 3D time-lapse recordings of cells expressing Mad2- 
Venus. Single focal planes from DIC volumes (top) and maximum-intensity projections of the entire cell (bottom) are shown for each time point (time in min-
utes from NEB). (A) The cell is treated with 3 µM nocodazole to prevent formation of spindle microtubules. (B) The cell is under normal culture conditions. 
Arrow denotes a single Mad2-positive kinetochore that transiently appears ∼4 min before anaphase onset. (C) The cell is treated with 20 nM GSK923295 to 
inhibit CenpE. Arrows point at the perpetually monooriented chromosomes whose kinetochores recruit large amounts of Mad2 at later stages of mitosis.  
(A′–C′) Amounts of Mad2 recruited to the kinetochores under the same conditions as in A–C. Each time point is characterized by the median (red marks), 
range of 25th–75th percentiles (box), full range of the data points (whiskers), and outliers deviating by >2.698 σ from the mean (red crosses). (D) Heatmaps 
presenting distribution of kinetochores with various amounts of Mad2. Lookup tables are normalized to the bins with maximal number of kinetochores in each 
experimental condition. (E) The number of Mad2-positive kinetochores per cell under various conditions. Error bars represent SD.
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Mad2 may transiently appear at individual kinetochores on 
fully congressed chromosomes and anaphase is initiated shortly 
after the last of these “reignited” kinetochores releases Mad2 
(Fig. 1 B and Video 2; Saurin et al., 2011; Collin et al., 2013). A 
large amount of Mad2 is also recruited to the kinetochores of 
“monooriented” chromosomes that are positioned near the 
spindle poles. Monoorientation occurs only occasionally (∼3% 
of chromosomes) during normal spindle assembly (Magidson 
et al., 2011) but becomes frequent upon suppression of the 
kinetochore-associated kinesin CenpE (kinesin-7). Approxi-
mately 10% of chromosomes become perpetually monooriented 
in cells treated with the CenpE inhibitor GSK923295 (hereaf-
ter GSK; Fig. 1 C and Video 3; Gudimchuk et al., 2013; Barisic et 
al., 2014) or depleted of CenpE via siRNA (Putkey et al., 2002). 
Suppression of CenpE activity moderately increases the mean 
value of Mad2 intensity at the kinetochores during early pro-
metaphase (Fig.  1  C′), and this increase of the mean value is 
primarily caused by a larger number of kinetochores with very 
high amounts of Mad2 (Fig. 1 C′, red crosses). Mad2 dynamics 
at the majority of kinetochores are better reflected in heatmaps, 
where the color of each pixel reflects the number of kineto-
chores within a certain range of intensities (Fig.  1  D). Heat-
maps demonstrate that the amount of Mad2 progressively and 
synchronously increases at most kinetochores for ∼4 min after 
NEB in nocodazole-treated cells that lack microtubules. When 
microtubule dynamics are normal, a lower amount of Mad2 is 
recruited to most kinetochores, and this amount is similar in 
untreated and GSK-treated cells (Fig.  1  D). In untreated cells, 
the number of Mad2-positive kinetochores decreases rapidly 
to <10 kinetochores 6 min after NEB, whereas in GSK-treated 
cells, the decrease is slower (Fig. 1 E). Numerous kinetochores 
containing low amount of Mad2 persist during mid-prometa-
phase (5–8 min after NEB; Fig. 1 D) in cells with inactive CenpE. 
At later times, Mad2 is present only at the kinetochores of per-
petually monooriented chromosomes; however, the amount of 
Mad2 at these kinetochores is as high as in nocodazole-treated 
cells (Fig. 1, A and C; 14–36 min).

The observed pattern of Mad2 recruitment and release sug-
gests that during normal spindle assembly, kinetochores begin 
to interact with microtubules instantly, within the first minute 
after NEB, and end-on attachments form synchronously on 
most kinetochores during the early stages of spindle assembly. 
This behavior is inconsistent with the classic search-and-cap-
ture (S&C) mechanism of K-fiber formation based on direct 
interactions between astral microtubules and unattached kine-
tochores (Kirschner and Mitchison, 1986; Heald and Khodjakov, 
2015). Because of the stochastic nature of S&C, different kine-
tochores should form end-on attachments at various times. 
Therefore, the number of Mad2-positive kinetochores is 
expected to decrease gradually, and many kinetochores should 
recruit the full amount of Mad2 because of the long time before 
the initial capture of microtubules. Further, the classic S&C 
mechanism offers no explanation for the observed changes in 
the behavior of Mad2 at the kinetochores in GSK-treated cells. 
Together, these inconsistencies prompted us to structurally 
characterize microtubule–kinetochore interactions that occur 
during early prometaphase.

Hotspots of microtubules are adjacent to most kinetochores in 
early prometaphase
The high density of microtubules within the spindle is a major 
impediment to visualizing the early stages of K-fiber formation. 
To overcome this limitation, we used array tomography (AT), an 
approach where 3D fluorescence volume is reconstructed from 
independently recorded images of thin serial sections. Elim-
ination of the defocused light normally emitted by the objects 
in the adjacent focal planes improves the ratio of signal to noise 
achieved in AT versus conventional light microscopy (LM; 
Micheva and Smith, 2007; Sikirzhytski et al., 2014).

Reconstructions of early prometaphase cells from 70-nm sec-
tions suggest a nonuniform distribution of microtubules within 
the spindle at the early stages of spindle assembly (Fig. 2 A and 
Video 4). Microtubules are relatively scarce in the center of the 
spindle and concentrated in the immediate vicinity of kineto-
chores (Fig. 2, A and B). To quantitatively assess the density of 
microtubules in the various parts of the spindle, we used signal 
averaging. Nine AT volumes were rotated to orient the forming 
chromosome plates orthogonal to the view axis and translated 
to superimpose the centers of chromosomal rings (Fig.  3  A). 
Mean intensity of α-tubulin fluorescence was then character-
ized within the 210-nm (three voxels)-deep equatorial slice. This 
analysis demonstrates that microtubule density immediately 
beneath the chromosome ring is approximately fourfold higher 
than near the spindle axis (Fig. 3, B and C). This distribution is 
inconsistent with the idea that the nascent spindle primarily 
comprises two overlapping astral microtubule arrays generated 
by the centrosomes and it suggests that additional microtubules 
form near the centromeres en masse.

