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Abstract 

Faithful segregation of chromosomes during mitosis relies on a carefully coordinated and intricate 

interplay between the centromere, kinetochore, and spindle microtubules. Despite its importance, 

the architecture of this interface remains elusive. Here we used in situ cryo-electron tomography 

to visualize the native architecture of the kinetochore-microtubule interface in human U2OS cells 15 

at different stages of mitosis. We find that the centromere forms a pocket-like structure around 

kinetochore microtubules. Two morphologically distinct fibrillar densities form end-on and side-

on connections to the plus-ends of microtubules within this centromeric pocket. Our data suggest 

a dynamic kinetochore-microtubule interface with multiple interactions between outer kinetochore 

components and spindle microtubules. 20 

 

Main 

In mitosis, error-free segregation is mediated by a complex multi-protein assembly called the 

kinetochore, which connects the chromosome to spindle microtubules (MTs)1–3. Chromosome 

missegregation results in aneuploidy, which is associated with birth defects and cancers4,5. The 25 

structure of the kinetochore has been pursued for decades. In vertebrates, the kinetochore consists 

of more than a hundred proteins, and it binds 10-30 microtubules that make up the kinetochore-

fiber (k-fiber)6,7. Classical electron microscopy (EM) studies of glutaraldehyde-fixed cells from 
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diverse organisms revealed the kinetochore as a trilaminar structure comprising three 

morphological domains, including electron-dense inner and outer plates8–10. More recent EM 

studies using high-pressure freezing and freeze-substitution of PtK1 cells challenged this classic 

trilaminar view and instead found that the outer plate of the kinetochore is a network of long fibers 

oriented in the plane of the plate, rather than a dense disk11. Further work using similar techniques 5 

in PtK1 cells reported slender fibrils from the inner kinetochore attaching to the curved ends of 

MT protofilaments (PFs)12–14. However, different groups applying the same technique to the same 

cell line reached different conclusions, highlighting the limitations of sample preparation and 

imaging techniques used to date15 and underscoring the need for higher-resolution imaging of near-

native samples to resolve these ambiguities. 10 

To address these questions and to develop a more complete picture of the kinetochore-MT 

interface, we combined cryo-correlative light and electron microscopy (cryo-CLEM), cryo- 

focused ion beam milling (cryo-FIB milling), and cryo-electron tomography (cryo-ET) to visualize 

the native three-dimensional (3D) structure of the human kinetochore in situ in mitotic U2OS cells. 

We found that the centromere in U2OS cells has a pocket-like structure that accommodates 15 

multiple kinetochore microtubules (KMTs). This structure persisted throughout mitosis, and we 

observed sparsely-distributed nucleosome densities within the pocket. Our data reveals previously 

unresolved features of the centromere and kinetochore in mammalian cells, including two 

morphologically distinct fibrillar densities which form end-on and side-on connections to the plus-

ends of microtubules within the centromeric pocket. Our findings suggesting that the pocket 20 

configuration scaffolds a dynamic kinetochore-microtubule interface in which multiple 

interactions facilitate stable attachment to MT plus-ends that are continually switching between 

growing and shrinking states. 

Results 

Workflow for cryo-electron tomography of kinetochores in mitotic U2OS cells. 25 

Cryo-ET has become the standard technique for visualizing the 3D organization of 

macromolecules in an unperturbed cellular context, achieved by cryopreserving samples in 

vitreous ice16,17. It has been successfully applied to study whole bacterial cells18, viruses19, and the 

thin edges of adherent eukaryotic cells20. However, the nuclear region of most mammalian cells 

exceeds 2 µm in thickness, precluding direct visualization by cryo-ET. Recently, cryo-FIB milling 30 
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has been developed as a way to remove excess cellular material around a region of interest without 

the artifacts of cryo-ultramicrotomy21–23. We therefore sought to use cryo-FIB milling to expose 

kinetochores for cryo-ET. To locate cells at different mitotic stages, we grew U2OS cells on gold 

EM finder grids for 36 hours and added Hoechst stain shortly before plunge-freezing. The positions 

of mitotic cells were identified by cryo-fluorescence light microscopy (cryo-LM) and recorded 5 

relative to visible landmarks on the finder grid24 (Fig. 1A). Cryo-LM imaging allowed 

unambiguous identification of each cell’s mitotic stage (Fig. S1). Next, we located the same mitotic 

cells in the FIB/SEM instrument by aligning the fluorescence and SEM images using the grid bars 

and other markers (Fig. 1B). Since the limited axial resolution of cryo-LM imaging precluded us 

from determining the exact location of kinetochores along the z-axis, we cryo-FIB milled material 10 

above and below the center of the cell, leaving a thin (< 250 nm) lamella extending through the 

chromosome-containing region of the cell (Fig. 1C, D).  

