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Summary

To faithfully segregate chromosomes during vertebrate mitosis, kinetochore-microtubule
interactions must be restricted to a single site on each chromosome. Prior work on pair-
wise kinetochore protein interactions has been unable to identify the mechanisms that
prevent kinetochore formation in regions with a low density of CENP-A nucleosomes.
To investigate the impact of higher-order assembly on kinetochore formation, we
generated defined oligomers of the inner kinetochore protein CENP-T using two distinct,
genetically engineered systems in human cells. Although individual CENP-T molecules
interact poorly with other kinetochore proteins, oligomers that mimic the centromeric
density of CENP-T trigger the robust formation of functional, cytoplasmic kinetochore-
like particles. Both in cells and in vitro, each molecule of oligomerized CENP-T recruits
substantially higher levels of outer kinetochore components than monomeric CENP-T
molecules. Thus, the density-dependence of CENP-T restricts outer kinetochore
recruitment to centromeres, where densely packed CENP-A recruits a high local
concentration of CENP-T.
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Introduction

The kinetochore is the essential protein complex that tethers condensed chromosomes
to spindle microtubules during mitosis™? Individual kinetochore components and
subcomplexes have been studied extensively, which has informed our understanding of
the mechanisms of kinetochore assembly and function. However, from electron
microscopy images, the large copy numbers of proteins at each kinetochore, and recent
work on kinetochore protein oligomerization, it has become apparent individual
metazoan kinetochores are higher-order assemblies®®. Because previous work has
focused primarily on simplified systems, it remains unclear what role higher-order
assembly plays in kinetochore biology.

A growing number of proteins are recognized as components of higher-order
assemblies with large or undefined stoichiometries like the kinetochore’™. Recent work
suggests that the activities of those proteins are modulated by their incorporation into
these larger structures, which enables higher-order assembly to spatially regulate

cellular activities”®"

1 These structures locally concentrate macromolecules, enabling
reactions and interactions within the assemblies that would not otherwise occur at
whole-cell concentrations. As the location and number of kinetochores on each
chromosome are critical to ensuring proper chromosome segregation and avoiding DNA
damage, the spatial regulation conferred by higher-order assembly processes could
have important implications for kinetochore formation.

The kinetochore is comprised of two subcomplexes whose assembly
mechanisms are tightly controlled in cells. The inner kinetochore is the subset of
kinetochore proteins that binds to DNA and localizes to centromeres throughout the cell
cycle®. Upon mitotic entry, post-translational modifications and the dissolution of the

nuclear membrane trigger recruitment of outer kinetochore proteins**™*°

, Which perform
the kinetochore’s mechanical and signaling functions******", Kinetochore formation is
restricted to a single site on each chromosome called the centromere®?. Additionally,
ectopic sites of kinetochore formation result in aberrant chromosome-microtubule
interactions, which lead to DNA damage and chromosome segregation errors’®%. To
direct kinetochore components to centromeres, vertebrate cells mark these regions

epigenetically with the histone H3 variant CENP-A?!. Although CENP-A is necessary to
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specify the site of kinetochore formation, prior work has found that CENP-A does not
drive complete outer kinetochore recruitment when it is incorporated into chromosome

19,22

arms Similarly, although complexes of kinetochore proteins have been

reconstituted from recombinant proteins in vitro®*%*, kinetochores do not assemble

spontaneously in isolated cytosol®®

. The mechanisms that act alongside CENP-A
localization to restrict kinetochore recruitment to centromeres remain unclear. Here, we
investigate how human cells confine outer kinetochore recruitment to centromere-
localized inner kinetochore assemblies using the emergent properties conferred by
higher-order assembly.

To study the role of higher-order assembly in outer kinetochore recruitment, we
used artificial oligomers to generate complexes with different valences in cells. We
focused on the inner kinetochore protein CENP-T, which directly recruits the outer
kinetochore'**®1"1  CENP-T has a structured C-terminal kinetochore localization
domain and a disordered N-terminal region with multiple binding sites for outer
kinetochore proteins (Figure 1A)**!0171926  CENP-T is clustered at kinetochores, with
approximately 72 copies per human kinetochore*. Although CENP-T has no known
oligomerization domain, higher-order assembly of the entire inner kinetochore brings
CENP-T to a high local concentration®*°. Here, we demonstrate that oligomerizing the
N-terminal region of CENP-T is sufficient to trigger outer kinetochore recruitment and
generate kinetochore-like particles in the cytoplasm. By comparing the interactions of
monomeric and oligomeric CENP-T N-termini, we find that CENP-T local concentration
regulates its ability to recruit the outer kinetochore, which may restrict complete
kinetochore formation to regions with higher-order inner kinetochore assemblies.
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Results

Oligomers of the CENP-T N-terminus form kinetochore-like particles
To test the role of higher-order assembly in CENP-T function, we artificially
oligomerized the CENP-T N-terminus. A 242 amino acid N-terminal region of CENP-T
(CENP-TY?*?) contains its binding sites for the outer kinetochore complexes NDC80 and
MIS12 but lacks its kinetochore localization domain®***"192326 e fused GFP-CENP-
T¥%%2 t0 13-01, an oligomerizing tag that forms a 60-subunit homo-oligomer %’ (GFP-
CENP-T*?*213-01; Figure 1A). In interphase Hela cells, GFP-CENP-T*?*%3-01 and
GFP-13-01 control oligomers formed puncta throughout the cytoplasm, consistent with
oligomer formation (Figure 1B). In cells with high expression levels, we also observed
larger foci, which may reflect a low of level of oligomer aggregation. In mitotic cells,
GFP-13-01 control oligomers also localized throughout the cytoplasm and did not
interact with any cellular structures (Figure 1C). By contrast, GFP-CENP-T*%%2.13-01
localized consistently to spindle poles and often to spindle microtubules (Figure 1D).