Visual evaluation of AT images suggests that small patches 
of microtubule density exist near the kinetochores. Intensity of 
α-tubulin fluorescence within 500-nm regions of interest (ROIs), 
centered on the position of the outer-kinetochore protein CenpF, 
is greater than the mean intensity of tubulin in the spindle for 77 
± 15% of the kinetochores (749 kinetochores in nine cells). This 
prompted us to align images of individual kinetochores so that 
the centers of CenpF are superimposed and the direction toward 
the center of the spindle is fixed. The intensity of tubulin signal 
in this averaged dataset is at most ∼500 nm from the position of 
CenpF toward the spindle center (Fig. 3, D and E). This pattern 
of α-tubulin intensity suggests that either numerous microtu-
bules converge on the kinetochore from multiple directions or 
that short microtubules accumulate in the immediate vicinity of 
the kinetochores.

The architecture of the early-prometaphase spindle is not 
perturbed in GSK-treated cells. Similar to untreated cells, micro-
tubule density is approximately fourfold higher in the area adja-
cent to the kinetochores than in the center of the spindle (Fig. 3, 
F and G; 10 averaged AT volumes). However, centromeres in 
GSK-treated cells are more scattered within a wider ring around 
the spindle (compare Figs. 3 B with Fig. 3 F). This scattering cor-
relates with a wider peak of α-tubulin density (compare Figs. 3 
C with Fig. 3 G), consistent with the notion that microtubules 
accumulate preferentially near the centromeres. Averaging 
analysis of kinetochores aligned by the position of CenpF spots 
suggests that the highest concentration of microtubules exists 
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immediately in front of the kinetochore toward the center of the 
spindle (Fig. 3, H and I; 853 kinetochores in 10 cells). The peak 
of α-tubulin intensity is narrower and closer to the position of 
CenpF in GSK-treated cells than in untreated cells (∼200 vs. 
∼500 nm; Fig. 3, E and I). However, this change may be caused 
by variability in the scattering of centromeres rather than reflect 
an actual change in the distance from the kinetochore to the area 
of highest microtubule concentration.

Accumulation of microtubules near kinetochores begins 
at NEB, and end-on attachments are present at most 
kinetochores during early prometaphase
To characterize the distribution of microtubules near kineto-
chores in greater detail, we capitalized on correlative LM/EM 
(CLEM). The use of CLEM was necessary because many ear-
ly-prometaphase kinetochores escape detection in conventional 
EM as their appearance does not resemble the expected trilami-
nar plate morphology (unpublished data). To delineate the micro-
tubule-binding domains of all kinetochores, Hec1-tdTomato 
was ectopically expressed in RPE1 cells with a single allele of 
the checkpoint gene Mad2 replaced with Mad2-Venus fusion 
(Fig. 4 A; Collin et al., 2013). This dual-color labeling allowed us to 

precisely locate individual kinetochores (Video 5) and correlate 
the character of microtubule–kinetochore interactions with the 
amount of Mad2 present at a specific kinetochore (Fig. 4, B and C).

Serial-section analysis of 60 kinetochores in two cells reveals 
that numerous short microtubules reside within 250 nm from 
the surface of all kinetochores (Fig. 4 D). Indeed, the number 
of these microtubules (35 ± 13) exceeds the number of micro-
tubules in a mature K-fiber (∼25 microtubules; McEwen et al., 
1997). Individual microtubules are oriented under a variety of 
angles to the kinetochore surface (Fig. 4, B and C), but parallel 
and nearly orthogonal orientations are preferred (Fig. 4 E). The 
former is expected during lateral interactions between kineto-
chores and microtubules, whereas the latter is characteristic of 
end-on attachment. The end-on–attached microtubules emanate 
from the kinetochore, and some appear to form small bundles 
that resemble K-fibers. The bundles do not orient toward one of 
the spindle poles but extend in various directions. The amount 
of Mad2 at the kinetochore does not correlate with the number 
of end-on microtubules (Fig. 4 F; Pearson’s coefficient r < 0.1).

The presence of end-on–attached noncentrosomal micro-
tubules on most kinetochores (56/60) during early prometa-
phase prompted us to characterize even earlier stages of spindle 

Figure 2. AT of early-prometaphase RPE1 
cell. (A) Maximum-intensity projection (MIP) 
of the entire cell volume and selected 70-nm 
sections depicting kinetochores (CenpF), 
microtubules (α-tubulin), and DNA (Hoechst 
33343). Microtubules radially emanate from 
the centrosomes (arrows in sect.05, sect.42, 
and MIP) and extend toward the chromosome 
ring near the spindle equator (sect.15–sect.33). 
The density of microtubules is relatively low 
near the center of the spindle but higher in the 
area adjacent to the centromeres (sect.23). See 
Video 1 for full volume of this cell. (B) Full series 
of 70-nm sections through a centromere (box in 
A, sect.23) at higher magnification. α-Tubulin is 
highly concentrated near kinetochores. Sister 
kinetochores (k1 and k2) form a crescent that 
partially encircles the centromere. Microtu-
bules appear to emanate from the kinetochores 
but not toward the spindle poles. α-Tubulin 
concentration is the highest near the kineto-
chores (sect.21–sect.23).
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assembly. AT reconstructions of two cells at the stage when 
microtubules are beginning to invade the nuclear volume (Figs. 
5 A and S1 A) demonstrate that the concentration of α-tubulin 
is elevated near kinetochores during NEB (Fig. 5 A′). However, 
the number of kinetochores adjacent to the detectable α-tubulin 
spots and the intensity of these spots differ significantly between 
the two analyzed cells as well as within each cell (Fig. 5 B). This 
variability suggests that accumulation of α-tubulin near kineto-
chores initiates at a distinct time and proceeds rapidly during the 
earliest stage of spindle assembly.

