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Abstract  15 

The centromere is the chromosomal locus that recruits the kinetochore, direcBng 16 

faithful propagaBon of the genome during cell division. The kinetochore has been interrogated 17 

by electron microscopy since the middle of the last century, but with methodologies that 18 

compromised fine structure. Using cryo-ET on human mitoBc chromosomes, we reveal a 19 

disBncBve architecture at the centromere: clustered 20-25 nm nucleosome-associated 20 

complexes within chromaBn clearings that delineate them from surrounding chromaBn. 21 

Centromere components CENP-C and CENP-N are each required for the integrity of the 22 
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complexes, while CENP-C is also required to maintain the chromaBn clearing. We further 23 

visualize the scaffold of the fibrous corona, a structure amplified at una_ached kinetochores, 24 

revealing crescent-shaped parallel arrays of fibrils that extend >1 µm. Thus, we reveal how the 25 

organizaBon of centromeric chromaBn creates a clearing at the site of kinetochore formaBon as 26 

well as the nature of kinetochore amplificaBon mediated by corona fibrils. 27 

 28 

Main Text 29 

Human centromeres are defined by the presence of nucleosomes containing the histone 30 

H3 variant CENP-A (Earnshaw and Rothfield, 1985; Kixmoeller et al., 2020; Musacchio and Desai, 31 

2017). An individual kinetochore contains mulBple kinetochore protein complexes which 32 

assemble on CENP-A nucleosomes and form a link between centromeric chromaBn and the 33 

microtubules of the mitoBc spindle. CENP-A nucleosomes recruit the inner kinetochore which is 34 

composed of the 16-subunit consBtuBve centromere associated network (CCAN) (Foltz et al., 35 

2006; Kixmoeller et al., 2020; Musacchio and Desai, 2017; Okada et al., 2006), present at the 36 

centromere throughout the cell cycle. During mitosis, the inner kinetochore recruits the outer 37 

kinetochore which is primarily responsible for binding to the microtubule-based spindle 38 

(Kixmoeller et al., 2020; Musacchio and Desai, 2017). MulBple copies of the inner and outer 39 

kinetochore protein complexes work as an assembly to form the funcBonal kinetochore. During 40 

prometaphase and states of chromosome misalignment, the kinetochore further recruits the 41 

fibrous corona, a complex assembly of proteins, including fibrils of the ROD–Zwilch–ZW10 (RZZ) 42 

complex with Spindly, which serves to acBvate the spindle assembly checkpoint and capture 43 

microtubules (Kops and Gassmann, 2020; McAinsh and Kops, 2023; Raisch et al., 2022).  44 
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Early electron microscopy of the kinetochore in cells revealed a trilaminar structure with 45 

a structured inner kinetochore plate at the surface of the chromaBn, an unstructured electron-46 

translucent region, and a structured outer kinetochore plate (Brinkley and Stubblefield, 1966; 47 

Rieder, 1982). Beyond the outer plate, a crescent-shaped fibrous region, the fibrous corona, 48 

was present only on kinetochores not a_ached to microtubules (Brinkley and Stubblefield, 49 

1966; Jokelainen, 1967; Rieder, 1982). Later experiments using improved sample preparaBon 50 

techniques alongside immunofluorescence approaches revealed that the apparent rigid 51 

trilaminar structure of the kinetochore was influenced by tradiBonal dehydrated sample 52 

preparaBon and suggested instead a less-rigid, mesh-like structure for the kinetochore (Blower 53 

et al., 2002; Dong et al., 2007; Magidson et al., 2015; McEwen et al., 1998; McIntosh et al., 54 

2013). Recent structural studies of in vitro reconsBtuted inner kinetochore components have 55 

shown the CCAN to be a globular complex closely associated with a CENP-A nucleosome 56 

(PesenB et al., 2022; Tian et al., 2022; Yatskevich et al., 2022). On the other hand, the outer 57 

kinetochore consists of narrow, elongated protein complexes (Alushin et al., 2010; Kixmoeller et 58 

al., 2020; Musacchio and Desai, 2017; Nishino et al., 2013; Petrovic et al., 2016; Valverde et al., 59 

2016) which may contribute to the less-structured region located between the inner 60 

kinetochore and the fibrous corona or area of microtubule binding. 61 

At the level of kinetochore-forming centromeric chromaBn, CENP-A-containing 62 

nucleosomes are thought to be found in mulBple patches along the linear DNA sequence 63 

interspersed with canonical nucleosomes (i.e., those harboring convenBonal histone H3) 64 

(Blower et al., 2002; Ribeiro et al., 2010; Zinkowski et al., 1991). These proposals are supported 65 

and extended by genomic approaches that build on the recent complete human centromere 66 
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assemblies (Altemose et al., 2022a; b; Dubocanin et al., 2023; Gershman et al., 2022; Logsdon 67 

et al., 2021).  68 

Importantly, the human kinetochore has never been directly visualized at molecular 69 

resoluBon in its chromosomal context, as in situ approaches have unBl now been limited to 70 

fluorescence-based studies (Blower et al., 2002; Magidson et al., 2015) or the aforemenBoned 71 

electron microscopy studies of fixed samples (Brinkley and Stubblefield, 1966; Dong et al., 2007; 72 

Magidson et al., 2015; McEwen et al., 1998; Rieder, 1982). In contrast, cryo-electron 73 

tomography (cryo-ET) permits 3D visualizaBon of a vitreous sample of interest. This approach 74 

captures proteins in their naBve conformaBons and natural arrangements, unperturbed by 75 

chemical fixaBon and heavy metal staining during sample preparaBon which obscures molecular 76 

details especially at the level of chromaBn. In this way, we reasoned that cryo-ET would be 77 

capable of visualizing the human kinetochore in its naBve context on isolated chromosomes to 78 

reveal individual kinetochore complexes and their organizaBon both along the DNA strand and 79 

in 3D space. 80 

 81 

The kinetochore revealed by cryo-ET 82 

 The small size of kinetochore-forming centromeric chromaBn relaBve to intact mitoBc 83 

chromosomes necessitated the use of correlaBve light and electron microscopy (CLEM) to locate 84 

the kinetochore within isolated chromosomes for cryo-ET data collecBon. A typical human 85 

interphase centromere is esBmated to contain 100-400 copies of the CENP-A protein, and thus 86 

50-200 CENP-A nucleosomes (Bodor et al., 2014). CENP-A nucleosomes are split between sister 87 

chromaBds during DNA replicaBon in S-phase, so in the subsequent mitosis each sister 88 
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kinetochore harbors only 25-100 CENP-A nucleosomes, out of ~650,000 total nucleosomes in an 89 

average-sized human chromosome. In the DLD-1 cells used in our cryo-ET experiments, 90 

centromeres have CENP-A nucleosomes which number at the low end of this range (Bodor et 91 

al., 2014).  92 

Isolated mitoBc chromosomes have previously been imaged by cryo-ET to invesBgate 93 

bulk chromaBn on chromosome arms and demonstrate the irregular packing of mitoBc 94 

chromaBn (Beel et al., 2021). For kinetochore studies, biochemical isolaBon of mitoBc 95 

chromosomes has historically provided many foundaBonal insights for the field (i.e., to 96 

understand central aspects such as microtubule nucleaBon (Telzer et al., 1975), poleward 97 

movement on microtubules (Koshland et al., 1988), and generaBon of a diffusible spindle 98 

checkpoint signal (Kulukian et al., 2009)), owing to the faithful retenBon of inner and outer 99 

kinetochore complexes. We isolated mitoBc chromosomes from DLD-1 cells in which CENP-A is 100 

biallelically tagged at its endogenous locus with rsEGFP2 to allow for CLEM (Fig. 1A, S1A,B). 101 

Isolated mitoBc chromosomes retained expected morphology and the characterisBc “double 102 

dot” pa_ern of CENP-A fluorescence represenBng the sister kinetochores (Fig. 1B). Both inner 103 

kinetochore and outer kinetochore components are retained on isolated chromosomes, with no 104 

detectable loss during the steps prior to grid preparaBon (Fig. S1C,D). Grids containing vitreous 105 

chromosomes and 200 nm fluorescent fiducial beads (Fig. 1C, yellow foci) were imaged by 106 

cryogenic confocal microscopy and kinetochores were idenBfied by paired “double dot” green 107 

fluorescent foci (Fig. 1C). Grids were then transferred to a cryogenic transmission electron 108 

microscope for cryo-ET data collecBon. The 200 nm fluorescent beads, visible by both confocal 109 

and transmission electron microscopy, were used to carry out correlaBon between the two 110 
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imaging modaliBes (Schorb and Briggs, 2014; Schellenberger et al., 2014) (Fig. 1A,C). In this way, 111 

our approach allowed us to collect Blt series at kinetochores with high targeBng accuracy (Fig. 112 

1A).   113 

 In tomograms reconstructed from these Blt series, we consistently idenBfied a 114 

disBncBve chromaBn architecture located at the surface of the chromosome (Fig. 1A,D,E, S2,S3, 115 

Videos S1,S2). Within the dense, irregularly packed nucleosomes that comprise the majority of 116 

mitoBc chromaBn (Beel et al., 2021; Chen et al., 2023), we found chromaBn clearing(s) 117 

containing larger proteinaceous densiBes which we hypothesized to be inner kinetochore 118 

complexes (Fig. 1A,D,E, S2,S3). The chromaBn clearings are disBnct from the surrounding 119 

chromaBn and have a well-defined boundary (traced in red, Fig. 1D,E) which segregates 120 

kinetochore complexes from surrounding chromaBn. Within chromaBn clearings, these larger 121 

densiBes are separated by stretches of open area which significantly exceed the separaBon 122 

between nucleosomes in surrounding chromaBn (Fig. 2A). We find that the majority of 123 

kinetochores (65%) contain a single chromaBn clearing (e.g., Fig. 1D, Video S1), but a single 124 

kinetochore may also be comprised of 2 (25%) or 3 (10%) separate chromaBn clearings (e.g., Fig. 125 

S3A and Video S2: two clearings coalescing at the chromosome surface, Fig. S4A: two separated 126 

clearings). Kinetochore chromaBn clearings contain fewer parBcles per unit area than 127 

surrounding chromaBn (Fig. 2B,C, S5A). The parBcles within chromaBn clearings are also larger 128 

on average (Fig. 2B,D, S5A) and further separated from neighboring parBcles (Fig. 2B,E, S5A) 129 

than in the surrounding chromaBn. ChromaBn clearings were idenBfied in all tomograms 130 

targeted to CENP-A fluorescent foci and were not idenBfied in tomograms collected at random 131 

chromosome locaBons (Fig. 1A, S5B). 132 
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In terms of the copy number of inner kinetochore complexes, we find that an individual 133 

kinetochore contains on average 30 larger complexes (Fig. 2F), consistent with esBmates for the 134 

number of CENP-A nucleosomes at DLD-1 kinetochores (Bodor et al., 2014). The number of 135 

complexes does vary among kinetochores (Fig. 2F), consistent with findings that CENP-A 136 

occupancy varies among centromeres even within an individual (Altemose et al., 2022a; 137 

Gershman et al., 2022). This architecture is also seen in chromosome preparaBons with more 138 

condensed chromaBn (Fig. S4), and the number of kinetochore complexes observed, the 139 

volume of the kinetochore area, and the sphericity of the kinetochore are similar between 140 

parBally decondensed and condensed chromaBn preparaBons (Fig. 2F-H). We conclude that the 141 

large-scale architecture of the kinetochore is preserved in our preparaBons but it is impossible 142 

to eliminate the possibility of some distorBon from blosng onto EM grids. For these reasons, 143 

we note that our main focus is on the smaller-scale architecture and details of kinetochore 144 

complexes. In sum, the chromaBn clearings on the chromosome surface revealed by our cryo-ET 145 

studies spaBally separate the relaBvely large, dense kinetochore complexes from the rest of the 146 

chromosome. 147 

 148 

Inner kinetochore complexes 149 

 Close inspecBon of the larger densiBes found within chromaBn clearings (Fig. 3A, Video 150 

S3) reveal a variety of densiBes, the most prevalent of which are globular parBcles measuring 151 