Because CENP-T itself does not bind microtubules, we tested whether GFP-
CENP-T*?*213-01 recruited outer kinetochore components that can interact with the
spindle. Using immunofluorescence, we found that the kinetochore’s primary
microtubule-binding complex, NDC80, co-localized with GFP-CENP-T*?%23-01, but not
with GFP-13-01 (Figure 2A). The GFP-CENP-T*?*? gligomers also recruited the other
core outer kinetochore complexes, MIS12 and KNL1, whereas GFP oligomers did not
(Figure 2A; Supplementary Figure 1A). By contrast, the inner kinetochore protein
CENP-C did not co-localize with GFP-CENP-T?*%13-01 (Figure 2A), consistent with
prior findings that the CENP-T N-terminus does not interact with other inner kinetochore
complexes'®?®?, To verify these results independently, we immunoprecipitated GFP-
CENP-T*?*213-01 from mitotic HeLa cells. By mass spectrometry, we confirmed that
that the NDC80, MIS12, and KNL1 complexes interact with CENP-T*?*? oligomers, but
not with control oligomers (Figure 2B, Supplementary Figure 1A).

Downstream of the core outer kinetochore complexes, endogenous kinetochores

29—

recruit numerous kinetochore-associated proteins °*2, Among these, the RZZ complex

component ZW10 and the SKAl complex component Ska3 co-localized and
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86 immunoprecipitated with GFP-CENP-T*?%413-01 (Figure 2B, Supplementary Figure 1B).
87  Several other kinetochore-associated proteins, including the Astrin-SKAP complex and
88 components of the spindle assembly checkpoint also co-immunoprecipitated with GFP-
89 CENP-T¥?*2.13-01 (Figure 2B). These results are remarkable because they suggest that
90 CENP-T¥#*2 recruits a similar set of outer kinetochore components to endogenous
91 kinetochores when oligomerized, generating kinetochore-like particles in the cytoplasm.

92

93 CENP-T-based kinetochore-like particles are functionally similar to endogenous
94 kinetochores

1-242
T

95 Next, we sought to evaluate the functionality of the GFP-CENP -13-01 particles.

96 Kinetochores interact with microtubules in two ways: lateral attachments and end-on

130 These two modes of interaction enable kinetochores to move

97 attachments
98 processively along microtubules and to track depolymerizing and polymerizing
99  microtubule plus-ends®>?*38 The enrichment of GFP-CENP-T*?*2-13-01 at spindle
100 poles and on spindle microtubules suggested that these particles bind to microtubules,
101 but it was unclear whether they engage in the same types of microtubule-driven
102 movement as kinetochores.

103 To verify that GFP-CENP-T*?*2-13-01 particles interact directly with microtubules,
104  we isolated GFP-CENP-T*#*2|3-01 from mitotic HeLa cells (Figure 3A; Supplementary
105 figure 2A). Based on the fluorescence intensity of the purified oligomers, they contained
106 41 £5 GFP molecules (Figure 3B). When incubated with stabilized microtubules in vitro,
107 the oligomers interacted with the microtubule walls (Figure 3C, D). Using
108 immunofluorescence, we confirmed that the microtubule-bound oligomers had co-
109 purified with the NDC80 complex (Supplementary Figure 2C), which likely mediated

110 their interaction with microtubules®***

. By contrast, GFP oligomers isolated from
111  mitotic HelLa cells did not bind microtubules (Figure 3C, D), indicating that microtubule-
112 binding is specific to CENP-T*?*? gligomers.

113 To test whether GFP-CENP-T*?* oligomers move on microtubules similarly to
114  kinetochores, we introduced the purified oligomers into chambers containing dynamic
115  microtubules (Figure 3E). Microtubule-bound GFP-CENP-T*?*2 oligomers exhibited

116  several modes of motility. Some were captured by growing microtubule plus-ends and
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117 moved processively with the elongating ends at the rate of tubulin assembly (Figure 3F
118 top, G; Supplementary Figure 2D; Supplementary Video 1). Others bound to the
119  microtubule wall, then either remained stationary or moved processively towards the
120 plus-end at 2.7 £ 0.5 um/min (n=8), a rate that is comparable to that of chromosome
121  congression** (Supplementary Figure 2D; Supplementary Video 2). Many microtubule-
122 bound CENP-T*?*2 gligomers also diffused along the microtubules. Upon encountering
123  a depolymerizing end, these oligomers traveled with the end toward the microtubule
124  seed (Figure 3F bottom, Supplementary figure 2D, Supplementary Video 3). Oligomer-
125 bound ends shortened at half of the rate of oligomer-free ends (Figure 3G). Previous
126  work suggests that mammalian chromosomes and recombinant assemblies of human
127 CENP-T, NDC80, and MIS12 cause a similar suppression of microtubule
128  depolymerization **** Together, these results suggest that CENP-T*?*? oligomerization
129 triggers the formation of outer kinetochore structures that interact with microtubules
130  similarly to endogenous kinetochores. Thus, the localization of GFP-CENP-T*%%2-13-01
131 oligomers to spindle poles may reflect depolymerization-driven movement toward
132 microtubule minus-ends in the absence of polar ejection forces and attachments to
133  sister kinetochores, which normally antagonize poleward movement.