Finally, we imaged the lamellae by cryo-ET. The samples were well preserved, and we identified 

characteristic features of mitotic cells including ribosomes, spindle MTs, endoplasmic reticulum 

(ER), and condensed chromosomes (Fig. 1E, F, Movies S1, S2). We observed that the surface of 15 

the mitotic chromosomes was usually coated with a layer of ribosomes (Fig. 1F), consistent with 

previous reports25,26. The structure of condensed chromosomes and their relationship to spindle 

MTs were clearly visible, allowing us to distinguish between MTs that do not associate with 

kinetochores (non-KMTs) and those that do (KMTs) (Fig. 2). We collected hundreds of tomograms 

from cells in different mitotic stages and found 5 tomograms in which the plus-ends of KMTs were 20 

embedded in centromeric chromatin. These tomograms came from cells in prometaphase (n=1), 

metaphase (n=2), and anaphase (n=2). The complex molecular organization at the chromosome-

microtubule interface is demonstrated in Fig. 2. The mitotic chromosome exhibits regions of dense 

material with ribosomes distributed on its surface following breakdown of the nuclear membrane. 

A bundle of kinetochore microtubules can be seen passing through fenestrations in the ER 25 

membrane and connecting with the mitotic chromosome at the centromere. 

Centromeric chromatin forms a pocket-like structure in the mitotic chromosome.  

The centromere is a specific region of the chromosome visually recognizable by a primary 

constriction27 and epigenetically defined by the histone H3 variant CENP-A28–30. We found that 

the centromeres in all our cryo-tomograms exhibited the same pocket-like appearance, from 30 
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prometaphase through anaphase (Figs. 3A-C). This contrasts with classical EM studies of 

glutaraldehyde-fixed cells, where centromeres exhibit a variety of shapes, from pocket-like to 

plate-like to dome-shaped structures12,15,31,32. The width of the centromeric pocket in our 

tomograms ranged from 350-500 nm, and multiple KMTs were embedded in each pocket (Figs. 

S2, Movie S3). It has been estimated that mammalian kinetochores are attached to 10-30 MTs, 5 

collectively referred to as the k-fiber33,34. By digitally segmenting microtubules and the surface of 

the condensed chromosome in 3D, we found that the microtubules in a k-fiber are not always 

parallel and can exhibit different orientations (Figs. 2D, S2). Interestingly, some microtubules in 

the k-fiber did not connect to the chromosome but instead passed through it like non-KMTs (Figs. 

3B, C, S2, yellow microtubules). They are likely to be the bridging fibers that connect sister 10 

kinetochore fibers as suggested by recent studies35,36. While the plus-ends of KMTs in the k-fiber 

could be found in different parts of the centromeric pocket, all KMTs with a visible plus-end in 

our tomograms were contained in the pocket from prometaphase to anaphase (Fig. S2). 

Comparing the structure of centromeres at different mitotic stages, we found that metaphase and 

anaphase cells had a deeper centromeric pocket (600 nm, n=4) than prometaphase cells (200 nm, 15 

n=1) (Fig. 3A-C). Previous studies using fluorescence microscopy have shown that the kinetochore 

undergoes a rearrangement after the attachment of KMTs37. The shallow centromeric pocket we 

observed in prometaphase likely represents an early stage of formation of the primary constriction.  

Nucleosomes exhibit no higher-order structure at the centromere. 

A crucial open question about the structure of the centromere is how linear interspersion of CENP-20 

A and H3 can be reconciled with the exclusion of H3 on chromosomes. It has been proposed that 

centromeric chromatin forms a unique higher-order structure, with CENP-A packaged either into 

an amphipathic-like solenoidal superhelix or as radial loops, with CENP-A nucleosomes clustered 

on the outer surface of the H3 chromatin38,39. However, details of the 3D organization of 

centromeric chromatin are still lacking. Our data challenges these models because we did not 25 

observe any higher-order structure of nucleosomes either at the centromere or in other parts of the 

chromosome, consistent with previous EM and X-ray scattering studies40,41.  