20-25 nm in their longest dimension and roughly triangular in shape (Fig. 3B), consistent in size 152 

and shape with inner kinetochore CCAN complexes. These densiBes lack the relaBvely high 153 

degree of structural homogeneity seen in bulk nucleosomes (Beel et al., 2021)(Fig. 3B), 154 
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indicaBng that the protein-protein and/or protein-DNA interfaces within them permit local 155 

flexibility rather than exisBng as highly rigid bodies on the chromosome surface. Nucleosomes 156 

are visible embedded within these complexes (Fig. 3C, S6A,B), idenBfied by density 157 

corresponding to two gyres of DNA with spacing and curvatures consistent with wrapping an 158 

octameric histone core. Since the CCAN is associated with CENP-A-containing nucleosomes(Foltz 159 

et al., 2006), we conclude that the nucleosomes closely packing with CCAN densiBes contain 160 

CENP-A. We note that some proposed models (Dalal et al., 2007; PesenB et al., 2022) include a 161 

centromeric histone parBcle harboring only a single wrap of DNA on a core with only a single 162 

copy of CENP-A and core histones H2A, H2B, and H4 (i.e., a hemisome). Our finding of 163 

nucleosomes with two gyres of DNA visible (Fig. 3C, S6A,B) support other models in which the 164 

CCAN is bound to an octameric CENP-A-containing nucleosome (Foltz et al., 2006; Hasson et al., 165 

2013; PesenB et al., 2022; Yatskevich et al., 2022). At the level of individual inner kinetochore 166 

complexes, our experiments reveal that centromeric DNA is linked to the kinetochore by close 167 

associaBon of the CCAN complex with an octameric nucleosome. 168 

ConnecBons between adjacent kinetochore complexes, consisBng of linker DNA and a 169 

single intervening nucleosome, were readily observable within our tomograms (Fig. 3D). The 170 

intervening nucleosome lacks a kinetochore complex and in some cases is located very close to 171 

one of the two complexes (Fig. 3D right panel, S6B). This finding suggests that kinetochore 172 

complexes are clustered along stretches of DNA and ouen assemble on alternaBng 173 

nucleosomes. The kinetochore complexes within a given chromaBn clearing may all be 174 

posiBoned on a conBguous stretch of DNA or may represent mulBple shorter conBguous regions 175 
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of kinetochore occupancy, separated on the linear DNA molecule by stretches of convenBonal 176 

nucleosomes, but in a manner that coalesces in three dimensions.  177 

We next invesBgated the size and shape of the inner kinetochore complexes to compare 178 

with exisBng models built on reconsBtuBons from purified components (Dendooven et al., 179 

2023; PesenB et al., 2022; Tian et al., 2022; Yatskevich et al., 2022). As we predicted, the 180 

biological complexity captured in our tomograms of the kinetochore precluded straighvorward 181 

structural characterizaBon. Kinetochore complexes contain flexible components (PesenB et al., 182 

2022; Tian et al., 2022; Yatskevich et al., 2022) and are able to interact with a mix of binding 183 

partners (Kixmoeller et al., 2020; Malvezzi et al., 2013; Rago et al., 2015), leading to a 184 

structurally heterogeneous populaBon. Furthermore, the complexes are few in number and 185 

embedded in a crowded chromaBn environment (to an extent not found in many other cellular 186 

structures, if at all), factors which seriously hinder subtomogram averaging efforts (Fig. S7A,B), 187 

whereas canonical nucleosomes were more easily averaged (Fig. S7C,D). For these reasons, our 188 

goal was not to produce a high-resoluBon structure of the kinetochore complex. However, we 189 

did note that the complexes were fairly uniform in size and shape (Fig. 3B), permisng us to 190 

measure their average dimensions (~16 X 21 X 11 nm3) (Fig. 3E, S7A,B). Since CENP-A 191 

nucleosomes contain two copies of CENP-A, each of which contains potenBal binding sites for 192 

CCAN complex recruitment, models exist for either one or two copies of the CCAN per CENP-A 193 

nucleosome (Allu et al., 2019; Weir et al., 2016). We reasoned that the size of the parBcles in 194 

our tomograms could disBnguish between these models. Recent structures of the in vitro 195 

reconsBtuted human inner kinetochore contain a single copy of the CCAN per CENP-A 196 

nucleosome (Fig. 3F, upper panel; S7B)(Yatskevich et al., 2022), but the equivalent structure of 197 
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the Saccharomyces cerevisiae inner kinetochore contains two copies of the CCAN complex 198 

flanking a single CENP-A nucleosome (Fig. 3F, lower panel; S7B)(Dendooven et al., 2023). To 199 

disBnguish between models with one versus two copies of the CCAN per parBcle, we compared 200 

the shapes of these two inner kinetochore structures to our subtomogram average (Fig. 3E,F, 201 

S7B) as well as to individual parBcles from our tomograms (Fig. 3B). We found that the structure 202 

containing two copies of the CCAN is too large to be consistent with the kinetochore parBcles 203 

visualized in our tomograms, whereas a single copy of the CCAN is a closer match in size and 204 

shape (Fig. 3F, S7B). Therefore, our cryo-ET studies indicate that the repeaBng unit of the 205 

human inner kinetochore is a single copy of the CCAN complex associated with a CENP-A 206 

nucleosome.   207 

In addiBon to the individual inner kinetochore parBcles, larger globular densiBes are also 208 

observed (Figs. 1D and 3G). These larger densiBes were also found to contain nucleosomes and 209 

the number of nucleosomes scales linearly with the volume of the density (Fig. 3G), suggesBng 210 

that these larger parBcles represent higher-order packing of inner kinetochore complexes into 211 

mulBmers. These mulBmers vary from close associaBon of two complexes (Fig. S6C) to much 212 

larger mulBmers containing up to 6 nucleosomes (Fig. 3H, S6D). We note that the vast majority 213 

of inner kinetochore complexes are monomeric (Fig. 3G), but along with the relaBvely rare 214 

mulBmer assemblies of nucleosome-harboring inner kinetochore complexes, they represent the 215 

major structured element of the inner kinetochore that can be visualized via cryo-ET.  216 

 217 

Architectural role for CENP-C 218 
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 The chromaBn clearing around the CCAN complexes that helps to separate the inner 219 

kinetochore from bulk chromaBn was an unexpected finding in our tomograms. We predicted 220 

that the CCAN component CENP-C would contribute to this architecture since it resembles a 221 

molecular “scaffold” (Carroll et al., 2010; Klare et al., 2015; Tanaka et al., 2009). More 222 

specifically, CENP-C is an elongated protein which binds many kinetochore components (Carroll 223 

et al., 2010; Klare et al., 2015; Tanaka et al., 2009), dimerizes through its C-terminal domain 224 

(Cohen et al., 2008; Hara et al., 2023; Trazzi et al., 2009), binds a second nucleosome (Klare et 225 

al., 2015; Hara et al., 2023; Ali-Ahmad et al., 2019; Kato et al., 2013; Walstein et al., 2021), and 226 

maintains the integrity of centromeric chromaBn upon physical stretching (Ribeiro et al., 2010). 227 

These properBes could allow CENP-C to organize not only individual CCAN complexes but also 228 

the kinetochore as a whole. To test the effects of acute CENP-C removal, we employed a DLD-1 229 

cell line derivaBve in which CENP-C is biallelically tagged with eYFP and an auxin inducible 230 

degron (AID) tag (Fig. 4A)(Fachines et al., 2015; Guo et al., 2017; Hoffmann et al., 2016). In this 231 

cell line, addiBon of the syntheBc auxin indole-3-aceBc acid (IAA) leads to rapid degradaBon of 232 

CENP-C to undetectable levels within 30 minutes (Guo et al., 2017). We isolated chromosomes 233 

from this cell line and collected cryo-ET data as before, with and without the addiBon of IAA for 234 

an hour prior to chromosome isolaBon (Fig. 4B). To detect kinetochores for CLEM on purified 235 

chromosomes where CENP-C-eYFP is removed, we used fluorescent anBbody labeling of CENP-A 236 

during the chromosome purificaBon protocol (Fig. 4B). In tomograms collected auer 237 

degradaBon of CENP-C (Fig. 4B, lower panel; 4D, S8A), but not in those collected without CENP-238 

C degradaBon (Fig. 4B, upper panel; 4C, S8B), we noted a pa_ern of disrupBon to kinetochore 239 

architecture with a spectrum of severity (Fig. 4D,E, S8A). Although some kinetochores retained 240 
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the normal chromaBn architecture of disBnct kinetochore complexes within a chromaBn 241 

clearing, consistent with the resiliency of the kinetochore complex against disrupBons 242 

(Hoffmann et al., 2016), the majority of tomograms showed a parBal or total loss of this 243 

architecture (Fig. 4D,E). In many cases, the chromaBn clearing is lost, with individual 244 

kinetochore complexes sBll idenBfiable but with greatly reduced separaBon between adjacent 245 

kinetochore complexes and between the kinetochore complexes and the surrounding chromaBn 246 

(Fig. 4D, leu panel). In other cases, we observed a more severe phenotype in which kinetochore 247 

architecture is greatly perturbed. The kinetochore can sBll be idenBfied as a region which differs 248 

from surrounding chromaBn, but the individual kinetochore complexes are indisBnct, and the 249 

boundaries between the kinetochore and surrounding chromaBn are poorly defined (Fig. 4D, 250 

right panel; Video S4). These experiments provide evidence that CENP-C contributes to 251 

organizing the architecture of the kinetochore and specifically to the disBncBve chromaBn 252 

clearing around kinetochore complexes revealed by our cryo-ET data. 253 

 254 

CENP-N supports CCAN integrity, not chroma-n clearings 255 

 If the nature of CENP-C is required for chromaBn clearing at the kinetochore (Carroll et 256 

al., 2010; Klare et al., 2015; Tanaka et al., 2009), then manipulaBons that retain CENP-C but 257 

disrupt the CCAN are predicted to leave the clearings intact. CENP-N is a central component of 258 

the CCAN (PesenB et al., 2022; Tian et al., 2022; Yatskevich et al., 2022; Allu et al., 2019; Carroll 259 

et al., 2010; McKinley et al., 2015), and, importantly, its degradaBon in mitosis destabilizes 260 

other CCAN components without impacBng CENP-C localizaBon (McKinley et al., 2015)(Fig. 261 

S9A). We isolated chromosomes from a cell line expressing CENP-N-eGFP-AID under these 262 
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condiBons (Fig. 5A,B) and used fluorescent anBbody labeling of CENP-C (Basse_ et al., 2010) 263 

during the chromosome purificaBon protocol to detect kinetochores for CLEM on purified 264 

chromosomes where CENP-N-eGFP is removed (Fig. 5B). In tomograms collected auer 265 

degradaBon of CENP-N, we observed a striking decrease in the size of the kinetochore 266 

complexes (Fig. 5C-I, S9B,C, Video S5) which include closely associated nucleosomes (Fig. 5F-H). 267 

We quanBfied the volumes of these smaller densiBes, as in Fig. 3G, and found them to be ~30% 268 

the size of the naBve inner kinetochore complexes (Fig. 5I). This magnitude of this decrease in 269 

volume, coupled with the conBnued presence of nucleosomes in these densiBes, lead us to 270 

conclude that the smaller densiBes are most consistent with a CENP-A nucleosome bound to 271 

CENP-C. This conclusion is in agreement with previous work demonstraBng that other CCAN 272 

components are lost auer mitoBc degradaBon of CENP-N (McKinley et al., 2015). Since CENP-C 273 

directly interacts with outer kinetochore complexes (Malvezzi et al., 2013; Rago et al., 2015; 274 

Przewloka et al., 2011; Gascoigne et al., 2011; ScrepanB et al., 2011), the more proximal 275 

elements of the outer kinetochore likely also contribute to nearby residual density auer CENP-N 276 

depleBon. We note that other nearby density remaining auer CENP-N degradaBon is typically 277 

fibrillar in nature and not of the appearance of a nucleosome-associated complex (Fig. 5D, S9B, 278 

Video S5). Importantly, despite the evident perturbaBon of the inner kinetochore auer CENP-N 279 

degradaBon, the smaller kinetochore complexes remain surrounded by a disBnct chromaBn 280 

clearing (Fig. 5D-J, S9B, Video S5), suggesBng that the loss of CENP-N perturbs the CCAN while 281 

leaving the chromaBn clearing architecture of the kinetochore intact. Thus, while it is possible 282 

that CENP-C is assisted by other factors in organizing the centromere, the chromaBn clearings 283 

that disBnguish this part of the chromosome do not require an intact CCAN.  284 
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 285 

Visualizing the fibrous corona 286 

 Beyond the inner kinetochore, the other part of the kinetochore that is predicted to 287 

have dense protein structure is the fibrous corona (Brinkley and Stubblefield, 1966; Jokelainen, 288 