EM analysis of two cells with partially disassembled nuclear 
envelope demonstrates that short microtubules are present 
near morphologically recognizable kinetochores (Figs. 5 C and 
S1 B). Most microtubules are short, and their orientation to 
the kinetochores is highly variable, so that the dense mesh of 
near-kinetochore microtubule resembles a corona (Fig.  5  C′). 
Unfortunately, in EM preparations, more than half of kineto-
chores in RPE1 cells are morphologically indistinct during NEB 
(Magidson et al., 2015). Therefore, we are unable to quantitatively 

characterize the distribution of microtubules near kinetochores 
at the onset of spindle assembly. However, EM strongly suggests 
that these microtubules are numerous and present at many kine-
tochores at the earliest stages of spindle assembly.

CenpE promotes formation of end-on attachments during 
early prometaphase
AT demonstrates that microtubules are abundant near kineto-
chores when cells enter mitosis with inhibited CenpE (Fig.  3, 
F and G). However, a slower decay in the amount of Mad2 and 
the number of Mad2-positive kinetochores in GSK-treated 
cells (Fig. 1) suggests that inhibition of CenpE impedes transi-
tion from the initial lateral interactions to end-on attachments 
(Shrestha and Draviam, 2013). These observations inspired us 
to detail the distribution of microtubules near kinetochores 
during early prometaphase upon chemical inhibition or siRNA 
depletion of CenpE.

CLEM analysis of five early prometaphase cells with sup-
pressed CenpE activity (three GSK treated and two depleted via 

Figure 3. Mean distributions of kinetochores 
and microtubules during early prometaphase. 
(A) Schematics of the alignment approach. Each 
cell is individually rotated to orient the chro-
mosome ring and translated to fix the position 
of spindle axis. (B) Spatial distribution of kine-
tochores (CenpF) and microtubules (α-tubu-
lin) within the 210-nm equatorial slice (three 
70-nm voxels deep) of the spindle. Images are 
maximum (CenpF) or mean (α-tubulin) intensity 
projections of early prometaphase cells rotated 
to orient the chromosome ring orthogonally to 
the view axis and translated to superimpose 
centers of the chromosome rings (crosses).  
(C) Normalized radially averaged α-tubulin inten-
sity distribution profile from the spindle axis (0) 
toward the cell periphery. The peak is near the 
ring of centromeres (∼1.5 µm from the spindle 
axis). (D) Distribution of α-tubulin intensity near 
kinetochores. Images are mean intensity pro-
jections of kinetochores rotated to fix direction 
toward the center of the spindle (vertically down-
ward) and translated to superimpose centroids of 
CenpF (outer kinetochore). Normalized heatmap 
suggests the highest α-tubulin intensity imme-
diately in front of the kinetochore toward the 
spindle center (arrows). (E) Normalized α-tubulin 
intensity distribution from the CenpF centroid (0) 
toward the spindle center. (F–I) As in A–D, but 
the cells were treated with 20 nM GSK923295 
to inhibit CenpE.
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siRNA) proves that CenpE is not required for the accumulation 
of numerous short microtubules near kinetochores (Fig. 6, A–C; 
and Fig. S2, A–D). The numbers of microtubules within 250 nm 
from the kinetochore surface are similar in untreated (35 ± 13) 
versus CenpE-depleted (34 ± 12) and increased in GSK-treated 
cells (42 ± 20; P = 0.017 in Student’s two-tailed t test; Fig. 6 D). 
This increase may reflect a tighter interaction between kineto-
chores and microtubule surface because of the rigor binding of 
the CenpE motor induced by GSK923295 (Wood et al., 2010).

Although end-on attachments are present in the absence of 
CenpE activity (Figs. 6 C and S2 C), the distribution of angles 
between microtubules and kinetochores is skewed toward nearly 
parallel microtubules (Fig. 6 E). Thus, suppression of CenpE activ-
ities neither prevents accumulation of short microtubules near 
kinetochores nor affects lateral interactions. However, end-on 
attachments to noncentrosomal short microtubules appear to be 
impeded in the absence of CenpE (compare Figs. 4 E and 6 E).

Like in untreated cells, CLEM analyses reveal no correlation 
between the number of end-on–attached microtubules and the 
amount of Mad2-Venus at the kinetochore during early prometa-
phase (Fig. 6 F; Pearson’s coefficient r < 0.1 in both CenpE-inhib-
ited and depleted cells).

Inhibition of CenpE motor activity affects chromosome 
movements during early prometaphase
Our AT and CLEM analyses demonstrate that from the onset of 
spindle assembly most kinetochores interact with a dense mesh 

of short microtubules. Assuming proper polarity, minus ends of 
end-on–attached microtubules within the mesh would protrude 
from the kinetochores. Previous work demonstrates that minus 
ends of short K-fibers protruding from the kinetochores are rap-
idly connected to the adjacent spindle microtubules by cytoplas-
mic dynein and this connection supports all types of chromosome 
movements (Elting et al., 2014; Sikirzhytski et al., 2014). Impor-
tantly, kinetochores propelled by dynein-mediated forces at the 
minus ends of the attached microtubules exhibit characteristic 
rapid jerks that are not observed in the trajectories of kinetochores 
directly connected to the spindle poles via continuous K-fibers 
(Sikirzhytski et al., 2014). Thus, we decided to compare the pattern 
of kinetochore movements during onset of mitotic spindle assem-
bly in untreated cells versus cells lacking CenpE activity.