The condensed chromatin in our tomograms appeared to be composed of disordered chains with a 

diameter of 10-20 nm (Fig. 3G, H). Interestingly, we found nucleosome densities in the 

centromeric pocket which were less condensed than in surrounding condensed chromatin, although 30 
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they formed the same disordered 10-20 nm-wide chains as in the condensed chromosome (Fig. 

3H, I). To determine whether this is a unique feature of the centromere, we compared nearby 

regions on the surface of non-centromeric chromatin, where we did not observe the same 

nucleosome chain structure (Fig. S3).  

Fibrils connect KMTs to chromatin through both side-on and end-on attachments. 5 

Next, we sought to find the structure that connects KMTs with the chromosome. The firm 

attachment between MTs and the kinetochore serves as the basis for chromosome movement. 

There are two major protein interaction networks in the kinetochore: the constitutive centromere-

associated network (CCAN) and the Knl1 complex-Mis 12 complex-Ndc80 complex network 

(KMN)42–44. The Ndc80 complex of the KMN is central to kinetochore-MT attachment, directly 10 

binding to tubulin subunits of the MTs, along with other MT-binding proteins45,46. The Ndc80 

complex is a heterotetramer of Spc25, Spc24, Nuf2, and Ndc80. Purified Ndc80 is a 57-nm-long 

rod with globular densities at either end47,48. Diverse models have been proposed for how the 

kinetochore connects KMTs to the chromosome. In the conformational wave model, curling PFs 

pull continuously on the kinetochore. Theoretical analysis suggests that this mechanism can 15 

produce sufficient force for movement49. Alternatively, the biased diffusion model posits that the 

kinetochore consists of multiple elements that form diffusive attachments to the microtubule50. 

The extent to which these theoretical models reflect the real architecture of the interface between 

MTs, and the kinetochore is unclear.  

Analysis of our cryo-tomograms revealed two major modes of structural interaction between MTs 20 

and the kinetochore. In the first, we found fibril densities connected to the wall of MTs (Fig. 4A, 

C). This observation is consistent with in vitro experiments showing that several outer kinetochore 

components, including Ndc80, can directly bind to the wall of KMTs51,52. However, no such lateral 

connections of fibrils were seen in situ in previous work14. We also observed motor-protein-like 

densities on the walls of KMTs (Fig. S4), which were also unresolved in high-pressure-frozen 25 

samples. This highlights the power of cryo-ET for visualizing native cellular structure. To rule out 

the possibility that the side-on connections we observed were simply electron densities from the 

chromosome, we also examined non-KMTs passing through chromosomes. Interestingly, we saw 

that there is usually a translucent zone between the chromosome and the walls of non-KMTs, and 
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no fibrillar densities were seen in this zone (Fig 4B, S5). This suggests that the side-on fibrils we 

observed are specific to the kinetochore. 

The second mode of interaction we observed was mediated by fibrils near the flared plus-ends of 

KMTs, usually oriented parallel to the MT axis (Fig. 4A, C). A previous study suggested that 

lattice defects may cause PFs to separate from the MT wall53. To rule out the possibility that these 5 

end-on fibrils are remnants of disassembled MT PFs, we looked for lattice defects in the walls of 

both KMTs and non-KMTs. In both cases, lattice defects caused the microtubule to bend with an 

unusual curvature, but no fibril-like densities were seen (Fig. S6). The end-on fibrils we observed 

were thicker and more electron dense (darker in images) than side-on fibrils (Fig. 4E). The average 

length of end-on fibrils was 52 nm, which is consistent with the length of Ndc80 (57 nm). Side-on 10 

fibrils were less straight and more flexible in their shape and orientation (Fig. 4C), making it 

difficult to determine their length accurately, but they were shorter than end-on fibrils (Fig. 4F). 

Both classes of fibrils we observed–thick fibrils at the plus-end and thin fibrils on the wall of 

KMTs–localized exclusively to the centromeric region and thus are likely components of the outer 

kinetochore network.  15 

KMT PFs exhibit unique curvature with thick fibrils near their outer surface.  