1967; Rieder, 1982). Whereas the inner kinetochore is thought to be relaBvely staBc in 289 

composiBon during mitosis, the fibrous corona is highly dynamic. The fibrous corona grows on 290 

the micron scale at kinetochores which are perpetually una_ached from the spindle (Jokelainen, 291 

1967; Kops and Gassmann, 2020). This growth is essenBal for generaBng a large microtubule 292 

binding surface to “rescue” the una_ached chromosomes as well as to amplify the spindle 293 

assembly checkpoint so that a single una_ached kinetochore can biochemically arrest the enBre 294 

cell prior to the metaphase-to-anaphase transiBon (McAinsh and Kops, 2023). Thus, we 295 

anBcipated that our cryo-ET experiments could clarify the architecture of this key structure. 296 

Indeed, in tomograms from our original dataset (Figs. 1-3; and noted, above, as being a retained 297 

feature auer CENP-N depleBon [Fig. 5D]), we observed the presence of short fibrous structures 298 

near the chromosome surface and in the vicinity of inner kinetochore complexes (Fig. 6A,B) 299 

which we hypothesized to be components of the fibrous corona. While relaBvely short, the 300 

fibrils are consistent in diameter with a key corona component, fibrils formed by the ROD-301 

Zwilch-ZW10 (RZZ) complex in associaBon with Spindly (Raisch et al., 2022).  302 

 If the fibrils we observed indeed represent the corona, then they should greatly expand 303 

when chromosomes are perpetually una_ached from the spindle. We next tested this 304 

predicBon. In our original preparaBons (Figs. 1-3), chromosomes experience only brief 305 

detachment from the mitoBc spindle and so lack a large corona (Fig. 7A, upper panel; 306 
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S10A)(Cooke et al., 1997). We modified our protocol to include prolonged treatment with the 307 

microtubule depolymerizer nocodazole such that chromosomes are persistently una_ached 308 

from spindle microtubules to increase the size of the corona (Fig. 7A, lower panel with CENP-E 309 

as the marker of corona expansion (Cooke et al., 1997); Fig. S10B). Consistent with our 310 

predicBon, we observed a marked expansion of the fibrous corona in tomograms collected at 311 

the kinetochores of chromosomes isolated auer prolonged spindle detachment. We observe 312 

interwoven fibrils forming an extended mesh-like structure on a micron scale (Fig. 7B,C, S10C, 313 

Video S6). While interwoven, the fibrils are largely aligned on their long axis (Fig. 7B,C, S10C), 314 

indicaBng that they do not typically intersect in a perpendicular manner (e.g., as in nuclear 315 

lamina fibers). Individual fibrils are about 15 nm in width (Fig. 7D) and are consistent in 316 

dimension and appearance with fibrils of RZZ-Spindly formed in vitro and imaged by negaBve-317 

stain electron microscopy (Fig. 7E)(Raisch et al., 2022). This supports the conclusion that RZZ-318 

Spindly fibers are the dominant structural component of the fibrous corona, and we noted that 319 

interspersed among the RZZ-Spindly fibrils are other densiBes likely represenBng the other 320 

proteinaceous components of the corona. We find that the RZZ-Spindly fibrils arc around the 321 

inner kinetochore forming a crescent shape. The fibrils either wrap around a single kinetochore 322 

on its outward aspect or take on a more extended form bridging two sister kinetochores (Fig. 7F, 323 

S10C), matching corona profiles seen in mitoBc cells (Fig. S10B). In its expanded state, individual 324 

RZZ-Spindly fibrils are not only longer in length, they also occasionally form larger “sheets”, 325 

appearing to be organized via lateral interacBons among individual fibrils (Fig. 7G). Indeed, the 326 

lateral interacBons appear central to generaBng a robust scaffold for the expanded fibrous 327 
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corona. Taken together, our experiments reveal the arrangement of the fibrous corona of the 328 

kinetochore in its naBve context on intact chromosomes.  329 

 330 

Discussion 331 

 Our cryo-ET studies reveal that the human kinetochore consists of clustered kinetochore 332 

complexes within disBncBve chromaBn clearings located at the chromosome surface. Two main 333 

structured features with clear densiBes emerge: the chromaBn-linked inner kinetochore and the 334 

fibrous outer kinetochore corona. The kinetochore complexes visualized in our tomograms are 335 

consistent with a single copy of the human CCAN associated with an octameric CENP-A 336 

nucleosome. We provide evidence that the CCAN directly dictates its spaBal delineaBon from 337 

the rest of the chromosome, as removing a key CCAN component, CENP-C, rapidly compromises 338 

the clearing that separates the inner kinetochore from nearby densely packed nucleosomes. In 339 

contrast, removing CENP-N causes reducBon in the size of the kinetochore complexes while 340 

retaining the chromaBn clearing. This structural foundaBon is required for downstream 341 

regulatory components (e.g., Bub1 kinase) and microtubule binding components (e.g., the 342 

Ndc80 complex) of the outer kinetochore that likely do not themselves directly contribute to 343 

the overall architecture. Cryo-ET also permi_ed visualizaBon of the fibrous structures of the 344 

corona and its expansion on the surface of mitoBc chromosomes upon prolonged spindle 345 

detachment.  346 

 These findings establish an updated architectural model of the human kinetochore (Fig. 347 

8). Individual CCAN complexes are closely associated with a CENP-A-containing nucleosome. On 348 

the linear DNA, these CCAN complexes are ouen separated by linker DNA and a single 349 
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nucleosome that is not directly associated with the CCAN. In three dimensions, however, the 350 

CCAN complexes come close together but exhibit striking spaBal separaBon from the densely 351 

packed convenBonal chromaBn that comprises the rest of the mitoBc chromosome. The 352 

necessity of CENP-C in preserving this spaBal separaBon aligns with earlier proposals suggesBng 353 

its importance in kinetochore maintenance (Hara et al., 2023; Klare et al., 2015; Walstein et al., 354 

2021), yet it is certainly not the only component of the kinetochore that may support the 355 

overall architecture. In our model, CENP-C links CCAN complexes to nucleosomes both inside 356 

and outside the chromaBn clearing (Fig. 8) forming a web of inter-connecBons which hold 357 

together the kinetochore as a disBnct domain within mitoBc chromaBn. 358 

 When a chromosome experiences prolonged detachment from the mitoBc spindle, ouen 359 

occurring when a chromosome is not immediately a_ached to the spindle early in 360 

prometaphase and is parBBoned in the cell enBrely outside of the mitoBc spindle (diagram in 361 

Fig. 8, right panel), the kinetochore is augmented by expansion of the fibrous corona (Fig. 8, 362 

right panel). The structural building blocks of the corona as visualized in our tomograms are 363 

likely RZZ-Spindly fibrils which form an extended meshwork. While there is regularity to the 364 

fibrous structure and a colinear arrangement of fibrils, the length of the individual fibrils is 365 

diverse, even within an individual kinetochore. Our tomograms reveal many unforeseen details 366 

of the organizaBon of the fibrous corona, including how the fibrils interweave to form a 367 

crescent-shaped meshwork which arcs around the inner kinetochore forming a robust scaffold 368 

for binding of other corona components. There are strong biochemical and cell biological data 369 

that the RZZ-Spindly fibrous meshwork assembles high levels of components that capture 370 

spindle microtubules (e.g., CENP-E) and spindle assembly checkpoint acBvaBon (e.g., Mad2) 371 
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(Kops and Gassmann, 2020). The crescent-like organizaBon of these fibrils and their orientaBon 372 

tangenBal to the underlying chromaBn and inner kinetochore as visualized in our tomograms 373 

contrasts with the radially oriented fibrous densiBes originally dubbed the fibrous corona from 374 

tradiBonal EM images (Jokelainen, 1967). Our results suggest that these radially-oriented 375 

densiBes are instead the other components of the fibrous corona which dock on the RZZ-376 

Spindly scaffold, observaBons which agree with recent models for corona organizaBon (Kops 377 

and Gassmann, 2020). Thus, the tangenBally-oriented RZZ-Spindly fibrils are more consistent 378 

with the “outer kinetochore plate” seen by tradiBonal EM, which many decades ago was shown 379 

to expand with the corona and be composed of 10-20 nm fibrous domains oriented 380 

parallel/tangenBal to the underlying chromaBn (Brinkley and Stubblefield, 1966; McEwen et al., 381 

1993). The narrow, elongated complexes of the outer kinetochore, then, would connect these 382 

RZZ-Spindly fibrils to the inner kinetochore, consistent with the less-structured, electron-383 

translucent region between the inner and outer kinetochore plates seen by tradiBonal EM. 384 

 The three-dimensional visualizaBon of the kinetochore we present here complements 385 

recent one-dimensional DNA maps of the chromaBn landscape of the centromere locus 386 

(Altemose et al., 2022b; a; Dubocanin et al., 2023; Gershman et al., 2022; Logsdon et al., 2021; 387 

Miga et al., 2020). Areas of CENP-A occupancy coincide with regions of reduced CpG 388 

methylaBon termed centromere dip regions (Altemose et al., 2022a; b; Gershman et al., 2022; 389 

Logsdon et al., 2021; Miga et al., 2020), and Fiber-Seq of centromeres revealed these same 390 

regions to be highly physically accessible, forming the most accessible chromaBn domain in the 391 

human genome (Dubocanin et al., 2023). These DNA sequencing-based results align remarkably 392 

well with our findings where tomograms show kinetochore complexes clustered within a 393 
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disBnct clearing space composed of open chromaBn. Sequencing maps of human centromeres 394 

have also shown that CENP-A occupancy is highly variable in both magnitude and distribuBon, 395 

not only among individuals but also among chromosomes within an individual (Altemose et al., 396 

2022a; Gershman et al., 2022; Logsdon et al., 2024). This a_ribute is also reflected in our 397 

tomograms where we observe kinetochores of varied size and with varied distribuBon of 398 

kinetochore complexes. Specifically, the finding that CENP-A occupancy is ouen split between 399 

mulBple regions within a single centromere (Altemose et al., 2022a; Dubocanin et al., 2023; 400 

Gershman et al., 2022; Logsdon et al., 2024; Sacristan et al., 2022) is consistent with our own 401 

observaBon that some kinetochores are comprised of a single chromaBn clearing whereas 402 

others are comprised of 2-3 clearings. Each of the clearings likely corresponds to a region on the 403 

linear DNA sequence with a high local density of CENP-A nucleosomes. How such apparent 404 

flexibility in the locaBon of kinetochore-forming centromeric chromaBn on the linear DNA could 405 

coincide with the faithful segregaBon of every chromosome during every cell division has 406 

remained a largely unanswered quesBon. We conclude that a high local density of CENP-A 407 

nucleosomes leads to the formaBon of a higher-order structure capable of differenBaBng itself 408 

from the rest of the chromosome. Too sparse spacing of CENP-A nucleosomes on the linear DNA 409 

would prevent the local clustering of inner kinetochore complexes and minimize the ability to 410 

form disBnct chromaBn clearings. With sufficient density, a robust inner kinetochore is formed, 411 

leading to the formaBon of a structure that readily captures spindle microtubules and signals 412 

when they are not a_ached.   413 

 VisualizaBon of macromolecular assemblies in situ has long provided the context to 414 

understand biochemical funcBon, and the architecture of the kinetochore on mitoBc 415 
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chromosomes that we describe advances models to explain how chromosomes are faithfully 416 

inherited at cell division. We lastly note that our approach necessitated the development of a 417 

procedure to robustly target a chromaBn domain that represents ~0.03% of a typical 418 

chromosome. Thus, we anBcipate that our approach could be adapted to targeBng and imaging 419 

chromaBn domains at other chromosome locaBons that are involved in other funcBonal 420 

processes, such as those related to genome stability or gene expression. 421 
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Materials and Methods 449 

GeneraBon of DLD-1 TIR1 CENP-A-rsEGFP2 cell line: 450 

The repair template for generaBon of the DLD-1 TIR1 CENP-A-rsEGFP2 cell line was 451 

constructed using the NEBuilder HIFI DNA Assembly Master Mix. Intronless CENP-A and the 452 

CENP-A 5’ UTR and 3’ UTR regions in pUC19 backbone were used from a previous EGFP-AID-453 

CENP-A construct (Fachines et al., 2017). rsEGFP2 (Grotjohann et al., 2012) was ordered as a 454 

gBlock gene fragment (IDT). sgRNAs designed to target the 5ʹ and 3ʹ ends of the endogenous 455 