3D time lapses recorded at 5-s intervals (Fig. 7 A and Videos 
6, 7, and 8) demonstrate that the positions of individual kineto-
chores in the consecutive frames frequently change by >250-nm 
(3 pixels) in untreated cells. These momentous jerks occur in var-
ious directions, in sharp contrast with the extended linear move-
ments toward the spindle poles (Fig. 7, A and B, arrowheads), 
and are known to be driven by dynein forces at the kinetochores 
(Yang et al., 2007). To assess the effect of CenpE inactivation on 
the frequency of the jerks at the early stages of spindle assem-
bly, we determined the mean position of each kinetochore within 
rolling 30-s windows (Fig. 7 B) and then calculated the SD for the 
spread of kinetochore positions in individual frames (Fig. 7 C). 
This approach is more conservative than direct measurements of 

Figure 4. CLEM characterization of microtu-
bule density near kinetochores during early 
prometaphase. (A) Maximum-intensity projec-
tion of an early prometaphase cell coexpressing 
Hec1-tdTomato and Mad2-Venus. Notice highly 
variable concentration (red vs. yellow) of Mad2 
at various kinetochores. See Video 5 for the full 
volume of this cell with individual kinetochores 
marked. (B and C) LM and correlative EM images 
of individual kinetochores with intermediate (B) 
or low (C) amounts of Mad2-Venus. Orange lines 
demark positions of microtubules traced in EM. 
Yellow arrows denote end-on–attached microtu-
bules, and blue arrows point at laterally interact-
ing microtubules. (D) Tukey box plot presenting 
the number of microtubules (MTs) within the 
250-nm area adjacent to the kinetochore plate 
(60 kinetochores from two cells; mean = 35).  
(E) Distribution of angles between microtu-
bules and the kinetochore plate. (F) Scatterplot 
presenting the number of end-on–attached 
microtubules versus the amount of Mad2 at 
individual kinetochores. Mad2 intensity is nor-
malized so that the background is 0 and the 
mean value is 1. Regression line slop coefficient 
= 0.0669 (R2 = 0.01).
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frame-to-frame displacement, which can be affected by inaccu-
rate determination of the kinetochore position in a single frame 
because of the limited signal-to-noise ratio. Histograms of SD 
distributions demonstrate that jerky movements are frequent 
during the initial stages of spindle assembly in untreated cells 
but are significantly less numerous when CenpE is depleted or 
chemically inhibited (Fig.  7  C, 0–2 min). Later, the frequency 
of momentous kinetochore displacements becomes similar in 
untreated and CenpE-depleted cells; however, these displace-
ments were almost completely suppressed in GSK-treated cells 
(Fig. 7 C, 2–4 min). The difference in chromosome movements 
in CenpE-depleted and CenpE-inhibited cells may reflect the 
rigidity of the microtubule mesh at kinetochores because of the 

CenpE rigor induced by GSK. Together, these data suggest that 
interactions between the minus ends of short microtubules pro-
truding from the kinetochores contribute toward chromosome 
movements and positioning during early prometaphase.

Short microtubules are present near Mad2-positive 
kinetochores during metaphase
Time-lapse recordings demonstrate that in normal mitoses a low 
number of kinetochores transiently recruit Mad2 during late pro-
metaphase/metaphase (Fig. 1 B and Video 2). These Mad2-pos-
itive kinetochores remain near the spindle equator, which is 
surprising as chromosomes with a single K-fiber are expected 
move toward the attached pole at ∼1.5 µm/min (Khodjakov et al., 
1997; Sikirzhytski et al., 2014). This prompted us to characterize 
microtubule interactions of Mad2-positive kinetochores posi-
tioned inside fully assembled metaphase plates.

We observe a dense mesh of short microtubules in the imme-
diate proximity of most (7/11) Mad2-positive kinetochores in 
metaphase RPE1 cells (Fig. 8). These microtubules are variably 
oriented and they appear to interact with the kinetochore both 
laterally and end on. Because of the limited sample size and 
inconspicuous morphology of the outer plate (Fig. 8 C), we are 
unable to quantitatively characterize the distribution of micro-
tubule angles; however, qualitatively, the mesh of microtubules 
adjacent to the Mad2-positive kinetochores in metaphase cells 
resembles that observed during early prometaphase. Impor-
tantly, we observe that the microtubule mesh near Mad2-positive 
kinetochores is also in close proximity to K-fibers connected to 
kinetochores of other chromosomes (Fig. 8 C).

Discussion
By two methodologically distinct approaches (AT and CLEM), our 
work demonstrates that from the onset of spindle assembly, most 
kinetochores in human cells establish contacts with a mesh of 
short noncentrosomal microtubules accumulating locally near 
the centromere. The mesh comprises numerous (30–40; Fig. 4) 
variably oriented and densely packed microtubules (Figs. 4, 5 
C, and 6) that interact with the kinetochore laterally as well as 
end on. The mesh array is likely transient as short randomly ori-
ented microtubules are not observed near kinetochores attached 
to mature K-fibers (McDonald et al., 1992; McEwen et al., 1997). 
However, formation of the mesh is not limited to early prometa-
phase as a similar array of short microtubules appears at the 
kinetochores that transiently accumulate Mad2 during meta-
phase (Fig. 8). Rapid formation of the microtubule mesh near 
unattached kinetochores bears important ramifications for our 
understanding of the spindle assembly mechanisms.