134

135 Oligomerized CENP-T recruits outer kinetochore proteins more efficiently than
136 CENP-T monomers

137 The ability of GFP-CENP-T***? oligomers to form kinetochore-like particles in the
138 cytoplasm is surprising because our prior work found virtually no interactions between
139  soluble CENP-T and the NDC80 complex in mitotic HeLa cell extract®. To investigate
140  how the GFP-CENP-T*?*? oligomers differ from monomers, we directly compared the
141  behaviors of GFP-CENP-T*?* oligomers with those of identical GFP-CENP-T%%
142  constructs without an oligomerizing tag (GFP-CENP-T*?4?),

143 Unlike CENP-T*?*2 oligomers, which localized to mitotic spindles in

144  immunofluorescence experiments, GFP-CENP-T%

monomers dispersed diffusely
145 throughout the cytoplasms of mitotic cells and interacted minimally with spindles (Figure
146  1C, 4A). The more robust spindle localization of oligomers could reflect increased

147  microtubule-binding avidity relative to GFP-CENP-T*?*? monomers®*3**344 |t could also


https://doi.org/10.1101/2023.05.22.541649
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.22.541649; this version posted May 22, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

148 result from improved outer kinetochore recruitment when GFP-CENP-TY?* s
149  oligomerized. If the latter is true, we predicted that GFP-CENP-T*?*? oligomers would
150 compete more effectively with endogenous kinetochores for outer kinetochore
151 components than monomers expressed at comparable levels, resulting in distinct
152  phenotypes.

153 To test how GFP-CENP-T¥%*? expression impacted endogenous kinetochores,
154 we measured the localization of core outer kinetochore complexes to centromeres in
155  cells arrested in mitosis and expressing GFP-CENP-T*?*2 monomers, GFP-CENP-T*%%
156  oligomers, or GFP oligomers. Expression of monomeric GFP-CENP-TY?*? had a
157 moderate effect on outer kinetochore recruitment, with NDC80 levels at centromeres
158 reduced to 38% of the levels control cells expressing GFP oligomers. By contrast,
159 expression of comparable levels of GFP-CENP-T'?*%13-01 severely depleted outer
160 kinetochore proteins from endogenous kinetochores (Figure 4B, C; Supplementary
161  Figure 3A, B). This was patrticularly true for the NDC80 complex, which was reduced to
162 3.7% of control levels in cells expressing GFP-CENP-T*?*2|3-01 (Figure 4B, C).

163 The recruitment of the outer kinetochore to exogenous oligomers and the
164 resulting depletion of core kinetochore proteins from endogenous kinetochores had a
165 dramatic effect on mitotic progression. Expression of GFP-CENP-T*?42-13-01, but not
166 monomeric CENP-T**? led to severe mitotic defects, including misaligned
167 chromosomes, spindle abnormalities, and a potent mitotic arrest (Figures 1D, 2A, 4D).
168  After 24 hours of GFP-CENP-T¥#*2.13-01 expression, the fraction of cells in G2/M
169 increased from 6.7% to 64.5% by DNA content analysis (Figure 4E), whereas
170  monomeric GFP-CENP-T*?*? expression had no impact on the fraction of cells in G2/M
171 (Figure 4E). Because both forms of GFP-CENP-T*%*? were expressed at similar levels
172 (Supplementary Figure 3A, B), the systemic impacts of GFP-CENP-TY%%
173  oligomerization on the cells suggest that oligomerization enables CENP-T N-termini to
174  recruit the outer kinetochore components more efficiently.

175 To measure each construct’s outer kinetochore recruitment efficiency directly, we

-T***2 monomers, CENP-T*** oligomers, and control

176  immunoprecipitated CENP
177 oligomers from Hela cells arrested in mitosis, and compared the abundances of

178 interacting partners using tandem mass tag-based quantitative mass spectrometry. To
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179 enable a direct comparison, we normalized all protein abundances to the abundance of
180 peptides shared between pairs of bait proteins. For example, in comparisons between
181 GFP-CENP-T"?*2.13-01 and GFP-CENP-T*?*? outer kinetochore protein abundances
182  were normalized to the abundance of GFP-CENP-T*?*? peptides. Using this approach,
183  we determined that monomeric GFP-CENP-T*?*? co-purified with more NDC80 complex
184 and MIS12 complex than the GFP-I3-01 control (Figure 4F), consistent with a modest
185 interaction between monomeric CENP-T*?*? and outer kinetochore components.
186  Strikingly, GFP-CENP-T*?*213-01 oligomers associated with substantially larger
187 amounts of core outer kinetochore proteins than monomeric GFP-CENP-T 22 with 5.6-
188 fold more NDC80 complex per CENP-T molecule, 5.4-fold more MIS12 complex, and
189 2.7-fold more KNL1 complex (Figure 4G). Furthermore, GFP-CENP-T'?%%|3-01
190 recruited higher levels of downstream outer kinetochore and kinetochore-associated
191  proteins, including the SKA1 complex, the RZZ complex, Spindly, Mad2L1, and chTOG
192  (Figure 4G, Supplementary Figure 4B). Thus, when CENP-T*?*? s oligomerized, each
193 molecule recruits outer kinetochore proteins more efficiently, explaining why CENP-T
194 oligomers form functional kinetochore-like particles in cells and impair mitotic
195  progression.