CENP-A gene were used in plasmids consisBng of annealed oligos ligated into pX330, which 456 

contains Cas9(Ran et al., 2013). For the 5ʹ sgRNA, the following oligos were annealed: 5ʹ-457 

CACCGgtgtcatgggcccgcgccgc -3ʹ and 5ʹ-AAACgcggcgcgggcccatgacacC -3ʹ. For the 3ʹ sgRNA, the 458 

following oligos were annealed: 5ʹ-CACCGcaactggcccggaggatccg-3ʹ and 5ʹ-459 

AAACcggatcctccgggccag_gC-3ʹ. All plasmids were verified by sequencing. The CENP-A-rsEGFP2 460 

repair template and sgRNA/Cas9 plasmids were co-transfected in a 9:1 raBo into DLD-1 TIR1 461 

cells (Holland et al., 2012), a kind giu from D. Cleveland (UCSD), using Lipofectamine 2000 462 

(Invitrogen). Transfected cells were screened by FACS for green fluorescence and sorted into 463 

single cells to generate monoclonal cell lines. A monoclonal line with biallelic CENP-A-rsEGFP2 464 

was used for further work.  465 

 466 

IsolaBon of mitoBc chromosomes: 467 

DLD-1 CENP-A-rsEGFP2 cells and DLD-1 CENP-C-AID-eYFP cells (Fachines et al., 2015) (a 468 

kind giu from D. Cleveland (UCSD) and D. Fachines (InsBtut Curie)) were cultured in Dulbecco’s 469 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml 470 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.26.591177doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.26.591177
http://creativecommons.org/licenses/by-nc-nd/4.0/


penicillin, and 100 µg/ml streptomycin, maintained at 37° C and 5% CO2. Cells were arrested in 471 

mitosis by treatment with 50 µM S-trityl-L-cysteine (STLC) for 16 hours. 100 ng/mL nocodazole 472 

was added for the final 30 minutes of STLC treatment to depolymerize spindle microtubules. 473 

MitoBc cells were selecBvely harvested by mitoBc blow-off, pelleted (600 X g, 5 min), and then 474 

allowed to swell for 10 min at room temperature in a soluBon of 5 mM PIPES pH 7.2, 10 mM 475 

NaCl, 5 mM MgCl2, 0.5 mM EGTA, and 2 mM EDTA. Cells were collected by centrifugaBon (600 X 476 

g, 5 min) and then resuspended in lysis buffer (5 mM PIPES pH 7.2, 10 mM NaCl, 5 mM MgCl2, 477 

0.5 mM EGTA, 2 mM EDTA, 0.5 mM spermine, 1 mM spermidine, 10 mM NaF, 1 mM sodium 478 

orthovanadate, 1 mM PMSF, 0.0025 mg/mL leupepBn, 0.0025 mg/mL pepstaBn, and 0.1% w/v 479 

digitonin) and lysed by 20 gentle strokes of a loose-fisng pestle. A cut pipet Bp was used at this 480 

and all following steps to avoid chromosome shearing. The lysate was cleared by centrifugaBon 481 

(900 X g, 2 min), the concentraBon of NaCl increased to 100 mM, and the cleared lysate loaded 482 

onto a disconBnuous sucrose gradient with 15%, 50%, and 80% (w/v) sucrose layers prepared in 483 

a buffer idenBcal to the lysis buffer except 100 mM NaCl. The sucrose gradient was centrifuged 484 

at 5,000 X g for 15 min. Isolated chromosomes were removed from the 50%-80% interface, 485 

washed twice to remove sucrose (2,900 X g, 15 min), and then resuspended in 30 µL of the 486 

same buffer except without digitonin. Finally, the soluBon of isolated chromosomes was 487 

dialyzed into final chromosome buffer (5 mM PIPES pH 7.2, 50 mM NaCl, and 0.01% NP40) for 4 488 

hours at room temperature. To image kinetochores under more-condensed chromaBn 489 

condiBons, chromosomes were isolated as above but dialyzed into a final buffer of: 5 mM PIPES 490 

pH 7.2, 50 mM NaCl, 0.25 mM MgCl2 and 0.01% NP40. For the CENP-C degradaBon experiment 491 

(CENP-C-AID-eYFP cell line (Fachines et al., 2015), +IAA condiBon), indole-3-aceBc acid 492 
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(IAA)(Sigma) was added at a final concentraBon of 500 µM for the final 1 hour of the mitoBc 493 

arrest treatment to induce the degradaBon of CENP-C-AID-eYFP. Mouse anB-CENP-A 494 

monoclonal anBbody (Enzo ADI-KAM-CC006-E; 1:1000) was added to the cleared lysate prior to 495 

running the sucrose gradient, and then cy5-conjugated Donkey anB-Mouse IgG (Jackson 496 

ImmunoResearch Laboratories #715-175-151; 1:200) was added to chromosomes auer 497 

extracBon from the sucrose gradient with unbound anBbody removed by washing. For 498 

consistency, this anBbody labeling was also used in the -IAA condiBon in which CENP-C-eYFP 499 

fluorescence is retained. For expansion of the fibrous corona, mitoBc chromosomes were 500 

isolated from CENP-A-rsEGFP2 cells as described above except that the cells were arrested in 501 

mitosis using 100 ng/mL nocodazole alone for 16 hours. DLD-1 CENP-N-eGFP-AID cells (a kind 502 

giu from I. Cheeseman (MIT)) were cultured as described above for the other DLD-1 cell lines. 503 

For the CENP-N degradaBon experiment, cells were synchronized by single 2 mM thymidine 504 

block for 16 hours, released in 24 µM deoxycyBdine for 5 hours, then arrested in mitosis with 50 505 

µM S-trityl-L-cysteine (STLC) for 17 hours. 100 ng/mL nocodazole was added for the final 30 506 

minutes of STLC treatment to depolymerize spindle microtubules. In the CENP-N degradaBon 507 

condiBon (+IAA condiBon), indole-3-aceBc acid (IAA)(Sigma) was added at a final concentraBon 508 

of 500 µM for the final 12 hours of the mitoBc arrest treatment to induce the degradaBon of 509 

CENP-N-eGFP-AID. Rabbit anB-CENP-C polyclonal anBbody(Basse_ et al., 2010) (1 µg/mL) was 510 

added to the cleared lysate prior to running the sucrose gradient, and then cy3-conjugated Goat 511 

anB-Rabbit IgG (Jackson ImmunoResearch Laboratories #111-165-144; 1:200) was added to 512 

chromosomes auer extracBon from the sucrose gradient with unbound anBbody removed by 513 
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washing. For consistency, this anBbody labeling was also used in the -IAA condiBon in which 514 

CENP-N-eGFP fluorescence is retained.  515 

 516 

Cryo-ET grid preparaBon  517 

A small porBon of the isolated chromosomes was stained with DAPI and imaged in 518 

soluBon on a glass bo_om dish with an inverted fluorescence microscope (Leica DMi8 or Leica 519 

DMI6000B, both with Leica DFC9000GT camera) to assess yield and check for retained 520 

chromosome morphology and kinetochore fluorescence. The remaining chromosome soluBon 521 

was then mixed with 200 nm diameter Tetraspeck beads (ThermoFisher ScienBfic) for CLEM and 522 

10 nm colloidal gold fiducials (Ted Pella) for Blt-series alignment in tomogram reconstrucBon. 3 523 

μL of chromosome soluBon was applied onto QuanBfoil 200 mesh gold or copper R 2/2 extra 524 

thick carbon London Finder EM grids (Electron Microscopy Sciences). Excess liquid was blo_ed 525 

from the back (non-sample) side of the grid using Whatman filter paper #1. The grids were then 526 

plunge frozen into a liquid ethane/propane mixture using an EM GP2 plunge freezer (Leica 527 

Microsystems). Frozen grids were loaded into autogrid c-clip rings (ThermoFisher ScienBfic) and 528 

stored in liquid N2 for all subsequent steps. 529 

 530 

CorrelaBve light and electron microscopy (CLEM) 531 

EM grids were imaged by cryo-confocal microscopy on the Zeiss LSM900 Airyscan 2 with 532 

Quorum PP3010Z cryo-stage. Z-stacks were acquired on grid squares containing isolated 533 

chromosomes and maximum intensity projecBons generated. For the CENP-A-rsEGFP2 cell line, 534 

the equilibrium fluorescence of rsEGFP2 was used (without photoswitching) since this proved 535 
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sufficient in brightness and localizaBon accuracy for CLEM. Next, grids were transferred to a 536 

Thermo Fisher Titan Krios G3i 300 keV field emission cryo-transmission electron microscope 537 

with a K3 direct electron detector (Gatan Inc.). Imaging was performed using SerialEM 538 

(Mastronarde, 2005). ProjecBon images of areas containing chromosomes were collected at 539 

1,550x magnificaBon with -50 μm defocus. The locaBons of 200 nm diameter Tetraspeck beads 540 

were marked in these images as well as in cryo-confocal images of the same regions, and then 541 

registraBon of the two coordinate systems was carried out in SerialEM (Mastronarde, 2005). 542 

CENP-A fluorescent foci were marked in confocal images and the corresponding posiBons in 543 

electron microscopy images were then targeted for cryo-ET data collecBon. This correlaBon was 544 

iteraBvely refined through a stepwise increase in magnificaBon (correcBng for small offsets 545 

between magnificaBons) up to a final magnificaBon of 42,000x. Auer data acquisiBon, this 546 

correlaBon in SerialEM was revisited and refined to correct any small errors during iniBal on-547 

the-fly correlaBon and data collecBon. The locaBon of the center of the collected Blt-series 548 

relaBve to the targeted point was then used to generate overlays of cryo-confocal images with 549 

final tomogram slices. 550 

 551 

Cryo-ET data collecBon 552 

Cryo-electron tomography (cryo-ET) was performed on a Thermo Fisher Titan Krios G3i 553 

300 keV field emission cryo-transmission electron microscope with a K3 direct electron detector 554 

(Gatan Inc.), Volta phase plate (Danev et al., 2014), and an energy filter (slit width 20 eV at 555 

42,000x, Gatan Inc.). Imaging was performed using SerialEM (Mastronarde, 2005). Target 556 

regions were iniBally assessed at lower magnificaBons and CLEM performed as described above. 557 
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Cryo-ET data collecBon was performed at a nominal magnificaBon of 42,000x (corresponding to 558 

a pixel size of 2.138 Å). Tilt-series were collected in a dose-symmetric scheme with a range of -559 

60° to +60° in 2° increments using the Volta phase plate and a defocus of -0.5 µm (Danev et al., 560 

2017). For the more-condensed chromaBn condiBon, the Volta Phase plate was not used, and 561 

the defocus was -6 µm. Tilt-series were collected with a cumulaBve dose of around 130 e-/Å2. 562 

Data on the two condiBons using the CENP-C-AID-eYFP cell line (+/- IAA treatment) were 563 

collected sequenBally during a single session on the Titan Krios, as were the two condiBons 564 

using the CENP-N-eGFP-AID cell line (+/- IAA treatment). All other datasets were collected in 565 

individual sessions. 566 

 567 

Cryo-ET data processing and subtomogram averaging 568 

 Tilt-series were aligned using 10 nm colloidal gold as fiducial markers and reconstructed 569 

into tomograms using the IMOD souware package (Kremer et al., 1996). Tomogram 570 

reconstrucBon was carried out by weighted-back projecBon auer binning (bin4, voxel size 8.552 571 

Å) using 10 iteraBons of the simultaneous iteraBve reconstrucBon technique (SIRT)-like 572 

filter. Tomograms that failed to reconstruct, showed excessively low contrast, or contained 573 

evidence of DNA shearing were excluded from analysis. The number of usable tomograms in 574 

each dataset are: 20 tomograms in the original CENP-A-rsEGFP2 dataset (Fig. 1-3,6), 20 575 

tomograms for the CENP-C-AID-eYFP -IAA dataset (Fig. 4), 27 tomograms for CENP-C-AID-eYFP 576 