Nucleation of microtubules near the centromeres has been 
previously observed in cells recovering from antimicrotu-
bule drugs (Witt et al., 1980; Tulu et al., 2006; Torosantucci et 
al., 2008; O’Connell et al., 2009). Our analyses of unperturbed 
human cells alleviate the concern that this phenomenon arose 
from the artificially high concentration of soluble αβ-tubulin 
in cells with depolymerized microtubules. Our AT data suggest 
that microtubules accumulate near most (>75%) kinetochores 
during early stages of normal spindle assembly, and this number 

Figure 5. Accumulation of short microtubules near kinetochores during 
NEB. (A) Selected 70-nm section from a full AT series (see Fig. S1 A). Dim 
spots of α-tubulin are apparent in the immediate proximity of some Hec1 
spots if image contrast is increased (linear intensity stretch). (A′) Full series 
of sections through centromeres boxed in A. Notice that α-tubulin spots are 
adjacent to but not precisely colocalized with Hec1 spots. (B) Histograms of 
α-tubulin intensities near kinetochores (Ks) in the two reconstructed cells 
(cell 1 is the cell shown in A–A′). Intensities are normalized to the brightest 
spot in each cell. Number of α-tubulin spots detected in each cell is shown. 
(C) 70-nm EM section depicting chromosomes inside a partially perforated 
nucleus (see Fig. S1 B). (C′) Full series of EM sections through the centromere 
boxed in C. Numerous variably oriented microtubules are adjacent to the 
kinetochores. Most microtubules are short (arrows), but some exceed 1-µm 
length (arrowheads).
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is consistent with observations in cells recovering from spindle 
poisons (Torosantucci et al., 2008). Thus, kinetochores emerge as 
major contributors to the initiation of K-fiber formation (Maiato 
et al., 2004; Kitamura et al., 2010).

Previously, numerous randomly oriented microtubules were 
observed near kinetochores within seconds after removal of the 
antitubulin drug colcemid (Witt et al., 1980). At later stages of 
recovery, these randomly oriented microtubules converted into 
bundles of end-on–attached microtubules extending from kine-
tochores in various directions (Witt et al., 1980). Our EM analyses 
suggest that a similar conversion occurs during normal spindle 
assembly and that the conversion involves the plus end–directed 
kinesin CenpE that resides within the outmost peripheral layer of 
the kinetochore (Wood et al., 1997; McEwen et al., 2001; Kim et al., 
2008; Shrestha and Draviam, 2013). Chemical inhibition or siRNA 
depletion of CenpE suppresses the number of end-on–attached 
microtubules oriented orthogonally to the kinetochore surface 
(compare Figs. 4 E and 6 E). In vitro, CenpE has been shown to 
move processively along a single microtubule and then remain 
attached to its plus end (Gudimchuk et al., 2013). In the context of 
microtubule mesh, this activity would transport a short microtu-
bule along the kinetochore surface, delivering its plus end into the 
kinetochore, where it can become attached with proper polarity 
(Fig. 9 A). This potential function of CenpE is distinctly differ-
ent from the role of this motor in driving congression of a few 
monooriented chromosomes (Kapoor et al., 2006; Kim et al., 2008; 
Barisic et al., 2015). Indeed, efficient sorting of short microtubules 

at the kinetochore that results in protrusion of the minus ends 
outward from the kinetochore would have profound effects on the 
interactions between the kinetochores and spindle microtubules.

Current models of mitosis primarily focus on the classic 
description of microtubule capture that involves lateral inter-
actions between an astral microtubule and a “naked” kineto-
chore (Hayden et al., 1990; Merdes and De Mey, 1990; Rieder and 
Alexander, 1990). However, in the presence of dense microtubule 
mesh, astral microtubules approaching a kinetochore may connect 
either to the kinetochore proper or to the protruding minus ends 
of mesh microtubules (Fig. 9 B). Two observations reported in 
this study suggest that the later type of capture occurs frequently. 
First, we observe the characteristic jerky movements previously 
attributed to the kinetochores propelled by dynein forces at the 
minus end of short K-fibers (Sikirzhytski et al., 2014). Second, 
time-lapse recordings in cells expressing fluorescent Mad2 (Fig. 1) 
suggest that a temporary loss of K-fiber during metaphase does 
not result in chromosome monoorientation, which implies that 
the force that counterbalances the attached sister kinetochore is 
restored rapidly. Efficient interactions between short K-fibers and 
spindle microtubules mediated by cytoplasmic dynein have been 
shown to keep chromosomes near the spindle equator even in 
the absence of direct connections to the spindle poles (Elting et 
al., 2014; Sikirzhytski et al., 2014), and our EM analyses demon-
strate that short microtubules are consistently present (7 of the 
11 analyzed kinetochores) on the Mad2-positive kinetochores that 
maintain their position within the metaphase plate.

Figure 6. Effects of CenpE inhibition on inter-
actions of kinetochores with noncentrosomal 
microtubules during early prometaphase. (A) 
Maximum-intensity projection of an early-pro-
metaphase RPE1 cell that entered mitosis in the 
presence of 20 nM GSK923295. Hec1-tdTomato is 
shown in red, and Mad2-Venus is shown in green. 
(B and C) Correlative LM (B) and EM (C) images of 
two sister kinetochores with intermediate (k01a) 
or low (k01b) amount of Mad2-Venus. Orange 
lines in B demark positions of microtubules 
traced in EM. Yellow arrows in C denote end-on–
attached microtubules, and blue arrows point at 
laterally interacting microtubules. (D) Tukey box 
plot presenting the number of microtubules (MTs) 
within the 250-nm area adjacent to the kineto-
chore plate in cells with inactive CenpE (GSK; 
82 kinetochores from three cells; mean = 42) or 
depleted of CenpE (siRNA; 83 kinetochores from 
two cells; mean = 34). (E) Distribution of angles 
between microtubules and the kinetochore plate. 
The difference between GSK and siRNA distribu-
tions is not significant (P = 0.02 in two-sample 
Kolmogorov-Smirnov test); however, both distri-
butions differ from the distribution of angles in 
untreated cells (Fig. 4 E; P < 0.001 in two-sample 
Kolmogorov-Smirnov test). (F) Scatterplot pre-
senting the number of end-on–attached micro-
tubules versus the amount of Mad2 at individual 
kinetochores. Mad2 intensity is normalized so 
that the background is 0 and the mean value is 1. 
The regression line slop coefficient is 0.1863 (R2 
= 0.05) for GSK and −1.2453 (R2 = 0.09) for siRNA.