196

197 Increasing the size of CENP-T oligomers incrementally improves recruitment of
198 outer kinetochore components

199 The ability of artificial CENP-T oligomers to compete with endogenous kinetochores and
200 produce kinetochore-like particles in mitotic cells strongly suggests that high local
201 concentrations of CENP-T activate outer kinetochore recruitment. However, the precise
202 oligomer size required to achieve this effect was unclear. To determine whether the
203 oligomerization-dependent recruitment has an oligomer size threshold or gradually
204 activates as GFP-CENP-T*?*? gligomer size increases, we used an unrelated strategy

205 called the “SunTag” to precisely manipulate the stoichiometry of CENP-T*%%

oligomers
206 “*. The SunTag is a two-component system with a single-chain monoclonal antibody
207  (scFv), which we fused to CENP-T*?*? (scFv-sfGFP-CENP-T?*?), and a scaffold with
208 multiple repeats of the antibody’s cognate epitope (GCN4pep; Figure 5A). When scFv-

209 sfGFP-CENP-T*?* is co-expressed with the scaffold, one copy of the scFv-sfGFP-
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210 CENP-T*?*? fusion protein can bind to each GCN4pep repeat, resulting in oligomers of

211 defined sizes® (Figure 5A). We ensured equal scFv-sfGFP-CENP-T*?*? expression
-|-1-242

212  levels by generating all cell lines from the same scFv-sfGFP-CENP- -expressing
213  parental line (Supplementary figure 5A, B, E, G).
214 When co-expressed with a single GCN4pep repeat (1XGCN4pep), scFv-sfGFP-

215 CENP-TY** did not localize to the mitotic spindle, like monomeric GFP-CENP-T%%
216  (Figures 1B, 5B). As we increased the number of GCN4pep repeats, we observed
217  mitotic abnormalities and sfGFP-scFv-CENP-T¥?*? began to localize to spindle poles.
218  With 6 or more GCN4pep repeats, sfGFP-scFv-CENP-T?*? robustly localized to spindle
219 poles and spindle microtubules, like GFP-CENP-TY#%2.13-01 kinetochore particles,
220  which have on average 40 molecules of CENP-T*?*? (Figure 3B, 5B). Similarly, scFv-
221  sfGFP-CENP-T*?*? expression with 1xGCN4pep or 2xGCN4pep did not cause a cell
222 cycle arrest, but the fraction of cells in G2/M increased gradually from 2 to 6 GCN4
223 repeats. Larger oligomers caused a potent mitotic arrest with 40-60% of cells in G2/M
224  (Figure 5C). Thus, CENP-T*#*s ability to interact with spindle microtubules and impair
225  mitotic progression increases incrementally as additional molecules are added to an
226  oligomer, and the maximum phenotypic effect can be elicited with 6-8 CENP-T N-
227  termini.

228 We expected that larger CENP-T oligomers generated with the SunTag system
229  would be similar to 13-01 oligomers: they would recruit outer kinetochore components
230 and compete with the endogenous kinetochores. However, it was unclear whether
231 intermediately sized oligomers would behave similarly to large oligomers or exhibit an
232 intermediate behavior. To answer this question, we performed quantitative IP-mass
233 spectrometry on scFv-sfGFP-CENP-T*?*? co-expressed with scaffolds with either 1, 4,
234 or 10 GCN4pep repeats (IxGCN4pep, 4xGCN4pep, 10xGCN4pep). We
235 immunoprecipitated the tdTomato-tagged scaffolds to isolate only the scaffold-bound
236  SCFv-sfGFP-CENP-T***? molecules. We normalized the abundances of co-
237  immunoprecipitated proteins in each sample to the abundance of scFv-sfGFP-CENP-T*
238 **?in the sample to determine the relative amount of protein recruited per molecule of
239  scFv-sfGFP-CENP-T**2, The NDC80 complex was 1.7-fold enriched in the
240 immunoprecipitation of 4xGCN4pep relative to the immunoprecipitation of 1XGCN4pep
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241  (Figure 5D). In the 10xGCN4pep immunoprecipitation, NDC80 was further enriched to
242 2.7-fold its abundance in the 1XxGCN4pep immunoprecipitation (Figure 5D). In addition
243  to the NDC80 complex, we observed a gradual increase in the co-immunoprecipitation
244  of other outer kinetochore components as we increased the number of GCN4pep
245 repeats, although these results were not statistically significant (Figure 5D;
246  Supplementary figure 5H). Consistent with this gradual increase in outer kinetochore
247  recruitment, as the number of binding sites on the scaffold increased, we observed a
248 corresponding reduction in the levels of the NDC80 and MIS12 complexes at
249  centromeres (Figure 5E, F; Supplementary Figure 5I), which indicates that larger
250 oligomers stripped more outer kinetochore proteins from endogenous kinetochores than
251 smaller oligomers. Together, these results suggest that outer kinetochore recruitment by
252 a GFP-CENP-T***2 molecule in an oligomer increases incrementally as additional
253 molecules are added to the oligomer. In addition, they show that an orthologous
254  oligomerization system can recapitulate the effect of the 13-01 oligomerization system
255 on CENP-T, which confirms that the enhancement of outer kinetochore recruitment is
256 the result of oligomerization, not an effect specific to 13-01.

257

258 Oligomerized CENP-T uses known binding sites to recruit NDC80

259 CENP-T has two known binding sites for the NDC80 complex that are activated by
260 phosphorylation at T11 and T85 and required for outer kinetochore recruitment at
261 endogenous kinetochores™'*'*'**  To confirm that outer kinetochore recruitment by
262  oligomeric CENP-T*?* uses the same pathways, we tested whether the enhancement
263 of NDC80 recruitment upon oligomerization is dependent on T11 and T85
264  phosphorylation. In the SunTag system, we mutated T11 and T85 to alanine to prevent
265 phosphorylation (scFv-sfGFP-CENP-T*?*%2™)  \When we expressed scFv-sfGFP-
266 CENP-TY?*2™ in cells, NDC8O0 levels at endogenous kinetochores were comparable
267 for all scaffold sizes (Supplementary Figure 5K). This suggests that CENP-T?%
268 oligomers use the previously characterized binding sites to recruit NDC80, consistent
269  with our conclusion that the assembled complexes are bona fide kinetochore particles.
270