Previous EM studies of mitotic cells suggested that there are fibrillar densities connected to the 

lumenal side of curved PFs. These fibrils appear to impede PF bending, suggesting a mechanism 

for converting the energy of MT depolymerization into chromosome movement13,14. Unlike 

previous reports, we did not observe fibrils binding to the lumenal side of flared KMT plus-ends. 20 

Instead, our cryo-tomograms showed the fibrils positioned close to the terminal tubulin unit of the 

curved PF, on the outer side (Fig. 4D). In our tomograms, we did not find any direct connections 

between the end-on fibrils and PFs. This is probably because the connection is very transient; once 

the tubulin unit dissociates from the PF, the attachment is lost. This observation resolves a key 

problem of the previous kinetochore fibril model: there was no obvious molecular candidate for 25 

these fibrils since both Ndc80 and CENP-E are known to bind the walls of MTs, not the lumen51,54.  

 

Next, we examined the shapes of PFs from both KMTs and non-KMTs in our tomograms (Fig. 

S7). It is thought that the force for chromosome movement comes from MT dynamics, which are 

associated with GTP hydrolysis55–58. During growth, polymerizing MTs usually exhibit a straight 30 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2022. ; https://doi.org/10.1101/2022.02.17.480955doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.17.480955
http://creativecommons.org/licenses/by-nc/4.0/


7 
 

form59. By contrast, during depolymerization, individual PF strands of tubulin dimers curve away 

from the central axis, flaring the MT plus-end60. It is believed that this morphological change is 

harnessed by outer kinetochore components, either a ring structure in yeast61 or a fibrillar structure 

in higher vertebrates13, to drive chromosome motion42. Both straight and curved forms of PFs can 

be found in MTs due to constant cycles of polymerization and depolymerization. Interestingly, we 5 

found that the PFs at the plus-ends of KMTs were always curved in the presence of thick end-on 

fibrils (n=5) (Fig. 4C), suggesting a relationship between those fibrils and MT depolymerization. 

Moreover, none of these PFs showed the long-curved form we saw in non-KMTs (Fig. S7C), 

indicating that the curling of these PFs is impeded by the fibrils. The fact that we did not observe 

thick fibrils near KMTs with a straight form suggests that the end-on fibrils may only associate 10 

with depolymerizing plus-ends. 

 

Discussion 

In this study, we combined cryo-CLEM, cryo-FIB milling, and cryo-ET to visualize the 

unperturbed 3D ultrastructure of the kinetochore-microtubule interface in mitotic U2OS cells. 15 

Our method eliminates the harsh sample preparation steps of traditional EM and delivers the 

most native picture to date of this structure inside the cell. Our cryo-tomograms revealed a 

pocket structure of the centromere that accommodated multiple KMTs and deepened throughout 

mitosis, from prometaphase to anaphase. A pocket-shaped centromere could provide several 

advantages. First, it may increase the efficiency of MT capture by guiding MTs into the correct 20 

orientation for docking. Second, it provides a scaffold for the lateral interactions between KMTs 

and the kinetochore that we observed. Third, since MTs are undergoing constant 

assembly/disassembly during mitosis, the expanded interface of the pocket could prevent loss of 

disassembling KMTs from the kinetochore and facilitate their recapture. 

 25 

Currently, resolution barriers hinder molecular identification of structural features seen in electron 

cryo-tomograms. Still, based on our results we can postulate a model, albeit speculative, for the 

molecular architecture of the vertebrate kinetochore. The thick fibrils we saw near the plus-ends 

of KMTs had a similar length (52 nm) and morphologically resembled the structure of Ndc80 (Fig. 

4D). Recent in vitro studies have predicted that the Ndc80 complex form clusters, variously 30 

proposed to contain 4 or more than 10 subunits, on MTs, and only such clustered Ndc80 is thought 
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to stably bind MTs and track shortening ends46,51,62. We therefore propose that the thick fibrils we 

saw are a form of clustered Ndc80. The side-on fibrils we observed were more flexible in 

morphology and orientation, thus making them unlikely to provide a rigid connection between the 

chromosome and the disassembling plus-ends of KMTs. It has been proposed that some 

kinetochores initially associate with the side of MTs to capture and orient MTs in the early stages 5 

of mitosis52,58,63. However, our data reveals that even after MTs have been captured, side-on fibrils 

persist into later stages of mitosis. We think it likely that at least some of these side-on attachments 

to MT walls also correspond to the Ndc80 complex. The fibrils exhibited similar orientations and 

distances from the MT wall as those observed for Ndc80/Nuf2 dimers binding to in-vitro-

assembled MTs51. Such laterally attached Ndc80s fibrils could then cluster once a load-bearing 10 

signal is sensed, as previous studies suggested64,65. Our findings challenge previous static view of 

the kinetochore-microtubule interface and represent a key step toward a holistic structural 

understanding of how the kinetochore harnesses the power of microtubule dynamics to drive 

chromosome segregation in higher vertebrates. 