+IAA dataset (Fig. 4), 19 tomograms for CENP-N-eGFP-AID -IAA dataset (Fig. 5), 24 tomograms 577 

for CENP-N-eGFP-AID +IAA dataset (Fig. 5), and 21 tomograms for the CENP-A-rsEGFP2 dataset 578 

with expanded fibrous corona (Fig. 7). For subtomogram averaging of inner kinetochore (CCAN) 579 
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complexes, model points were placed in the center of individual kinetochore complex densiBes 580 

idenBfied by manual inspecBon, avoiding larger mulBmers or other nearby densiBes (corona 581 

fibrils, 10 nm fiducial beads, etc.). This yielded 141 parBcles from 9 tomograms. A more 582 

selecBve round of manual picking focused on the most clear and disBnct inner kinetochore 583 

parBcles; this specifically involved exclusion of parBcles very close to other kinetochore 584 

complexes or (most commonly) very close to other nucleosomes and yielded 29 parBcles. In 585 

both cases, subtomogram averaging was carried out in PEET (Heumann et al., 2011; Nicastro et 586 

al., 2006) on bin4 tomograms (voxel size 8.552 Å) with a box size of 46 X 46 X 46 voxels using 587 

mulBple iteraBons of rotaBonal and translaBonal searches. For subtomogram averaging of 588 

canonical nucleosomes, 190 parBcles were manually picked in regions away from kinetochore 589 

using IMOD. Each parBcle was manually pre-oriented (using the pa_ern of DNA gyres to 590 

determine nucleosome orientaBon) prior to subtomogram averaging and an iniBal average 591 

generated from pre-oriented parBcles was used as the iniBal reference for subtomogram 592 

averaging carried out as described above except with a box size of 20 X 20 X 20 voxels (voxel size 593 

8.552 Å). The final posiBons and orientaBons of nucleosome parBcles were then used to 594 

generate iniBal posiBons for further subtomogram averaging from bin2 tomograms (voxel size 595 

4.276 Å). The final posiBons and orientaBons of nucleosome parBcles from PEET at bin2 were 596 

then transferred into RELION 2 (Bharat and Scheres, 2016) for final 3D refinement and gold-597 

standard resoluBon esBmaBon by Fourier shell correlaBon. Note that parBcle idenBficaBon and 598 

automated parBcle picking were a_empted using 3D template matching methods for both inner 599 

kinetochore parBcles and canonical nucleosomes. However, we found this approach had 600 

unacceptably high false posiBve and false negaBve rates. We therefore concluded that, within 601 
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the limitaBons of currently available souware, 3D template matching is not suitable for 602 

unbiased idenBficaBon of parBcles in the complex and crowded chromaBn environment. 603 

 604 

Figure generaBon and modeling 605 

Tomograms were oriented in 3D using IMOD’s Slicer window to capture the desired slice 606 

of a tomogram or individual parBcle. 10 layers of voxels (a thickness of 8.5 nm) were averaged 607 

around the secBon of interest to enhance contrast. Manual segmentaBon of kinetochore 608 

features was carried out in IMOD and displayed in IMOD or ChimeraX (Pe_ersen et al., 2021) for 609 

presentaBon. Trajectory of corona fibrils in tomograms was determined by visualizaBon of the 610 

corona fibrils in tomograms and in lower magnificaBon images acquired during CLEM, where 611 

tracts of fibrils bridging sister kinetochore are visible extending beyond the field of view of the 612 

final tomogram. The outlines of kinetochore chromaBn clearings were segmented in IMOD for 613 

visualizaBon of kinetochore shape. Subtomogram averages and PDB structures were manually 614 

oriented and displayed in ChimeraX for presentaBon. Line plots were generated in ImageJ/FIJI 615 

(Schindelin et al., 2012) auer Gaussian filtering (s = 2.0) of the tomogram slice and plo_ed with 616 

Prism 9. 617 

 618 

QuanBficaBon of kineotochore architecture 619 

Analysis of 2D tomogram slices in ImageJ/FIJI (Schindelin et al., 2012) was used to 620 

quanBtaBvely compare kinetochore loci to surrounding chromaBn. Snapshots were acquired of 621 

single tomogram slices containing kinetochore loci at 1x magnificaBon in IMOD (Kremer et al., 622 

1996). In FIJI, each snapshot was cropped to 600 X 600 pixels2 surrounding the kinetochore 623 
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region, filtered with a Gaussian blur (s = 1.0), and then automaBcally thresholded using the 624 

“MaxEntropy” method to generate a binary image. A filter for small parBcles (50-250 pixels2) 625 

was applied to this binary image, and the region largely excluding such small parBcles (i.e., 626 

nucleosomes) was used to iniBally define the kinetochore region (chromaBn clearing). The 627 

boundary of the kinetochore region was manually refined and then this boundary was used to 628 

define the kinetochore vs. outside-kinetochore regions of the image. For both regions, parBcles 629 

above 50 pixels2 in area were analyzed to calculate parBcles per unit area and determine 630 

parBcle area (nm2). The NND plugin was used to calculate nearest neighbor distance between 631 

the centroids of parBcles within the selected region. For each tomogram slice, the parBcles per 632 

1000 nm2, average parBcle area (nm2), and average NND (nm) were calculated for both the 633 

kinetochore and outside-kinetochore regions. 5 non-sequenBal slices spaced through the 634 

kinetochore area of each of 10 tomograms were analyzed in this way (N=50). This analysis was 635 

carried out on 2D slices rather than 3D volumes because the missing wedge causes elongaBon 636 

of parBcles along the tomogram z-axis and so automated segmentaBon cannot disBnguish 637 

parBcles which are in a similar x-y posiBon but separated in z, leading to the creaBon of 638 

arBfactual “large parBcles” that extend through much of the z-thickness of the tomogram. This 639 

phenomenon adds an unacceptable degree of noise to any a_empts at 3D quanBficaBon. For all 640 

comparisons, a paired two-tailed t-test was used to compare kinetochore vs. outside-641 

kinetochore regions. Each kinetochore region was paired to the outside-kinetochore region 642 

from the same tomogram slice. DescripBve staBsBcs were also calculated. For quanBficaBon of 643 

the number of larger densiBes (complexes) per kinetochore, 10 representaBve tomograms were 644 

chosen from the parBally decondensed chromaBn and condensed chromaBn datasets. The 645 
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disBnct larger densiBes within the enBrety of the kinetochore clearing(s) were counted, with 646 

larger mulBmer densiBes being counted as a single parBcle. For the few tomograms in which 647 

part of the non-targeted sister kinetochore is visible within the field of view, only the targeted 648 

kinetochore was assessed. For assessment of kinetochore volume and sphericity, 5 649 

representaBve tomograms were chosen from each dataset, excluding any kinetochores with 650 

more than one chromaBn clearing or instances in which the kinetochore intersects with the 651 

edge of the tomogram. The boundary of the chromaBn clearing was manually segmented across 652 

mulBple XY tomogram slices and then interpolated in IMOD(Kremer et al., 1996). The volume 653 

and surface area of this segmentaBon were used to calculate sphericity. Unpaired t-tests were 654 

used to compare parBally decondensed chromaBn and condensed chromaBn condiBons for 655 

these data. For quanBficaBon of the volume of individual kinetochore complexes, complex 656 

densiBes were manually segmented, and their volume was assessed in IMOD. The number of 657 

clear nucleosomes (idenBfied by density corresponding to DNA gyres with characterisBc pa_ern 658 

of wrapping an octameric nucleosome) within each complex was then counted. The relaBonship 659 

between complex volume and nucleosome number was assessed by simple linear regression. 660 

All staBsBcal analysis was carried out in Prism 9. Data are presented as mean ± standard 661 

deviaBon (SD).  662 

 663 

Immunofluorescence 664 

DLD-1 cells were fixed in 4% paraformaldehyde for 10 min at room temperature, 665 

quenched with 100 mM Tris (pH 7.5) for 5 min, and then permeabilized using PBS with 0.1% 666 

Triton X-100. Coverslips were blocked in PBS supplemented with 2% fetal bovine serum, 2% 667 
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bovine serum albumin, and 0.1% Tween 20 before anBbody incubaBons. The following 668 

anBbodies were used, for CENP-A immunofluorescence: mouse anB-CENP-A mAb (Enzo ADI-669 

KAM-CC006-E; 1:1000) and cy5-conjugated Donkey anB-Mouse IgG (Jackson ImmunoResearch 670 

Laboratories #715-175-151; 1:200), for CENP-C immunofluorescence: rabbit anB-CENP-C 671 

polyclonal anBbody (Basse_ et al., 2010) (1 µg/mL) and cy3-conjugated Goat anB-Rabbit IgG 672 

(Jackson ImmunoResearch Laboratories #111-165-144, 1:200), for CENP-T immunofluorescence: 673 

rabbit anB-CENP-T polyclonal anBbody (Hori et al., 2008) (1 µg/mL), a kind giu from Iain 674 

Cheeseman (MIT), and cy3-conjugated Goat anB-Rabbit IgG (Jackson ImmunoResearch 675 

Laboratories #111-165-144; 1:200), and for CENP-E immunofluorescence: mouse anB-CENP-E 676 

mAb177 (Santa Cruz 47745; 1:100) and cy5-conjugated Donkey anB-Mouse IgG (Jackson 677 

ImmunoResearch Laboratories #715-175-151; 1:200). Coverslips were stained with DAPI before 678 

mounBng with VectaShield medium (Vector Laboratories). Z-stacks were acquired of cells and 679 

projected as a single 2D image by maximal intensity projecBon for presentaBon. For images of 680 

purified chromosomes, anBbody labeling was carried out during chromosome isolaBon as 681 

described above, the following anBbodies were used: for CENP-C: rabbit anB-CENP-C polyclonal 682 

anBbody (Basse_ et al., 2010) (1 µg/mL) and cy3-conjugated Goat anB-Rabbit IgG (Jackson 683 

ImmunoResearch Laboratories #111-165-144; 1:200), for Ndc80/Hec1: mouse anB-Hec1 684 

monoclonal anBbody (Abcam ab3613, 1:1000) and cy5-conjugated Donkey anB-Mouse IgG 685 

(Jackson ImmunoResearch Laboratories #715-175-151; 1:200). Chromosomes in soluBon were 686 

imaged on coverslips without fixaBon or mounBng medium. Images were captured on an 687 

inverted fluorescence microscope (Leica DMi8 or Leica DMI6000B, both with Leica DFC9000GT 688 

camera) and a 100x oil-immersion objecBve. Chromosomes labeled for CENP-C and Ndc80 were 689 
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also imaged frozen onto EM grids for visualizaBon and quanBficaBon of kinetochore 690 

fluorescence intensity. QuanBficaBon of fluorescence intensity relaBve to background was 691 

determined in ImageJ/FIJI (Schindelin et al., 2012) for each channel. Overlays of mulBple 692 

channels were assembled using ImageJ/FIJI.   693 
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Figure Legends: 964 

Figure 1: TargeBng and visualizing the chromaBn architecture of the kinetochore. 965 

A. SchemaBc of the experimental approach including mitoBc chromosome isolaBon, EM grid 966 

preparaBon, CLEM, and the incidence of chromaBn clearings in tomograms targeted to CENP-A 967 

fluorescence or to random locaBons on chromosome arms. An example tomogram acquired at a 968 

random locaBon on the chromosome arm is shown in Fig. S5B. B. Example of an isolated and 969 

parBally decondensed mitoBc chromosome with intact morphology and CENP-A fluorescence at 970 

sister kinetochores, imaged on a coverslip. Scale bar, 2 µm. C. Example of CLEM: two 971 

chromosomes on EM grids are shown by both cryogenic confocal microscopy (leu) and 972 

transmission electron microscopy (right). Yellow circles mark fluorescent beads. Green dashed 973 

circles highlight the locaBon of kinetochores in both modaliBes. Scale bars, 2 µm. D. Example 974 

tomogram slice showing kinetochore complexes within a chromaBn clearing located at the 975 

chromosome surface (leu, also see Fig. S2) and 3D model of the full locus (right). This tomogram 976 

was obtained from a different chromosome than those shown in (C) and the kinetochore is 977 

oriented such that the chromaBn surface is roughly parallel to the page, as depicted in the 978 

cartoon to the leu. In the model, the boundary of the chromaBn clearing is traced in red and 979 

kinetochore complexes are traced in cyan. Cyan inset shows an example kinetochore complex. 980 