271  Oligomerization of CENP-T is necessary to saturate NDC80-binding sites
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272 Our experiments in mitotic HeLa cells revealed that oligomerization of CENP-T enables
273  robust recruitment of outer kinetochore proteins. In cells, the underlying mechanisms
274  could be complex and involve additional factors such as post-translational modifications
275 or microtubule interactions. To determine if additional components are involved in
276  enhancing CENP-T outer kinetochore recruitment, we reconstituted the interaction
277  between the NDC80 complex and the CENP-T N-terminus in vitro. To activate NDC80
278  recruitment, we used CENP-T'?* constructs with the phosphomimetic substitutions
279  T11D, T27D, and T85D (GFP-CENP-T¥?*2"P) (Figure 6A). We expressed and purified
280 GFP-13-01 control oligomers, GFP-CENP-T*?*?”P_|3.01 oligomers, and GFP-CENP-T"
281  *? monomers from E. coli, and we visualized them using total internal reflection
282  fluorescence microscopy. When imaged under identical conditions, purified GFP-CENP-
283 TY¥?%2RP13.01 complexes appeared much brighter than the GFP-CENP-T>24%/%P
284 monomers (Figure 6B), as expected. By normalizing the intensities of these fluorescent
285 foci to the intensity of a single GFP fluorophore, we determined that recombinant GFP-
286 CENP-TY?*?3P13.01 complexes contain 66 * 10 GFP-CENP-T*?*?3P molecules,
287  consistent with oligomer formation (Supplementary figure 7A).

288 To determine how efficiently NDC80 binds to oligomers, we immobilized
289 oligomers on a coverslip and measured the GFP signal from individual foci. This initial
290 GFP intensity corresponded to the number of GFP molecules per focus. We then
291 photobleached the oligomers and incubated them with recombinant GFP-tagged
292 NDCB80%°™* complex, a shortened version of the NDC80 complex “° (Figure 6C). For
293 these experiments, we used 100 nM NDC80%°™® which is close to the reported
294  concentration of NDC80 in human cells*"*®, After a 10-minute incubation, we washed
295 away unbound NDC80%°™ and measured the GFP signal from each focus again. This
296 final GFP intensity corresponded to the number of NDC80%"* molecules per focus
297 (Figure 6C). By normalizing the final GFP signal of each focus to its initial signal, we
298  determined the number of NDC80 complexes bound to each GFP or GFP-CENP-T"
299  *2PP mpolecule in an oligomer. With this approach, we found that each oligomerized
300 molecule of GFP-CENP-T*?*#3P hound to 2.2 + 0.2 NDC80"°™* molecules (Figure 6D,
301 Supplementary figure 7F). As the CENP-T N-terminus has two direct NDC80-binding
302 sites, this result indicates that each CENP-T molecule in an oligomer saturates its
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303 NDCB80-binding sites “***"?*, GFP control oligomers did not bind to NDC80%°"™® (Figure
304 6D, Supplementary figure 7F), as expected. Furthermore, NDC8025P°**2* (also known
305 as NDC80®°°") which lacks the CENP-T-binding region of the complex'®*°, failed to
306 interact with GFP-CENP-TY?*2”P oligomers (Supplementary figure 7D-F), confirming
307 that the observed interaction depends on the known CENP-T-NDCB80 binding interfaces.
308 To compare the CENP-T*?*??P oligomers to monomers, we performed
309 analogous experiments on monomeric CENP-T %3P without the photobleaching step
310 (Figure 6E). Strikingly, each GFP-CENP-T*?*#3™® molecule only recruited 0.28 + 0.09
311 NDC80P°™* complexes (Figure 6F). Because binding events are binary, this result

312 means that most monomeric GFP-CENP-TV 242"

molecules did not bind any
313  NDCB80P°™? To ensure that this result was not due to photobleaching of the monomer
314 between the initial and final GFP measurements, we measured the fraction of molecules
315 photobleached as a function of exposure time. In the 0.6 second exposure time used in
316 this experiment, a negligible 4% of GFP molecules were photobleached (Supplementary
317  Figure 7G). Thus, CENP-T*?*?®® myst be oligomerized to saturate its direct NDC80-
318 binding sites at physiological NDC80 concentrations. As our single molecule system
319 lacks any other factors found in cells, these experiments also demonstrate that
320 oligomerization-dependence is an intrinsic feature of the CENP-T-NDCS80 interaction
321 and does not depend on interactions with other factors, such as microtubules.
322 Additionally, because both CENP-T*?*? oligomers and monomers had phosphomimetic
323 mutations, these results show that CENP-T oligomerization is a regulatory mechanism
324 downstream of activation by mitotic phosphorylation and that the change in NDC80
325 binding is not mediated by changes in CENP-T phosphorylation.

326
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327 Discussion

328

329 Higher-order oligomerization dictates the site of functional kinetochore formation
330 Previous work has established the hierarchy of kinetochore recruitment to centromeres
331 but has not explored how the higher-order organization of kinetochores contributes to
332 their assembly. Based on prior work in vitro and in silico, the large copy numbers of
333 proteins at individual kinetochores were thought to be necessary to form dynamic load-

334 bearing microtubule attachments***°

. Here, we show that this density is also an
335 important regulatory cue that may restrict kinetochore formation to centromeres. By
336 mimicking endogenous kinetochore organization through artificial oligomerization of the
337 inner kinetochore protein CENP-T in vivo and in vitro, we found that CENP-T only
338 interacts stably with outer kinetochore proteins when it is oligomerized. We observed
339 this behavior with two unrelated oligomerization methods, which shows that the local
340 concentration of CENP-T molecules is the important regulatory factor. Our results
341 demonstrate that the CENP-T-NDCS80 interaction is intrinsically dependent on CENP-T
342 local concentration and indicate that each molecule of CENP-T recruits a gradually
343 increasing amount of outer kinetochore components as neighboring CENP-T molecules
344  are added.