 15 
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Fig. 1. Experimental workflow developed to image mitotic U2OS cells by cryo-ET. (A) Cryo-

light microscopy of U2OS cells grown on an EM grid. Orange arrows indicate mitotic cells. Scale 

bar: 30 µm. (B) SEM and FIB image of the same area on the grid as in (A). Orange arrows point 5 

to the same mitotic cells as in (A). Red circles show the ice crystals on the grid that can be used 

for alignment. (C) A lamella through the central region of the cell made using cryo-FIB milling. 

Yellow areas indicate the milled regions. (D) SEM and TEM images of a milled region showing 

two lamellae. (E) Tomographic slice of a prometaphase cell thinned by cryo-FIB milling showing 
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spindle microtubules. (F) Slice through a tomogram showing the mitotic chromosome and 

microtubules. MT: microtubules; Asterisks: ribosomes; Mito: mitochondrion; LD: lipid droplets; 

ER: endoplasmic reticulum; Ch: chromosome. Scale bars: 300 nm.  
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Fig. 2. High-resolution architecture of the chromosome-microtubule interface in U2OS cells 

by cryo-ET. (A) Tomographic slice of a metaphase cell thinned by cryo-FIB milling showing an 

example kinetochore. Ch: chromosome; ER: endoplasmic reticulum; KMT: kinetochore 

microtubule; Asterisks: ribosomes. Scale bar: 150 nm. (B) (C) Enlarged views of areas in the same 5 

tomogram at different z slices showing the plus-ends of kinetochore microtubules. Scale bars: 60 

nm. (D) 3D segmentation of the tomogram in panel (A) with color key shown at the bottom. LD: 

lipid droplet. 
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Fig. 3. Centromeric chromatin forms a pocket-like structure in the mitotic chromosome. (A, 

B, C) Tomographic slices of cryo-FIB-milled U2OS cells at different mitotic stages containing 

kinetochores. (D, E, F) 3D segmentations of the corresponding tomograms. Magenta: chromosome 

surface; dark blue: KMTs with plus-ends visible in the tomogram; light blue: KMTs without 5 

visible plus-ends in the tomogram; yellow: bridging fibers. Scale bars: 300 nm. (G) Representative 

tomographic slice of a kinetochore with clear nucleosome densities. Ch: chromosome; ER: 

endoplasmic reticulum; KMT: kinetochore microtubule. Blue box: condensed chromosome; 

yellow box: centromeric pocket. Scale bar: 150 nm. (H, I) Left: magnified images of chromatin in 
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the blue and yellow boxed areas, respectively, in (G); middle: isosurface rendering of chromatin 

density in 3D; right: enlarged 3D views of a nucleosome chain. Scale bars: 30 nm.  
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Fig. 4. Fibrils connect KMT PFs to nearby chromatin through both end-on and side-on 

attachments. (A) Representative tomographic slice from a cryo-FIB-milled mitotic cell showing 

KMTs and the chromosome. Ch: chromosome; red arrowheads: end-on fibrils; blue arrowheads: 

side-on fibrils; green arrowheads: fibril densities not connected to microtubules. (B) Tomographic 5 
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slice of non-KMTs passing through the mitotic chromosome region. Ch: chromosome. Scale bars: 

100 nm. (C) Tomographic slices of KMTs. Side-on and end-on fibrils associated with PFs are 

indicated by graphic overlays below. Scale bars: 30 nm. (D) Typical distances between end-on 

fibrils and PFs. (E) Line density profile showing the thickness of end-on fibrils and side-on fibrils. 

(F) Boxplot representation of fibril length of side-on and end-on fibrils. Median values are marked 5 

by the central line. ***p<0.0001 by Student’s t-test. 
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Materials and Methods 

Cell culture 

Osteosarcoma U2OS cells (ATCC, Manassas, VA) were cultured in McCoy's 5A Medium 

(ATCC, Manassas, VA) supplemented with 10% tetracycline-free fetal bovine serum (FBS; 

Takara Bio), and 100 U/ml penicillin/streptomycin. Cell cultures were maintained in a 5 

humidified 37 °C incubator with 5% CO2.  