Sikirzhytski et al. 
Mechanism of kinetochore fiber formation

Journal of Cell Biology
https://doi.org/10.1083/jcb.201710094

2655

Figure 7. Effects of CenpE inhibition on kinetochore 
movements during early prometaphase. (A) Kymograms 
generated from aligned 3D volumes of RPE1 cells with 
GFP-labeled kinetochores (CenpA) and centrioles (Centrin1). 
In this view, the center of spindle remains stationary and the 
centrosomes move symmetrically along the horizontal axis 
so that the pattern of movement with respect to the spindle 
poles is not obscured by rocking of the spindle within the 
cell. Arrowheads mark extended rapid movements toward 
the centrosomes. Arrows point at the extended linear move-
ments that lead to monoorientation of some chromosomes 
in cells treated with GSK923295 or depleted of CenpE via 
siRNA (see Videos 6, 7, and 8 for recordings used to gener-
ate the kymograms). (B) Representative 30 s of kinetochore 
movements (selected from 0–2 and 2–4 min after NEB). 
Crosses mark positions of centrosomes. Arrowheads mark 
rapid movements toward centrosomes sustained for 30 s. (C) 
Histograms of SD values calculated for frame-to-frame (5-s) 
displacements of individual kinetochores within 30-s rolling 
windows spanning 0–2 min (top) and 2–4 min (bottom) after 
NEB. Low SD values (<10 × 10−2 μm) correspond with sta-
tionary kinetochores, whereas higher SDs (>20 × 10−2 μm) 
indicate jerky movements.

Figure 8. CLEM characterization of microtu-
bules near Mad2-positive kinetochores during 
metaphase. (A) RPE1 cell with fully assembled 
metaphase plate and a single spot of Mad2-Venus 
(yellow spot superimposed on gray DIC image). 
(B) Mad2-Venus spot (arrow) corresponds with 
a single kinetochore. LM (left) and matching EM 
(right) sections at the same magnification. (C) 
Series of 80-nm sections through the Mad2-pos-
itive kinetochore. Yellow arrows point at short 
microtubules near the kinetochore. Blue arrows 
denote K-fiber attached to a different kineto-
chore (arrowheads) and passing near the mesh of 
short microtubules. (D) Superimposition of short 
microtubules (orange lines; traced in EM) on the 
LM image of the Mad2-positive kinetochore.
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Together, our data support the notion that K-fiber formation 
is initiated by the CenpE-mediated conversion of lateral contacts 
with noncentrosomal microtubules nucleated near kinetochores 
and that subsequent attachment to the spindle poles is driven by 
the dynein-mediated forces acting at the minus ends of these 
nascent K-fibers.

Materials and methods
Cell culture and fluorescent protein expression
Immortalized hTERT-RPE1 cells were purchased from Takara Bio 
Inc. at passage 118.5, and then frozen stocks were prepared at pas-
sages 120–123 and kept in liquid nitrogen. Passages 130–140 were 
used in all experiments. The cells remain chromosomally stable at 
these passages as evident from the presence of 46–47 kinetochore 
pairs in every cell reconstructed by AT or CLEM. Stable expression 
of CenpA-GFP and centrin1-GFP in hTERT-RPE1 (Takara Bio Inc.) 
cells was achieved by transfection with lentivirus as described 
previously (Magidson et al., 2011). The same clones were used 
for tracking chromosome movement in this work and previous 
publications (Magidson et al., 2011; Sikirzhytski et al., 2014).

Immortalized hTERT-RPE1 cells with a single allele of Mad2 
replaced with Mad2-Venus (Collin et al., 2013) were a gift from  

J. Pines (Institute for Cancer Research, London, England, UK). 
Plasmid DNA encoding full-length Hec1 (Guimaraes et al., 2008), 
a gift from J. DeLuca (Colorado State University, Fort Collins, CO) 
tagged with tdTomato (a gift from M. Davidson, Florida State Uni-
versity, Tallahassee, FL; plasmid 54653; Addgene) was transiently 
transfected into these cells (10 µg DNA per ∼300,000 cells) by 
electroporation with Nucleofector kit V (Lonza VCA-1003 X-001 
program; Amaxa Biosystems) 48 h before fixation. All cell cul-
tures were grown in antibiotic-free DMEM supplemented with 
10% FCS (Thermo Fisher Scientific) at 37°C and 5% CO2. Routine 
in-house test results for mycoplasma were negative.

Drug treatments and siRNA depletion
Microtubule depolymerization was induced by 3 µM nocodazole 
(Sigma-Aldrich). Motor activity of CenpE was inhibited by GSK-
923295 (Haoyuan Chemexpress) at 20 nM final concentration. 
Drugs were added to the growth medium as 1,000× stock solu-
tions in DMSO. Live imaging or fixation was performed after 
2.5 h of exposure to the drug.

CENP-E siRNA duplex (5′-AAG GCU ACA AUG GUA CUA UAU-3′; 
Kapoor et al., 2006) was purchased from GE Healthcare. The oli-
gonucleotide and Hec1-tdTomato plasmid were cotransfected into 
RPE1 cells by electroporation with a Nucleofector (X-005 program; 
Amaxa Biosystems). Depletion efficiency was assessed by West-
ern blot in whole-cell lysates collected 48 h after cotransfection.

Western blot membranes were cut into upper and low-
er-molecular-weight parts and probed with mouse monoclonal 
anti–CENP-E (1H12; ab5093; Abcam) and anti–α tubulin (DM1A; 
T9026; Sigma-Aldrich) antibodies, respectively. Primary antibod-
ies were followed by HRP-conjugated anti–mouse IgGs (ab97023; 
Abcam), and staining was detected using an ECL detection kit 
(REF 34577 SuperSignal; Thermo Fisher Scientific). Depletion 
efficiency was calculated by normalizing raw intensity of CenpE 
staining with the intensities of α-tubulin bands in the same lane.