345 These findings suggest that higher-order assembly has an important role in
346 centromere specification and spatially restricting the site of kinetochore formation.
347 Centromeres are specified epigenetically by histone H3-variant CENP-A'®°!, However,
348 the incorporation of CENP-A into chromatin is not sufficient to trigger complete

349  kinetochore formation™*°%%,

Our work supports a model in which higher-order
350 assembly regulates the location of kinetochores by restricting outer kinetochore
351 recruitment to regions with a high density of inner kinetochore complexes. In this model,
352 dense deposition of CENP-A at centromeres is coupled to active oligomerization of the

353 inner kinetochore by proteins such as CENP-C or CENP-N*°°%%°,

Clustering of
354  repetitive inner kinetochore structures generates a high local concentration of CENP-T,
355 which primes the inner kinetochore for outer kinetochore recruitment during mitosis
356 (Figure 7). In addition, it is possible that higher-order oligomerization of the inner

357 kinetochore has additional roles in initiating kinetochore assembly, such as triggering
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358 inner kinetochore recruitment to densely deposited CENP-A nucleosomes and
359  protecting CENP-A nucleosomes from eviction during S phase ** (Figure 7). This
360 paradigm for controlling kinetochore formation is complementary to previously defined
361 regulation, such as post-translational modifications. Our in vitro experiments with
362 phospho-mimetic CENP-T mutants suggest that, even when kinase activity is
363 permissive, the dependence on higher-order assembly prevents aberrant formation of
364 functional outer kinetochore complexes at non-centromeric sites on chromosomes and
365 on cytoplasmic kinetochore components that have not been incorporated into the
366 chromatin®.

367

368 Artificial kinetochore-like particles as in vitro tools for biophysical analysis of
369 human kinetochores

370 In vitro biophysical analysis of kinetochores depends on tools that can recapitulate
371 endogenous kinetochore-microtubule interactions outside of cells. In budding yeast,
372 which have much smaller point centromeres and simplified kinetochores, it has been
373 possible to isolate intact kinetochore complexes for in vitro analysis®®™°. However, the
374 more complex vertebrate kinetochore is far less tractable, so biophysical work on
375 human kinetochores has been limited to simplified systems such as the NDCS80
376 complex alone or assemblies of the NDC80 and SKA1l complexes®*3>434460.61 "yye
377 previously generated ectopic kinetochores by targeting the CENP-T N-terminus to
378 chromosomal lacO arrays. In that system, CENP-T-based ectopic kinetochores were
379 functional and rescued excision of endogenous kinetochores'®®?. In this work, we used
380 a related strategy to generate kinetochore-like particles that can be purified. We
381 demonstrate that these particles are compositionally and mechanically similar to
382 endogenous human kinetochores, and that they are sufficiently tractable for in vitro
383 applications. These properties suggest that CENP-T-based particles can be used for in
384 vitro biophysical assays to yield insights into the mechanical properties of complete
385 human kinetochores.

386

387 ldentifying the mechanism by which local concentration regulates CENP-T
388 activity
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389 Recent interest in higher-order protein assemblies has focused on liquid-liquid phase
390 separation as a mechanism for locally concentrating interacting partners'®. These
391 membrane-less compartments are thought to form through the interactions of proteins
392  with disordered regions that contain multivalent low-affinity interfaces with dissociation
393  constants in the micromolar or millimolar ranges®*®°’. Such biomolecular condensates
394 may use platforms such as membranes or nucleic acids to nucleate their formation by
395  bringing together many copies of disordered scaffolds®®. Like those proteins, CENP-T
396 is multivalent and disordered®***’. However, unlike putative phase-separating scaffolds,
397 CENP-T uses high affinity binding sites with dissociation constants in the nanomolar
398 range to interact with outer kinetochore proteins®>'®?%, Furthermore, the transition from
399 a homogenous mixture to a phase separated solution is binary and happens when a
400 phase-separating scaffold achieves its saturation concentration'®, which is not
401 consistent with the gradual change in binding that we observed with the SunTag
402 system. As a result, existing models of phase separation are unlikely to explain our
403  findings. This work suggests that CENP-T makes use of high local concentrations in a
404 manner that is dependent on specific high-affinity interactions that enable stable
405  binding.

406

407 Applying artificial oligomerization approaches to other pathways

408 In addition to kinetochores, other biological pathways are thought to use higher-order
409 assemblies to regulate their activities. For example, numerous signal transduction
410 pathways form massive complexes called “signalosomes” to initiate intracellular

959-62 Establishing direct links between oligomerization and function has been

411  signaling
412 one of the challenges of studying these higher-order assemblies. The toolkit that we
413 have used could prove valuable for investigating these relationships. Unlike popular
414  higher-order oligomerization systems such as the optogenetic CRY2 system, the 13-01
415 and SunTag oligomerization systems generate stable and tunable oligomers,
416  respectively 2"*>%3% These oligomers can be purified for in vitro applications and used
417  to study the stoichiometries that govern the activities of higher-order assemblies. Our
418 approach is readily applicable to other proteins that have distinct oligomerization and

419 functional domains, both at the kinetochore and in unrelated pathways.
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421 Materials and Methods

422

423  Plasmid cloning

424 The 13-01 gene was synthesized by Genewiz. sfGFP-scFv tag and CENP-T1242/2TA
425 were synthesized by Twist Bioscience. SunTag scaffolds were obtained from
426  pcDNA4TO-mito-mCherry-24xGCN4_v1, which was a gift from Ron Vale (Addgene
427  plasmid #60913). CENP-T*?*? was obtained from pKG174*°. Lentiviral plasmids were
428 generated from Lenti-Cas9-2A-Blast, which was a gift from Jason Moffat (Addgene
429 plasmid #73310).