 

TEM grid preparation 

For cryo-CLEM and cryo-ET, U2OS cells were plated onto fibronectin-coated 200-mesh 

gold R2/2 London finder Quantifoil grids (Quantifoil Micro Tools). Grids were sterilized by UV 10 

irradiation for 30 min and immersed in culture medium in a CO2 incubator for 30 min. Cells 

were lysed in flasks using 0.05% trypsin-EDTA and seeded on 4-8 pretreated gold finder grids in 

35-mm dishes. Cells were kept in an incubator for 30-36 hours. Before vitrification, cells were 

stained with Hoechst 33342 at a concentration of 1 µg/ml (Thermo Fisher).  

For vitrification, all grids were blotted from the back side of the film using Whatman filter 15 

paper strips and immediately plunged into a liquid ethane/propane mixture using an FEI Vitrobot 

Mark IV (FEI Company, Eindhoven, Netherlands). The Vitrobot was set to 37 °C, 94% 

humidity, and 1 s drain time. The frozen grids were stored in sealed boxes in liquid nitrogen until 

further processing 

 20 

Cryo-light microscopy 

The EM cartridges were transferred into a cryo-FLM stage (FEI Cryostage) mounted on a 

Nikon Ti inverted microscope. The grids were imaged using a 60X extra-long-working-distance 

air-objective (Nikon CFI S Plan Fluor ELWD 60X NA 0.7 WD 2.62–1.8 mm). Images were 

recorded using the NIS Elements software from AutoQuant (Nikon Instruments Inc., Melville, 25 

NY). Following cryo–light microscopy imaging, EM cartridges containing frozen grids were 

stored in liquid nitrogen. 

 

Cryo-FIB milling 

Cryo–light microscopy of cells expressing ER-localized PIS-GFP guided cryo-FIB milling 30 

to regions of interest in the x-y plane. Plunge-frozen grids were then mounted in custom-

modified Polara cartridges with channels milled through the bottom. This allowed samples to be 
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milled at a low angle of incidence (∼10° to 12°) with respect to the carbon surface. These 

modified cartridges were transferred into an FEI Versa 3D equipped with a Quorum PP3010T 

Cryo-FIB/SEM preparation system (Quorum Technologies LLC, East Sussex, UK). The stage 

temperature was held at −186°C for all subsequent steps. Samples were sputter coated with a thin 

layer of platinum (15 mA, 60 s) before milling to minimize curtaining and to protect the front 5 

edge of the sample during milling. The average platinum thickness on the grid squares used in 

this study was approximately 50 nm, which agreed well with the set thickness in the sputter 

coater. Vitrified cells lying approximately perpendicular to the focused ion beam were located 

via SEM. The vitrified samples were imaged at 5 to 10 keV with the SEM and milled with 30-

keV gallium ions by scanning the regions of interest. A 0.3 nA beam current was used for rough 10 

milling. The current was stepped down slowly from 0.3 nA to 30 pA as the thickness of the 

lamellae decreased to 500 nm. In the end, 10 pA current was used to polish the lamellae and 

reduce the thickness of lamellae to under 300 nm.  

 

Cryo-ET and tomogram reconstruction 15 

Cryo-EM grids previously imaged by cryo-LM were subsequently imaged by cryo-ET using 

an FEI G2 Polara 300 keV FEG transmission electron microscope equipped with an energy filter 

(slit width 20 eV for higher magnifications: Gatan), and a 4 k × 4 k K2 Summit direct detector 

(Gatan) in counting mode. Cryo-tomograms were also collected using a Titan Krios transmission 

electron microscope (Thermo Fisher) equipped with a 300 keV field emission gun, energy filter 20 

(Gatan), and K2 or K3 Summit direct electron detector (Gatan).  

Lamellae were located by making maps of the entire grid using the SerialEM software. Tilt-

series acquisition was done with SerialEM with a 2° tilt increment for a total range of ±60° or ±50° 

(in two halves, separated at 0°). Individual tilt series were recorded at a magnification of ×19500 

and a defocus of −6 to −10 μm. The cumulative dose of each tilt series was between 120 and 160 25 

e−/Å2. 

Tomograms were reconstructed using the IMOD software (http://bio3d.colorado.edu/imod/). 