Time-lapse recordings
Cells expressing GFP- or Venus-tagged proteins were grown on 
#1.5 glass coverslips for 24–48 h and subsequently mounted in 
Rose chambers containing CO2-independent medium (Thermo 
Fisher Scientific) supplemented with 10% FCS. The chambers 
were maintained at 37°C on the microscope stage. Cells were 
imaged on a Nikon TE-2000E2 Perfect Focus System microscope 
equipped with a 100× Plan Apochromat 1.4 NA oil-immersion 
objective lens (Nikon) in spinning-disk confocal mode (CSU-
22; Yokogawa Electric Corporation). Images were captured on 
a back-illuminated charge-coupled device (CCD) camera (iXon-
897 electron-multiplying CCD; Andor Technology) at 107-nm 
X-Y pixel size. Multimode (fluorescence and differential inter-
ference contrast [DIC]) recordings were done at 30–60 s inter-
vals at 500-nm z steps for fluorescence and 1,000-nm z steps for 
DIC. Higher–temporal resolution fluorescence recordings were 
obtained at 5-s intervals at 500-nm z steps (15 planes). The sys-
tem was controlled by IQ software (Andor Technology).

Analysis of Mad2 dynamics in time-lapse recordings
Coordinates of Mad2-positive kinetochores were determined in 
Imaris (9.1.2; Bitplane) using the Spots tool. These coordinates 

Figure 9. Ramifications of kinetochore-associated microtubule mesh for 
the mechanism of spindle assembly. (A) Plus end–directed motor CenpE 
facilitates formation of end-on attachments by transporting short microtu-
bules along the kinetochore surface that delivers the plus ends into the kine-
tochore. As a result of end-on attachments, the minus ends of attached micro-
tubules protrude from the kinetochore. (B) Astral microtubules approaching 
kinetochores may connect directly to the kinetochore surface or the minus 
ends of protruding short microtubules. Although either connection leads to a 
poleward force because of dynein activity, the force is generated at distinctly 
different locales: kinetochore proper versus distal ends of attached microtu-
bules. A dense mesh of microtubules forming at early stages of spindle assem-
bly increases the probability of the latter type of interaction.
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were then transferred into ImageJ (National Institutes of Health), 
and mean pixel intensities were calculated for 7 × 7–pixel ROIs 
centered on each kinetochore. The raw intensity was corrected 
by background subtraction and photobleaching compensation. 
Bleaching curves were calculated individually for each record-
ing by measuring mean fluorescence intensity within nuclei of 
interphase cells adjacent to the mitotic cell of interest. Statisti-
cal analyses and construction of heatmaps were done in MAT 
LAB (MathWorks).

Analysis of kinetochore movement
To analyze chromosome movements, we first tracked 3D posi-
tions of mother centrioles and then rotated the 3D volume at each 
time point to fix the position of their center and the orientation 
of the spindle. The rotation was done in FIJI (ImageJ) through 
two sequential steps, rotation in x–y plane (around the z axis) 
followed by rotation around the x axis. This processing allowed 
us to observe chromosome movement in the precisely transverse 
and axial views of the spindle. Original 3D volumes were scaled 
to obtain isotropic voxels. Mother centrioles were then tracked 
using MTrackJ plugin (FIJI). Oriented isotropic 3D volumes were 
then imported into Imaris for detection and tracking of the kine-
tochores. We find that prealignment of the spindles to achieve a 
stable viewpoint of 3D volume facilitates tracking because the 
trajectories are not affected the constant rocking of the spin-
dle. Fully automatic tracking in Imaris proved to be impractical 
because of frequent errors in connecting tracks of neighbor-
ing kinetochores.

3D coordinates of centrosomes and kinetochore pairs were 
subsequently transferred into MAT LAB for further analysis. 
Because most kinetochores are not directly connected to a spin-
dle pole during early prometaphase, kinetochore–pole distances 
were determined to the centriole that was the closer to the kineto-
chore in the last frame of the recording. SD of distances between 
kinetochores and centrosomes were calculated independently 
for each track using a 30-s moving window. Distributions of SD 
values for control and GSK-treated cells were compared using a 
two-sample Kolmogorov–Smirnov test with the null hypothe-
sis that the correspondent datasets are from the same continu-
ous distribution.

AT and analysis of tubulin distribution
RPE1 cells in a confluent monolayer were lysed in warm PEM 
buffer (100 mM Pipes, pH 6.9, 2.5 mM EGTA, and 5 mM MgCl2, 
pH 6.9) supplemented with 1% Triton-X100 for 1 min before 
fixation with 1% glutaraldehyde (G5882; Sigma-Aldrich) for 10 
min in PEM. Microtubules were visualized with DM1α mono-
clonal anti–α-tubulin antibody at 1:100 (T9026; Sigma-Aldrich) 
followed by a secondary antibody conjugated with Alexa Fluor 
488 (A-11029; Thermo Fisher Scientific). Outer kinetochores 
were stained with a rabbit polyclonal antibody against a C-ter-
minal peptide of CenpF (NB500-101; Novus Biological) at 1:50 
followed by a secondary antibody conjugated with Alexa Fluor 
594 (A-11037; Thermo Fisher Scientific). After immunostaining, 
cells were postfixed with 2% paraformaldehyde (EM grade; Elec-
tron Microscopy Sciences) for 5 min, rinsed with PBS, and kept 
overnight at 4°C in PBS with 1 µg/ml Hoechst 33343 to stain DNA 

(chromosomes). Cells were then embedded in LR white resin 
following conventional protocols. The resin was polymerized at 
58°C for 20 h. A full series of 70-nm sections was obtained for 
early prometaphase cells selected after embedding under a phase 
contrast microscope (Optiphot; 20× and 60× optics equipped 
with QuadFluor fluorescence attachment; Nikon). The sections 
were adhered to #1.5 coverslips, dried, and mounted in glycerol.