430

431 Cell line generation

432  The cell lines used in this study are described in Table 1. Doxycycline-inducible cell
433 lines were generated by homology-directed insertion into the AAVS1 “safe-harbor”
434  locus. Donor plasmid containing selection marker, the tetracycline-responsive promoter,
435 the transgene, and reverse tetracycline-controlled transactivator flanked by AAVS1
436 homology arms® was transfected using Lipofectamine 2000 with a pX330-based
437 plasmid® expressing both spCas9 and a guide RNA specific for the AAVS1 locus
438 (pNM220; gRNA sequence — 5-GGGGCCACTAGGGACAGGAT). Cells were selected
439 with 0.5 pg/mL puromycin (Life Technologies). Clonal lines were obtained by
440 fluorescence activated cell-sorting single cells into 96 well plates.

441 Cell lines containing SunTag scaffolds were generated by lentiviral transduction.
442  Lentivirus was generated by using Xtremegene-9 (Roche 06365787001) to co-transfect
443  the scaffold-containing pLenti plasmid, VSV-G envelope plasmid, and Delta-VPR or
444  psPAX2 (gift from Didier Trono; Addgene plasmid #12260) packaging plasmids into
445  HEK-293T cells®. ¢GS107, cGS115, and cGS117 were sorted for tdTomato-positive
446 cells. Other lentivirus cell lines were selected with 2 pg/mL blasticidin (Life
447  Technologies). Cell lines containing SunTag scaffolds were generated from clonal
448  parental lines expressing the desired sfGFP-scFv construct at comparable levels.

449

450 Cell Culture
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451 Hela cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
452  with 10% fetal bovine serum, 100 U/mL penicillin and streptomycin, and 2 mM L-
453 glutamine at 37°C with 5% CO,. TetOn cell lines were cultured in FBS certified as
454  tetracycline-free. TetOn constructs were induced with 1 ng/mL doxycycline for 24 hours.
455  To depolymerize microtubules, cells were treated with 3.3 uM Nocodazole for 16 hours.
456  To arrest cells in mitosis, cells were treated with 10 uM STLC for 16 hours. Hela cells
457  were regularly monitored for mycoplasma contamination.

458

459  Western blot

460 Cells were harvested by trypsinization and resuspended, then washed with PBS and
461 immediately lysed on ice for 30 min in fresh urea lysis buffer (50 mM Tris pH 7.5, 150
462 mM NaCl, 0.5% NP-40, 0.1% SDS, 6.5 M Urea, 1X Complete EDTA-free protease
463  inhibitor cocktail (Roche), 1 mM PMSF) or cells lysed directly on plate with RIPA buffer
464 (150 mM NaCl, 1% Nonident P-40 substitute, 0.5% Sodium Deoxycholate, 0.1%
465  Sodium Dodecyl Sulfate, 50 mM Tris pH 7.5, 1X Complete EDTA-free protease inhibitor
466  cocktail (Roche), 1 mM PMSF) on ice. Protein concentrations were measured using
467 either Bradford reagent (Bio-Rad) or BCA protein assay kit (Pierce) and used to
468 normalize loading. Antibodies are listed in Table 2. Primary antibodies were diluted in
469 Blocking Buffer and applied to the membrane for 1 hour. HRP-conjugated secondary
470 antibodies (GE Healthcare; Digital) were diluted in TBST (TBS with 0.1% Tween-20).
471  Clarity enhanced chemiluminescence substrate (Bio-Rad) was used according to the
472  manufacturer’s instructions. Membranes were imaged with a KwikQuant Imager (Kindle
473  Biosciences). HRP was quenched by agitation in 0.2% Sodium Azide in TBST for at
474  least 1 hour.

475

476  Immunofluorescence and microscopy of mitotic cells

477 Cells were seeded on poly-L-lysine (Sigma-Aldrich) coated coverslips and fixed as
478 indicated in Table 3. Coverslips were washed with 0.1% PBS-Tx (PBS with 0.1% Triton
479  X-100) and blocked in Abdil (20 mM Tris-HCI, 150 mM NacCl, 0.1% Triton X-100, 3%
480 bovine serum albumin, 0.1% NaNs, pH 7.5). Primary antibodies used in this study are
481 described in Table 2 and were diluted in Abdil. Dilutions are listed in Table 2 (IF =
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482  immunofluorescence, WB = Western blot, IP = immunoprecipitation). Cy3- and Cy5-
483 conjugated (or Alexa 647-conjugated) secondary antibodies (Jackson ImmunoResearch
484  Laboratories) were diluted 1:300 in 0.1% PBS-Tx. DNA was stained with 1 pg/mL
485 Hoechst-33342 (Sigma-Aldrich) in 0.1% PBS-Tx for 10 min. Coverslips were mounted
486 with PPDM (0.5% p-phenylenediamine, 20 mM Tris-HCI, pH 8.8, 90% glycerol). Images
487 were acquired with a DeltaVision Ultra High-Resolution microscope (Imsol) and
488 deconvolved where indicated. All images are maximal intensity projections in z. Image
489  analysis was performed in Fiji (ImageJ, NIH)®.