Yellow inset shows a region of chromaBn outside the kinetochore with an overlay of 981 

nucleosome structures (PDB: 1KX3). Scale bars, 50 nm (insets 10 nm). E. Overlay of the model 982 

with other slices of the same tomogram. Scale bars, 50 nm. 983 

 984 
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Figure 2: The inner kinetochore consists of 20-25 nm parBcles in a clearing devoid of dense 985 

chromaBn. 986 

A. Line plots highlighBng the extent of clearing around complexes within kinetochore area. Leu: 987 

tomogram slice of an example kinetochore (from Fig. 1D) with the lines used to generate line 988 

plots through the kinetochore area (cyan) and surrounding chromaBn (yellow). Right: Line plots 989 

and cartoon representaBon of the density profile. Higher pixel intensity values represent darker 990 

pixels. Within the kinetochore region (cyan), larger densiBes (kinetochore parBcles) are 991 

punctuated by long stretches of empty space (clearing). In contrast, surrounding chromaBn 992 

consists of smaller, more Bghtly packed densiBes (nucleosomes) with only small spacing 993 

between parBcles. Line plots were generated auer Gaussian filtering (s = 2.0) of the tomogram 994 

slice. B. SchemaBc of the workflow used to quanBfy kinetochore architecture for (C-E). The 995 

overlay image highlights agreement between the automaBc filtering for small parBcles (e.g., 996 

nucleosomes) and the manually-refined kinetochore area. The kinetochore area contains mostly 997 

large parBcles (cyan) and relaBvely few small parBcles/nucleosomes (white). C-E. QuanBtaBve 998 

comparison of kinetochore versus nearby chromaBn. Data are presented as mean ± SD. C. 999 

ParBcles per 1000 nm2: 1.06 ± 0.18 vs. 1.81 ± 0.35 (N = 50, p < 0.0001, t = 17.73, df = 49). D. 1000 

Mean parBcle area (nm2): 154.9 ± 29.26 vs. 71.78 ± 9.10 (N = 50, p < 0.0001, t = 23.53, df = 49). 1001 

E. Mean parBcle nearest neighbor distance (nm): 20.77 ± 1.70 vs. 16.28 ± 1.16 (N = 50, p < 1002 

0.0001, t = 16.45, df = 49). F-H. QuanBtaBve comparison of kinetochores from parBally 1003 

decondensed chromaBn versus condensed chromaBn. F. Number of complexes per kinetochore: 1004 

30.30 ± 7.07 vs. 28.60 ± 8.53 (N = 10, p = 0.63, t = 0.49, df = 18). G. Kinetochore volume (106 1005 

nm3): 2.21 ± 0.56 vs. 1.66 ± 0.67 (N = 5, p = 0.19, t = 1.42, df = 8). H. Kinetochore sphericity: 1006 
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0.40 ± 0.04 vs. 0.44 ± 0.07 (N = 5, p = 0.31, t = 1.08, df = 8). Note that sphericity provides a 1007 

quanBtaBve assessment of 3D shape, but there is no assumpBon or expectaBon that a 1008 

kinetochore be spherical. 1009 

 1010 

Figure 3: Kinetochore complexes harbor closely associated nucleosomes and are typically 1011 

separated by a linker nucleosome. 1012 

A. Cartoon depicBng closer examinaBon of a kinetochore complex within a chromaBn clearing. 1013 

B. MulBple examples of individual kinetochore complexes seen in tomogram slices. Scale bars, 1014 

10 nm. C. An example kinetochore complex viewed from two angles. DensiBes corresponding to 1015 

the double gyres of an octameric nucleosome are visible embedded within the kinetochore 1016 

complex. Lower panels show overlay with nucleosome structure. D. Two examples of 1017 

connecBons observed between adjacent kinetochore complexes, annotated in lower panels. 1018 

Kinetochore complexes, or mulBmers thereof (right panel), are outlined in cyan, and yellow 1019 

dashed lines trace DNA strands. E. Subtomogram average of kinetochore complexes 1020 

demonstrates the size and shape of individual inner kinetochore complexes. F. Comparison of 1021 

published structures of the reconsBtuted inner kinetochore from human and yeast (S. 1022 

cerevisiae) to kinetochore complexes in our tomograms. Leu: two published structures of the 1023 

inner kinetochore. In magenta is the human single CCAN with CENP-A nucleosome (Yatskevich 1024 

et al., 2022)(PDB: 7YWX). In green is the yeast (S. cerevisiae) inner kinetochore with two copies 1025 

of the CCAN flanking a CENP-A nucleosome (Dendooven et al., 2023)(PDB: 8OW1). Each 1026 

structure is shown within a 50 Å resoluBon envelope. Right: envelopes of the reconsBtuted 1027 

inner kinetochore structures overlaid with the subtomogram average of kinetochore complexes 1028 
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from our tomograms. G. Comparison of kinetochore parBcle volume versus number of 1029 

nucleosomes idenBfied within the density shows a linear relaBonship. The number of parBcles 1030 

for each nucleosome number is shown in parentheses (right). The few parBcles in which no 1031 

nucleosome is detected likely contain a nucleosome in an orientaBon that is unfavorable for 1032 

visualizaBon.  H. Example tomogram slice showing a larger mulBmer with one embedded 1033 

nucleosome clearly visible. The rough posiBons of the other 5 nucleosomes idenBfied within 1034 

this density (in other tomogram slices) are shown as parBally transparent in the overlay (right). 1035 

 1036 

Figure 4: Removal of CENP-C perturbs kinetochore architecture. 1037 

A. Diagram of the CENP-C-AID-eYFP cell line used for these experiments. B. SchemaBc of the 1038 

experimental approach. Cryo-confocal images are shown of example sister kinetochores from 1039 

each condiBon; images are overlay of green, far-red, and T-PMT channels. C. RepresentaBve 1040 

image showing normal kinetochore morphology (complexes within disBnct chromaBn clearing) 1041 

from CENP-C-AID-eYFP -IAA condiBon. Annotated in lower panel, showing the outline of 1042 

chromaBn clearing in red and kinetochore complexes in cyan. Note an edge of the underlying 1043 

carbon film grid is visible in the bo_om center of the image. Scale bars, 50 nm. D. 1044 

RepresentaBve images from CENP-C-AID-eYFP +IAA condiBon showing kinetochores with 1045 

reducBon or loss of chromaBn clearing (leu, orange), and total loss of disBnct architecture 1046 

(right, red). E. Incidence of each kinetochore morphology in three experimental condiBons: 1047 

CENP-A-rsEGFP2 (N=20, iniBal dataset), CENP-C-AID-eYFP -IAA (N=20), and CENP-C-AID-eYFP 1048 

+IAA (N=27).  1049 

 1050 
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Figure 5: Removal of CENP-N perturbs inner kinetochore but leaves chromaBn clearing intact. 1051 

A. Diagram of CENP-N-eGFP-AID cell line used for this experiment. B. SchemaBc of the 1052 

experimental approach. Cryo-confocal images are shown of example sister kinetochores from 1053 

each condiBon; images are overlay of green and red channels. C. RepresentaBve image showing 1054 

normal kinetochore morphology (complexes within disBnct chromaBn clearing) from CENP-N-1055 

eGFP-AID -IAA condiBon. Scale bar, 50 nm (Inset 20 nm). D. RepresentaBve image from CENP-N-1056 

eGFP-AID +IAA condiBon showing a kinetochore with kinetochore complexes that are notably 1057 

reduced in size (cyan inset) but with chromaBn clearing intact. Fibrous corona components are 1058 

retained in this condiBon (magenta inset) but appear disorganized. Scale bar, 50 nm (Insets 20 1059 

nm). E. Incidence of each kinetochore morphology in the two experimental condiBons: CENP-N-1060 

eGFP-AID -IAA (N = 19), CENP-N-eGFP-AID +IAA (N = 24). F. Cartoon depicBng closer examinaBon 1061 

of a reduced-size kinetochore complex within a chromaBn clearing. G. MulBple examples of 1062 

reduced-size individual kinetochore complexes seen in tomogram slices. Scale bar, 10 nm. H. An 1063 

example reduced-size kinetochore complex viewed from two angles. DensiBes corresponding to 1064 

the double gyres of an octameric nucleosome are visible embedded within the kinetochore 1065 

complex. Lower panel shows overlay with nucleosome structure. Scale bar, 10 nm. I. 1066 

QuanBficaBon of kinetochore parBcle volume in the two experimental condiBons, 1067 

demonstraBng that kinetochore parBcles are greatly reduced in volume auer CENP-N 1068 

degradaBon. ParBcle volume (103 nm3): 11.17 ± 3.52 vs. 3.41 ± 1.45 (N = 82, p < 0.0001, t = 1069 

12.71, df = 80) J. Line plots highlighBng the retained chromaBn clearing around the reduced-size 1070 

complexes within the kinetochore area. Leu: tomogram slice of an example kinetochore (from 1071 

Fig. 5D) with the lines used to generate line plots through the kinetochore area (cyan) and 1072 
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surrounding chromaBn (yellow). Right: Line plots and cartoon representaBon of the density 1073 

profile. Higher pixel intensity values represent darker pixels. Line plots were generated auer 1074 

Gaussian filtering (s = 2.0) of the tomogram slice. Scale bar, 50 nm. 1075 

 1076 

Figure 6: Corona fibrils observed near inner kinetochore complexes. 1077 

A. Example tomogram slice showing kinetochore complexes in a chromaBn clearing (green 1078 

dashed outline) and a small fibrous corona (pink dashed outline). Scale bar, 50 nm. B. Inset of 1079 

the fibrous corona from (A) with tracing of the corona fibrils visible in this tomogram slice 1080 

(upper panel) and a model of the fibrils present in the full tomogram volume (lower panel). 1081 

Scale bar. 50 nm. 1082 

 1083 

Figure 7: The scaffold of the fibrous corona consists of parallel ~15 nm fibers that can extend >1 1084 

µm.  1085 

A. Diagram of CENP-A-rsEGFP2 cell line used for this experiment and simplified schemaBc of the 1086 

experimental approach. Upper panel shows original protocol, lower panel shows prolonged 1087 

nocodazole treatment. Immunofluorescence images show occupancy of CENP-E, a corona 1088 

component, at kinetochores under both condiBons. B. Example tomogram slice from a 1089 

chromosome isolated auer prolonged nocodazole treatment showing kinetochore complexes in 1090 

two chromaBn clearings (green dashed outlines) and a large fibrous corona extending ~1 µm in 1091 

length (pink dashed outline). Scale bar, 50 nm. C. Inset of the fibrous corona from (B) with 1092 

tracing of the corona fibrils visible in this tomogram slice (upper panel) and a model of the 1093 

fibrils present in the full tomogram volume (lower panel). Scale bar, 50 nm. D. Two examples of 1094 
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corona fibrils in tomogram slices from chromosomes isolated auer prolonged nocodazole 1095 

treatment. Scale bar, 20 nm. E. For comparison, a negaBve-stain electron microscopy image of 1096 

in vitro formed fibril of RZZ-GFP with farnesylated Spindly (BioImage Archive: S-BIAD364)(Raisch 1097 

et al., 2022) which is consistent in dimension and appearance with the fibrils visualized in our 1098 

tomograms (D). Scale bar, 20 nm. F. Cryo-confocal image of the chromosome imaged in (B) with 1099 

the field of view from (B) outlined in white (leu). Right: depicBon of the trajectory of the corona 1100 

fibrils shown in (B,C) beyond the tomogram field of view, bridging over to the other sister 1101 

kinetochore. G. Inset from (B) showing the formaBon of sheet-like structures from apparent 1102 

lateral interacBons among corona fibrils. Scale bar, 20 nm.  1103 

 1104 

Figure 8: Models to describe the molecular architecture of human kinetochores. 1105 

The inner kinetochore is clearly disBnguished from bulk mitoBc chromaBn by CCAN complexes 1106 

on the surface of the chromosome in a clearing devoid of dense chromaBn. Early in mitosis or 1107 

upon a_achment to the mitoBc spindle, the kinetochore lacks the corona. This arrangement is 1108 

illustrated by the molecular model on the leu. Note that we include illustraBon of the flexible 1109 

mitoBc couplers of the outer kinetochore, even though they are not readily disBnguishable in 1110 

our tomograms. If a chromosome does not readily a_ach and becomes trapped in a posiBon 1111 

where rapid a_achment does not occur (or upon long-term spindle perturbaBon), the corona 1112 

grows as part of a mitoBc rescue mechanism. This arrangement is illustrated in the molecular 1113 

model on the right. See text for details. 1114 

 1115 

Figure S1: CENP-A-rsEGFP2 cells and isolated chromosomes. 1116 
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A. Diagram of the generaBon of DLD-1 CENP-A-rsEGFP2 cell line. B. Example fluorescence 1117 

images of DLD-1 CENP-A-rsEGFP2 cell line, showing representaBve interphase (upper panels) 1118 

and metaphase (lower panels) cells. Scale bars, 5 µm. C. Cryo-confocal images showing 1119 

centromeric fluorescence from iniBal isolated chromosomes (fully condensed, immediately auer 1120 

isolaBon from the cell) and final, parBally decondensed chromosomes (such as those used for 1121 

cryo-ET data collecBon) from CENP-A-rsEGFP2 cell line (frozen on EM grids: in the absence of 1122 