In the absence of fiducial gold nanoparticles in the FIB-milled lamellae, alignment of tilt-series 

projection images was performed with patch-tracking. Final alignment of the tilt-series images was 

performed using the linear interpolation option in IMOD without contrast transfer function (CTF) 30 

correction. Aligned stacks were low-pass filtered (0.35, σ = 0.05) to eliminate high-frequency 
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noise. Weighted back-projection reconstruction was performed, and the SIRT-like filter was used 

with 8 iterations. 

 

Tomogram visualization and segmentation 

Cryo-tomograms were subsequently segmented using the Amira software package (Thermo 5 

Fisher Scientific, FEI). Segmentation was performed manually using density thresholds. 

Morphological measurements of segmented data were also performed in Amira.  

 

Statistical Analysis 

Statistical analyses were performed with Fiji and Prism (GraphPad). The length of fibrils 10 

was assessed visually by tracing the density in 3D using Fiji. Given the subtlety of these 

structural features, the measurements should not be taken as precise. PFs were traced in IMOD, 

and points extracted using the howflared function in IMOD.  

 
 15 
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Fig. S1. Cryo-LM of U2OS cells grown on EM grids captured at different mitotic stages. 

Scale bars: 30 µm. 

 
  5 
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Fig. S2. Gallery of segmentations of tomograms containing chromosome-microtubule 

interfaces. 

Yellow dashed line: trajectory of chromosome surface in the tomographic slice; magenta: 

chromosome surface; dark blue: KMTs with plus-ends visible in the tomogram; light blue: 5 

KMTs without visible plus-ends in the tomogram; yellow: bridging fibers. Scale bars: 300 nm. 
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Fig. S3. Chromatin is less condensed in the centromeric pocket than in neighboring 

chromosomal regions. 

(A) Tomographic slices showing densities in the indicated regions. Isosurface renderings of the 

densities are overlaid in (B) and isolated in (C). (D) Rotated views of the same surface 5 

renderings in (C). (E) Enlarged views of densities showing characteristic widths of nucleosome 

chains in condensed chromatin and the centromere pocket. Those nucleosome chains are not 

observed in the cytoplasm (bottom). 
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Fig. S4. Motor-protein-like density on the walls of KMTs.  

(A, B, C) Representative tomographic slices of non-KMTs from mitotic U2OS cells thinned by 

cryo-FIB milling. (D, E, F) Tomographic slices of KMTs with motor-protein-like densities on 

their walls (orange arrows). Scale bars: 25 nm. 5 
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Fig. S5. Non-KMT passing through the chromosome without any associated fibril densities. 

Scale bar: 150 nm. 
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Fig. S6. Microtubule lattice defects in both KMTs and non-KMTs observed by cryo-ET. 

Representative tomographic slices demonstrating lattice defects in KMTs (A, B) and non-KMTs 

(C) in mitotic U2OS cells. Arrowheads indicate defects caused by loss of tubulins from the MT 

wall. Scale Bar: 100 nm. 5 
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Fig. S7. Comparison of flared plus-ends of KMTs and non-KMTs.  

Tomographic slices of plus-ends of non-KMTs (A) and KMTs (B) from mitotic U2OS cells. 

Orange arrows indicate flared PFs. (C) Shapes of PFs from MTs shown in (A, B). KMTs 

associated with end-on fibrils (magenta) have an intermediate curvature compared to flared non-5 

KMTs (blue) and straight forms (black). 
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Movies S1 to S4 

Movie S1. Tomogram of the prometaphase U2OS cell shown in Fig. 1E. 

The video scrolls up and down in Z through the tomographic volume. Scale bar: 300 nm. 
 

Movie S2. Tomogram of the condensed chromosome and nearby microtubules shown in 5 
Fig. 1F. 

The video scrolls up and down in Z through the tomographic volume. Scale bar: 300 nm. 
 

Movie S3. Tomographic volume of the kinetochore shown in Fig. 2. 

The video scrolls up and down in Z through the tomographic volume. Scale bar: 300 nm 10 
 

Movie S4. Segmentation of the kinetochore shown in Fig. 2. 

The video scrolls up and down in Z through the tomographic volume and reveals the 3D 
segmentation of identified structures. ER membrane: yellow; microtubules: green; chromosome: 
blue; ribosomes: pink; lipid droplet (LD): brown. 15 
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