Multimode images (phase contrast and three-color fluores-
cence) were collected on a Nikon TE2000E2 microscope equipped 
with Plan Apochromat 100× 1.45 NA objective lens and 1.4 NA 
trans-illumination condenser. The latter was necessary to collect 
inherently coregistered high-resolution phase contrast and fluo-
rescent images for each section. Images were recorded on a Zyla 
4.2 PLUS sCMOS camera (Andor Technology) at 43-nm pixel size.

Cell volumes were reconstructed by roughly aligning sequen-
tial sections in Photoshop (CS4; Adobe) using morphological fea-
tures such as the contour of the cell and positions of organelles 
prominent in phase-contrast images. This initial alignment was 
subsequently refined in ImageJ using the MultiStackReg plugin. 
For subsequent analysis, rotational and translational alignment 
of different cells was done using the approach described in the 
Analysis of kinetochore movement section.

For the analysis of α-tubulin intensity distribution within 
the spindle, 3D volumes of each cell were rotated so that the ring 
formed by the centromeres rested in the horizontal plane. Radial 
distributions of microtubules were calculated using the 3D radial 
distribution tool of ImageJ Suite applied to the 210-nm-deep sub-
volume that included the central part of the centromere ring.

To characterize α-tubulin distribution near kinetochores, 
individual kinetochores were rotated in 3D to fix the orien-
tation of the vector from this kinetochore to the center of the 
spindle. Kinetochore positions were defined by the centroids of 
CenpF spots, and the position of spindle center was determined 
as the center of the line connecting the poles. Mean intensity of 
α-tubulin was measured within a 1 × 1–µm ROI centered on the 
kinetochore. Mean intensity of α-tubulin within the spindle was 
calculated by for the volume encircled by the chromosomes.

Quantification of α-tubulin intensity near kinetochores 
during NEB was limited to the kinetochores residing away from 
astral microtubules. Mean pixel intensity was calculated within 
7 × 7–pixel ROI centered on the α-tubulin spots adjacent to Hec1 
spots. Background intensity values were obtained by averaging 
the mean intensity within three 7 × 7–pixel ROIs in the vicinity 
of the α-tubulin spot.

CLEM
Cells were fixed in 2.5% glutaraldehyde (Sigma-Aldrich) in 
0.1 M cacodylate buffer, pH 7.4 (Electron Microscopy Sciences), 
and mounted in Rose chambers with imaging media composed 
of 0.1  M cacodylate buffer, pH 7.4, EC-Oxyrase (diluted 1:100; 
Sigma-Aldrich), 15 mM lactic acid (Sigma-Aldrich), and 0.1 µg/
ml Hoechst 33343. This imaging media was necessary to obtain 
sufficient signals for both GFP (green) and Venus (yellow) flu-
orescence. Multimode (DIC and three-color fluorescence) data-
sets were obtained on a Nikon TE2000 microscope equipped 
with a Plan Apochromat 100× 1.45 NA objective lens. Images 
were recorded on an iXon-885 electron-multiplying CCD camera 
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(Andor Technology) at 53-nm x–y pixel size and 200-nm z steps. 
All images were deconvolved in SoftWoRx 5.0 software (Applied 
Precision Ltd.) with lens-specific point spread functions.

Postfixation, embedding, and sectioning were done as pre-
viously described (Rieder and Cassels, 1999). Thin sections 
(70–80 nm) were imaged on JEOL 1400 microscope operated at 
80 kV using side-mounted 4.0-megapixel XR401 sCMOS camera 
(Advanced Microscopy Techniques) controlled by AMT Capture 
Engine ver.7.0. Full series of images recorded at 10,000× magnifi-
cation were used to reconstruct the volume of the cell and match 
orientation and superimpose this volume on the corresponding 
LM dataset. Serial EM images were then collected for individual 
kinetochores that yielded unobstructed view in both LM and EM 
datasets. These high-magnification images were subsequently 
used to trace microtubules and analyze their distribution.

Contours of kinetochores and microtubules were traced 
in five adjacent sections within 1 × 1 µm ROIs centered on the 
geometrical centers of the outlined kinetochores. The contours 
were delineated using the segmented line tool (spline fit mode) 
in ImageJ. Minimal distances between kinetochore and microtu-
bule ROIs and angles between microtubules and the kinetochore 
surface were calculated in ImageJ (using a custom ImageJ Macro 
script). Results were transferred into MAT LAB and Excel (Mic-
rosoft) for statistical analyses.

Statistical analyses
All box plots (Fig. 1, A′–C′; Fig. 4 D; and Fig. 6 D) show the median 
(mark), 25th–75th percentiles (box), full range of the data points 
(whiskers), and outliers deviating by >2.698 σ from the mean 
(crosses). The significance of differences in the number of 
microtubules (Figs. 4 D and 5 D) was assessed using homosce-
dastic two-tailed Student t tests. Distributions of microtubule 
angles (Figs. 4 E and 6 E) were compared using two-sample Kolm-
ogorov–Smirnov tests. The correlation between the number of 
end-on–attached microtubules and the amount of Mad2 (Figs. 4 
and 5) was assessed using Pearson’s coefficient (Pearson prod-
uct-moment correlation coefficient).

Preparation of illustrations
LM images were scaled without interpolation in ImageJ to match 
the final magnification of EM images. Contrast and brightness of 
the final images were linearly adjusted in Photoshop (CS6) and the 
figures assembled in Illustrator (CS6; Adobe). Graphs were pre-
pared in MAT LAB or Excel and imported into Illustrator as PDFs.

Online supplemental material
Fig. S1 presents proof that kinetochores shown in Fig. 5 are from 
cells fixed at the onset of spindle assembly. Fig. S2 presents CLEM 
images that support numeric data shown in Fig. 6. Videos 1, 2, and 3 
present recordings used to generate data presented Fig. 1. Videos 4 
and 5 present full 3D volumes of cells shown in Figs. 2 and 4. Videos 
6, 7, and 8 present recordings used to generate data shown in Fig. 7.
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