DAPI staining, chromosomes were idenBfied by their shape in T-PMT channel). The 1123 

chromosomes are labeled by immunofluorescence for CENP-C and Ndc80 (Hec1). Both CENP-C, 1124 

an inner kinetochore component, and Ndc80, an outer kinetochore component, are retained on 1125 

isolated chromosomes and co-localize with CENP-A. Scale bar, 2 µm. D. QuanBtaBve comparison 1126 

of CENP-C and Ndc80 fluorescence intensity on iniBal isolated chromosomes and final parBally 1127 

decondensed chromosomes as in (C) measured on chromosomes frozen on EM grids. Data is 1128 

represented as raBo of CENP-C or Ndc80 fluorescence to CENP-A fluorescence at the same 1129 

centromere. These data show that inner and outer kinetochore components are quanBtaBvely 1130 

retained at the kinetochore during isolated chromosome preparaBon and decondensaBon. 1131 

 1132 

Figure S2: Kinetochores are located at the chromosome surface. 1133 

A. A series of x-y slices from the tomogram shown in Figure 1D-E showing that the kinetochore 1134 

is located at the surface of the chromosome. Slices are separated in the z-axis by about 8.5 nm 1135 

and traverse from vitreous ice above the chromosome surface through the full kinetochore area 1136 

and finish in a region of ordinary mitoBc chromaBn past the kinetochore. The chromaBn 1137 

clearing is outlined in red. For further details see Video S1. Note that the carbon film, the edge 1138 
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of a hole in the film, and torn carbon fragments are visible in slices 65-175. Scale bars, 50 nm. B. 1139 

A side view (x-z plane) of the full tomographic volume from (A) overlaid with the segmentaBon 1140 

of the kinetochore area in red as in (A). This shows that the kinetochore is located at the 1141 

chromosome surface. The surfaces of the vitreous chromosome are shown with a yellow 1142 

dashed line. 1143 

 1144 

Figure S3: Tomograms targeted to CENP-A-rsEGFP2 fluorescence show consistent kinetochore 1145 

architecture. 1146 

A. An addiBonal example tomogram showing a kinetochore annotated as in Figure 1D-E. On the 1147 

leu is a tomogram slice showing kinetochore complexes within chromaBn clearings, in the 1148 

center is a 3D model of the full locus, and to the right is overlay of the model with other slices of 1149 

the same tomogram. This kinetochore is comprised of two chromaBn clearings which coalesce 1150 

at the surface of the chromosome (pink arrow). In the model, the boundaries of the chromaBn 1151 

clearings are traced in red and kinetochore complexes are traced in cyan. Cyan inset shows an 1152 

example kinetochore complex. Yellow inset shows a region of chromaBn outside the 1153 

kinetochore with an overlay of nucleosome structures (PDB: 1KX3). Scale bars, 50 nm (insets 10 1154 

nm). B-E. Examples of kinetochores seen in tomograms targeted to CENP-A-rsEGFP2 1155 

fluorescence, demonstraBng the accuracy of correlaBon and the consistent architecture of 1156 

kinetochores. In each case the “double dot” fluorescence pa_ern of a mitoBc chromosome is 1157 

shown and the kinetochore that was imaged is highlighted with a green box. A slice of the 1158 

resultant tomogram is overlaid with the fluorescent signal at that posiBon. The locaBon of the 1159 

kinetochore within the tomogram is shown by a red or blue dashed box and expanded in the 1160 
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inset. In all cases, we find the disBnct chromaBn architecture of the kinetochore in very close 1161 

proximity to the center of CENP-A fluorescence auer CLEM. The 3D locaBon of the kinetochore 1162 

within each tomogram is demonstrated with a side view of the tomogram. In these side views, 1163 

the kinetochore volume is outlined in red or blue and the edge of the vitrified chromaBn is 1164 

outlined in yellow. Scale bars, 50 nm. Several experiments tesBng immunogold labeling with 1165 

various diameters of gold beads were a_empted. Small beads (1.4 nm) conjugated with 1166 

fluorescent moieBes properly localized to kinetochores but these beads were too small to 1167 

clearly idenBfy in tomograms amongst DNA densiBes with similar molecular radii. Larger beads 1168 

did not properly label the kinetochore, likely due to their inability to penetrate near the surface 1169 

of chromosomes. C. Tomogram 4 captures parts of two sister kinetochores (the kinetochores of 1170 

sister chromaBds of a single chromosome) within the same tomogram. The targeted 1171 

kinetochore is shown in red and the other sister kinetochore (only a fracBon of which is 1172 

contained within the tomogram field of view) is shown in blue. The sister kinetochores are 1173 

located in separate chromaBn clearings but share the characterisBc architecture of the 1174 

kinetochore. The relaBve posiBoning of the two sister kinetochores in 3D can be seen in the x-z 1175 

side view of the tomogram. D-E. Tomograms 5 and 6 capture kinetochores in which the inter-1176 

kinetochore axis is parallel to the underlying EM grid and so the kinetochore is posiBoned in the 1177 

middle of the tomogram z-thickness (rather than at a surface), as shown in the x-z side view of 1178 

the tomograms. E. Tomogram 6 captures a kinetochore as well as one of the fluorescent beads 1179 

used for CLEM, in separate slices of the tomogram. Fluorescent overlay highlights the accuracy 1180 

of correlaBon between confocal and electron microscopy images. In slice #1, the CENP-A green 1181 
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fluorescence coincides with the kinetochore. In slice #2, the yellow fluorescence (represenBng 1182 

the bead which fluoresces in mulBple channels) is centered on the physical bead.  1183 

 1184 

Figure S4: Kinetochore chromaBn clearings are observed on heavily-condensed mitoBc 1185 

chromosomes, and some kinetochores contain more than one chromaBn clearing. 1186 

A-D. Example tomogram slices showing kinetochores from isolated chromosomes prepared 1187 

under condiBons of condensed chromaBn (see Methods). The kinetochore areas are expanded 1188 

in insets and outlined with red dashed lines. Tomogram slices are accompanied by side views of 1189 

the tomogram in which the kinetochore volume is outlined in red and the edge of the vitrified 1190 

chromaBn is outlined in yellow. Under these condiBons of more-compacted chromaBn, li_le to 1191 

no open space is visible between nucleosomes in surrounding chromaBn. However, chromaBn 1192 

clearings are sBll evident with open space surrounding larger inner kinetochore complexes. This 1193 

demonstrates that the chromaBn clearings seen in Figure 1 are not only found when there is 1194 

increased chromaBn decondensaBon, as in that preparaBon. A. This single kinetochore is 1195 

composed of two disBnct chromaBn clearings. B-D. The orientaBon of the kinetochore relaBve 1196 

to the chromosome edge more easily appreciated under condiBons of condensed chromaBn (in 1197 

which the chromosome is more rigid and thus more likely to lay with sister kinetochores parallel 1198 

to the underlying carbon film). B,C. Two examples of kinetochores from chromosomes oriented 1199 

with the inter-sister kinetochore axis roughly parallel to the underlying EM grid. In these cases, 1200 

a true “side view” of the kinetochore at the chromaBn surface is evident with the kinetochore 1201 

complexes seen at the edge of the chromaBn within an x-y tomogram slice. In tomograms with 1202 

similar orientaBons under condiBons of more decondensed chromaBn, the chromosome edge 1203 
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can be obscured by blosng of surrounding chromaBn around the kinetochore (Fig. S3D,E). D. 1204 

An example kinetochore from a chromosome slightly oblique relaBve to the underlying EM grid. 1205 

The kinetochore is seen proximal to the chromosome edge (lower right corner of tomogram) 1206 

but due to the chromosome orientaBon it sits at the “top” surface of the chromaBn in x-z side 1207 

views and is surrounded by ordinary mitoBc chromaBn in x-y slices. As in (B,C), this effect is 1208 

exaggerated under condiBons of increased chromaBn decondensaBon, which can obscure 1209 

kinetochore orientaBon relaBve to the chromosome edge. Note that 10 nm gold fiducial beads 1210 

are visible in panels B-D. Scale bars, 50 nm. 1211 

 1212 

Figure S5: Comparing kinetochores to surrounding chromaBn. 1213 

A. Data from Figure 2C-E expressed as raBo values between kinetochore area and surrounding 1214 

chromaBn. Mean ± SD: ParBcles per 1000 nm2: 0.60 ± 0.13. Mean parBcle area (nm2): 2.16 ± 1215 

0.34. Mean parBcle NND (nm): 1.28  ± 0.13. B. RepresentaBve slice of a tomogram captured at a 1216 

locaBon on the chromosome arm away from CENP-A fluorescence. Inset area shows 1217 

nucleosomes and DNA strands, paired with an overlay of the structure of an octameric 1218 

nucleosome (PDB: 1KX3). This tomogram shows the architecture of mitoBc chromaBn at all 1219 

chromosome locaBons away from CENP-A fluorescence imaged in this study and consists solely 1220 

of packed canonical nucleosomes. Scale bar, 50 nm (insets 10 nm) 1221 

 1222 

Figure S6: A nucleosome with two gyres of wrapped DNA is embedded in individual kinetochore 1223 

complexes and mulBmers thereof. 1224 
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A. Further examples of individual inner kinetochore complexes with clear density corresponding 1225 

to a nucleosome embedded within the complex, as in Figure 3C. For each parBcle, slice 2 shows 1226 

the parBcle rotated to an angle which allows visualizaBon of the DNA gyres wrapping the 1227 

nucleosome parBcle. In all cases, two DNA gyres are visualized, consistent with an octameric 1228 

nucleosome. Scale bars, 10 nm. B. Examples of individual kinetochore complexes with a 1229 

nucleosome embedded within the complex and a second nucleosome closely associated with 1230 

the complex. The second nucleosome likely represents the intervening nucleosome between 1231 

two kinetochore complexes. Yellow dashed lines separate the density of the kinetochore 1232 

complex from that of the second nearby nucleosome. Nearby nucleosomes such as these are a 1233 

major contributor to the visual heterogeneity of inner kinetochore complexes in tomograms. 1234 

C,D. Higher order packing of inner kinetochore complexes is observed in our tomograms which 1235 

provides a high density of binding sites for outer kinetochore elements. C. Example tomogram 1236 

slices showing two closely associated kinetochore complexes, both of which contain density 1237 

corresponding to a nucleosome. D. Tomogram slices showing a mulBmer of kinetochore 1238 

complexes (also shown in Fig. 3H). MulBple nucleosome densiBes are observed within this 1239 

larger mulBmer, and two examples are shown here.  1240 

 1241 

Figure S7: Subtomogram averaging of CCAN complexes and canonical nucleosomes. 1242 

A. SchemaBc of subtomogram averaging workflow used for CCAN complexes. An iniBal round of 1243 

manual parBcle picking idenBfied 141 parBcles from 9 tomograms which represented individual 1244 

kinetochore parBcles (i.e., avoiding mulBmers) and were suitable for subtomogram averaging 1245 

(i.e., not near the tomogram edge, not near 10 nm gold fiducial beads). A second round of 1246 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.26.591177doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.26.591177
http://creativecommons.org/licenses/by-nc-nd/4.0/


manual parBcle picking was more selecBve for inner kinetochore parBcles which were clear and 1247 

disBnct from their surroundings. This round of parBcle picking specifically avoided parBcles such 1248 

as those in Figure S6B in which nearby nucleosomes are closely associated with the inner 1249 

kinetochore complex, creaBng a seemingly-larger parBcle.  B. Two low-resoluBon subtomogram 1250 

averages were obtained using the different sets of kinetochore parBcles described in (a). 1251 

Dimensions of both subtomogram averages are shown alongside the two reconsBtuted inner 1252 

kinetochore structures from Figure 3F: human (PDB 7YWX)(Yatskevich et al., 2022) and yeast (S. 1253 

cerevisiae)(PDB 8OW1)(Dendooven et al., 2023), as well as a yeast-human hybrid model of a 1254 

single CCAN complex with embedded CENP-A nucleosome (Kixmoeller et al., 2020). Each 1255 

structure or model is shown within a 50 Å resoluBon envelope. The subtomogram averages are 1256 

most consistent in size and shape with a single copy of the CCAN. Scale bar, 10 nm. C. SchemaBc 1257 

of subtomogram averaging workflow used for individual canonical nucleosomes picked from 1258 

regions away from the kinetochore. ParBcles were manually pre-oriented using DNA gyres to 1259 

determine parBcle orientaBon. D. Three views of the 24 Å resoluBon average obtained from 190 1260 

nucleosome parBcles. The rigid and consistent nature of nucleosome parBcles made them more 1261 

easily averaged than inner kinetochore parBcles. Scale bar, 5 nm. 1262 

 1263 

Figure S8: Further examples of kinetochores from CENP-C-AID-eYFP cells. 1264 

A. Example tomograms from the CENP-C-AID-eYFP +IAA condiBon, in which CENP-C is degraded, 1265 

showing that removal of CENP-C perturbs kinetochore architecture. In each case the “double 1266 

dot” CENP-A fluorescence pa_ern (from anBbody labeling) of a mitoBc chromosome is shown 1267 

and the kinetochore that was imaged is highlighted with a red box. A slice of the resultant 1268 
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tomogram is overlaid with the fluorescent signal at that posiBon, demonstraBng the accuracy of 1269 

CLEM. In all cases, we idenBfy the kinetochore at the area of CENP-A fluorescence. The locaBon 1270 

of the kinetochore locus within the tomogram is shown by the blue dashed box and expanded 1271 

in the inset. The majority of kinetochores in this condiBon of CENP-C degradaBon show 1272 

perturbaBon of kinetochore architecture. Each kinetochore inset is colored according to its 1273 

morphology as defined in Figure 4E. Tomogram 8 shows an example of a kinetochore with total 1274 

loss of disBnct architecture in which the kinetochore is posiBoned over a hole in the EM grid 1275 

carbon film. Scale bars, 50 nm. B. Kinetochore architecture is preserved in CENP-C-AID-eYFP 1276 

cells without CENP-C degradaBon as shown in example tomograms from the CENP-C-AID-eYFP -1277 

IAA condiBon. In this condiBon CENP-C is not degraded, and as expected the architecture of the 1278 

kinetochores matches that seen in our iniBal preparaBon from CENP-A-rsEGFP2 cells (Fig. 1,2, 1279 

S2,S3). Tomogram slices are shown as in (A) except that fluorescent foci are yellow due to 1280 

colocalizaBon of CENP-A-cy5 and CENP-C-eYFP.  1281 

 1282 

Figure S9: Further examples of kinetochores from CENP-N-eGFP-AID cells. 1283 

A. Immunofluorescence images from CENP-N-eGFP-AID cells synchronized in mitosis, with and 1284 

without the addiBon of IAA to degrade CENP-N (as shown in Fig. 5B) with immunolabeling of 1285 

CENP-A and either CENP-C or CENP-T. A representaBve cell is shown for each condiBon. Auer 1286 

mitoBc degradaBon of CENP-N, CENP-C is retained at the centromere while CENP-T is lost. Scale 1287 

bars, 5 µm B. Example tomograms from the CENP-N-eGFP-AID +IAA condiBon, in which CENP-N 1288 

is degraded, showing that removal of CENP-N reduces the size of kinetochore complexes while 1289 

leaving the chromaBn clearing intact. In each case the “double dot” CENP-C fluorescence 1290 
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pa_ern (from anBbody labeling) of a mitoBc chromosome is shown and the kinetochore that 1291 

was imaged is highlighted with a red box. A slice of the resultant tomogram is overlaid with the 1292 

fluorescent signal at that posiBon, demonstraBng the accuracy of CLEM. In all cases, we idenBfy 1293 

the kinetochore at the area of CENP-C fluorescence. The locaBon of the kinetochore locus 1294 

within the tomogram is shown by the blue dashed box and expanded in the inset. Each 1295 

kinetochore inset is colored according to its morphology as defined in Figure 5E. In this dataset, 1296 

tomograms colored red (Total loss of disBnct architecture: Tomograms 3 and 6) also show 1297 

reduced-size kinetochore complexes but are scored in this way since the kinetochore 1298 

components are disorganized within the chromaBn. DensiBes corresponding to disorganized 1299 

components of the fibrous corona are present in all tomograms shown. Scale bars, 50 nm. C. 1300 

Kinetochore architecture is preserved in CENP-N-eGFP-AID cells without CENP-N degradaBon as 1301 

shown in example tomograms from the CENP-N-eGFP-AID -IAA condiBon. In this condiBon 1302 

CENP-N is not degraded, and as expected the size of kinetochore complexes and kinetochore 1303 

architecture match that seen in our iniBal preparaBon from CENP-A-rsEGFP2 cells (Fig. 1, 2, S2, 1304 

S3). Tomogram slices are shown as in (B) except that fluorescent foci are yellow due to 1305 

colocalizaBon of CENP-C-cy3 and CENP-N-eGFP.  1306 

 1307 

Figure S10: Prolonged detachment from the mitoBc spindle leads to expansion of the fibrous 1308 

corona. 1309 

A. Immunofluorescence images from CENP-A-rsEGFP2 cells treated with 16 hours of STLC and 1310 

30 min nocodazole (original preparaBon: as in Figure 1a) with immunolabeling of the corona 1311 

component CENP-E. A representaBve cell is shown, accompanied by expanded images of paired 1312 
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kinetochores. Chromosomes under this condiBon experience only brief detachment from the 1313 

mitoBc spindle and so kinetochores assemble either no corona or only a small corona as 1314 

demonstrated by CENP-E fluorescence. Scale bars, 5 µm. B. Immunofluorescence images from 1315 

CENP-A-rsEGFP2 cells treated with 16 hours nocodazole (as in Fig. 7A, lower panel) with 1316 

immunolabeling of CENP-E. A representaBve cell is shown, accompanied by expanded images of 1317 

paired kinetochores. Under this condiBon chromosomes experience prolonged detachment 1318 

from the mitoBc spindle due to microtubule depolymerizaBon by nocodazole and so 1319 

kinetochores assemble large, extended coronas as seen by the distribuBon of CENP-E 1320 

fluorescence in these images. C. Further examples of expanded fibrous coronas seen in 1321 

tomograms from the preparaBon using CENP-A-rsEGFP2 cells with prolonged nocodazole 1322 

treatment (Fig. 7A, lower panel). The tomograms in this condiBon show longer fibrils forming an 1323 

extended meshwork that can extend more than 1 µm in length. In each case the “double dot” 1324 

CENP-A fluorescence pa_ern of a mitoBc chromosome is shown and the kinetochore that was 1325 

imaged is highlighted with a green box. A slice of the resultant tomogram is overlaid with the 1326 

fluorescent signal at that posiBon, demonstraBng the accuracy of CLEM. The locaBon of the 1327 

fibrous corona within the tomogram is shown by the blue dashed box and expanded in the 1328 

inset. The trajectory of the corona fibrils shown relaBve to the sister kinetochores of the 1329 

chromosome imaged are shown in pink. In Tomograms 1, 3, and 6, the corona fibrils are seen to 1330 

bridge across both sister kinetochores, whereas in Tomograms 2, 4, and 5 the corona fibrils 1331 

wrap around a single kinetochore, both of which are consistent with fibrous corona profiles 1332 

seen in mitoBc cells as shown in (B). Tomogram 6 captures a fibrous corona spanning both sister 1333 
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kinetochores of a chromosome. As in Figure S3C, this chromosome was oriented on the grid 1334 

such that the sister kinetochores were near each other in the x-y plane. Scale bars, 50 nm. 1335 

 1336 

Supplementary Informa-on 1337 

 1338 

Video S1: Tomogram of kinetochore from CENP-A-rsEGFP2 cell line shows kinetochore 1339 

complexes within a single chromaBn clearing. 1340 

This video begins above the surface of the chromosome, and kinetochore complexes are visible 1341 

at the very surface of the chromosome. The video pans through the full kinetochore area and 1342 

into a region of ordinary mitoBc chromaBn, then reverses back through the kinetochore area, 1343 

building up a model of this locus. Kinetochore complexes are shown in cyan, and the chromaBn 1344 

clearing is outlined in red. The video also notes non-biological features of the tomogram 1345 

including elements of the EM grid carbon film and erased gold fiducials. Scale bar, 20 nm. 1346 

 1347 

Video S2: Tomogram of kinetochore from CENP-A-rsEGFP2 cell line shows a kinetochore 1348 

composed of two chromaBn clearings coalescing at the chromosome surface. 1349 

This video begins in ordinary mitoBc chromaBn and then pans into a kinetochore area in which 1350 

kinetochore complexes can be seen within two disBnct chromaBn clearings. At the surface of 1351 

the chromosome, these two clearings coalesce into one. The video then reverses back through 1352 

the kinetochore area, building up a model of this locus. Kinetochore complexes are shown in 1353 

cyan, and the chromaBn clearing is outlined in red. The video also notes non-biological features 1354 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.26.591177doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.26.591177
http://creativecommons.org/licenses/by-nc-nd/4.0/


of the tomogram including elements of the EM grid carbon film and erased gold fiducials. Scale 1355 

bar, 50 nm. 1356 

 1357 

Video S3: Details of individual kinetochore complexes, mulBmers thereof, and connecBons 1358 

between adjacent complexes. 1359 

This video shows the same tomogram as in Video S1, but with addiBonal detail of kinetochore 1360 

complexes as shown in Figures 3 and S6. The video highlights an example individual kinetochore 1361 

complex shown from mulBple angles and density corresponding to a nucleosome within this 1362 

complex. It also pans through mulBmers of kinetochore complexes and their associated 1363 

nucleosomes. Finally, mulBple instances of connecBons between adjacent kinetochore 1364 

complexes are highlighted. The video also notes non-biological features of the tomogram 1365 

including elements of the EM grid carbon film and erased gold fiducials. 1366 

 1367 

Video S4: Tomogram of kinetochore from CENP-C-AID-eYFP cell line auer CENP-C removal shows 1368 

loss of kinetochore architecture. 1369 

This video shows a tomogram from the CENP-C-AID-eYFP cell line in the +IAA condiBon where 1370 

CENP-C is degraded prior to chromosome isolaBon. The architecture of the kinetochore is 1371 

greatly perturbed in this tomogram. The kinetochore area can be disBnguished from 1372 

surrounding chromaBn, but the kinetochore complexes are indisBnct and the boundary 1373 

between the kinetochore and surrounding chromaBn is poorly defined. This video pans from 1374 

one edge of the chromosome to the other, and then reverses. The video also notes non-1375 
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biological features of the tomogram including elements of the EM grid carbon film and erased 1376 

gold fiducials. Scale bar, 50 nm. 1377 

 1378 

Video S5: Tomogram of kinetochore from CENP-N-eGFP-AID cell line auer CENP-N removal 1379 

shows disrupBon of inner kinetochore complexes but retained chromaBn clearing. 1380 

This video shows a tomogram from the CENP-N-eGFP-AID cell line in the +IAA condiBon where 1381 

CENP-N is degraded prior to chromosome isolaBon. The inner kinetochore complexes are 1382 

notably reduced in size but surrounded by an intact chromaBn clearing. Disorganized fibrous 1383 

corona components are also visible at the kinetochore. Scale bar, 50 nm. 1384 

 1385 

Video S6: Tomogram of kinetochore from CENP-A-rsEGFP2 cell line auer prolonged spindle 1386 

perturbaBon shows expansion of the fibrous corona. 1387 

This video shows a tomogram in which the fibrous corona is greatly expanded due to prolonged 1388 

detachment from the mitoBc spindle prior to chromosome isolaBon. The video starts at the 1389 

chromosome edge (at the EM grid carbon film), pans through the full corona/kinetochore area 1390 

into an area of ordinary mitoBc chromaBn, and then reverses through the kinetochore area and 1391 

builds up a model of the corona fibrils. The video also notes non-biological features of the 1392 

tomogram including elements of the EM grid carbon film and erased gold fiducials. Scale bar, 50 1393 

nm. 1394 

 1395 

Video S7: Tomogram of kinetochore from CENP-C-AID-eYFP cell line auer CENP-C removal, with 1396 

kinetochore over a hole in the EM grid carbon film. 1397 
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This video shows a tomogram from the CENP-C-AID-eYFP cell line in the +IAA condiBon where 1398 

CENP-C is degraded prior to chromosome isolaBon. As in Video S4, the architecture of the 1399 

kinetochore is greatly perturbed in this tomogram, but in this case the kinetochore is located 1400 

over a hole in the EM grid carbon film. Scale bar, 50 nm. 1401 
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