490 Integrated fluorescence intensity of mitotic centromeres was measured with a
491 custom CellProfiler 4.0 pipeline®® (adapted from McQuin, et al. 2014’°). The median
492 intensity of a 5-pixel region surrounding each centromere was multiplied by the area of
493 the centromere to determine background intensity. Regions with high GFP signal were
494 masked to avoid measuring kinetochore proteins bound to GFP-tagged constructs.
495 Values for each cell were calculated from the mean of the outer kinetochore protein
496  antibody signals of kinetochores in that cell. Before calculating the mean for a cell, the
497  kinetochore protein antibody intensity of each kinetochore in the cell was normalized to
498 anti-centromere antibody signal from that kinetochore.

499

500 DNA content analysis

501 Cells were incubated in 1lug/mL doxycycline for 24 hours. 5 mM EDTA, 20 ug/mL
502 Hoechst-33342 (Sigma-Aldrich), and 10 uM Verapimil (Tocris; Spirochrome) were
503 added directly to media for 30 minutes to 1 hour to detached cells from the plate and
504 stain them. Cells were collected and filtered through 35 um nylon mesh (Falcon).
505 Hoechst, GFP, and tdTomato signals were measured on an LSRFortessa (BD
506 Biosciences) flow cytometer. Results were analyzed with FlowJo software. Example
507 gating strategy for SunTag system is shown in Supplementary figure 6. The fraction of
508 cells in each cell cycle phase was determined in FlowJo with a Watson (Pragmatic)
509 model using the Cell Cycle tool. The DNA content of at least 9,000 cells was analyzed
510 for each condition per experiment.

511

512  Crosslinking Immunoprecipitation-Mass Spectrometry
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513  Construct expression was induced, and cells were arrest in mitosis as described in the
514  cell culture section. They were harvested 24 hours after doxycycline addition and 16
515 hours after STLC addition by mitotic shake off. Mitotic cells were centrifuged at 250
516 RCF and resuspended in Crosslinking Buffer (20 mM Hepes pH 7.5, 10 mM KClI, 1.5
517 mM MgCl,, 1 mM DTT). To crosslink samples, formaldehyde was added to 0.1% and
518 samples were incubated at 37°C for 15 minutes. Glycine was added to 0.25 M to
519 quench formaldehyde. Samples were washed once in PBS and once in Lysis Buffer
520 without detergent (25 mM Hepes pH 8.0, 2 mM MgCl,, 0.1 mM EDTA pH 8.0, 0.5 mM
521 EGTA pH 8.0, 150 mM KCl, 15% Glycerol).

522 To prepare protein extracts, samples were thawed and an equal volume of 1.5X high
523  salt lysis buffer w/ detergent (37.5 mM Hepes pH 8.0, 3 mM MgCl;, 0.15 mM EDTA pH
524 8.0, 0.75 mM EGTA pH 8.0, 450 mM KCI, 15% Glycerol, 0.225% Nonidet P-40
525 substitute) was added. Proteases were inhibited with a tablet of Complete EDTA-free
526 protease inhibitor cocktail (Roche) and 1mM PMSF. Phosphatases were inhibited with
527 0.4 mM Sodium Orthovanadate, 5 mM Sodium Fluoride, and 20 mM Beta-
528 glycerophosphate. Cells were lysed with Branson Digital Sonifier tip sonicator to shear
529 DNA. Lysates were for incubated 1 hour at room temperature with Protein A beads (Bio-
530 Rad) coupled to anti-GFP antibodies (Cheeseman lab). After incubation, beads were
531 washed in Lysis buffer with high salt, DTT, and LPC (25 mM Hepes pH 8.0, 2 mM
532  MgCl,, 0.1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 300 mM KCI, 15% Glycerol, 0.15%
533 Nonidet P-40 subsitute, 1 mM DTT, 10 ug/mL leupeptin (Millipore), 10 ug/mL pepsin
534 (Thermo Fisher Scientific), 10 ug/mL chymostatin (Millipore)), then washed in the same
535 buffer without detergent once (25 mM Hepes pH 8.0, 2 mM MgCl,, 0.1 mM EDTA pH
536 8.0, 0.5 mM EGTA pH 8.0, 300 mM KCI, 15% Glycerol, 1 mM DTT, 10 ug/mL leupeptin
537 (Millipore), 10 upg/mL pepsin (Thermo Fisher Scientific), 10 ug/mL chymostatin
538 (Millipore)). Beads were incubated in 0.1 M glycine pH 2.6 for 5 minutes 3 times and
539 once with Lysis buffer without detergent to elute. Elutions were pooled and Tris pH 8.5
540 was added to 200 mM. Eluate was incubated at 65°C for 1.5 hours to reverse
541 crosslinks. Proteins were precipitated with 20% Trichloroacetic Acid (Fisher

542  Bioreagents) overnight on ice. The next day, samples were centrifuged at 20817 RCF at
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543  4°C. Pellets were washed twice with ice cold Acetone. Samples were dried in Eppendorf
544  Vacufuge and stored at -80°C.

545 Samples were resuspended in SDS lysis buffer (5%, 50 mM TEAB pH 8.5), then
546 DTT was added to 20 mM and samples were incubated at 95°C for 10 minutes. After
547 cooling to room temperature, samples were treated 40 mM iodoacetamide (Sigma) for
548 30 minutes in the dark. Samples were acidified with 1.2% phosphoric acid, then run
549 over S-Trap microcolumns (ProtiFi), digested on the columns, and eluted as described
550 in ProtiFi S-trap micro kit protocol. We quantified eluate peptide concentration with
551 Quantitative Fluorometric Peptide Assay (Pierce). We lyophilized remaining eluate to
552  remove solvent and stored at -80°C.

553 For quantitative mass spectrometry, up to 10 samples were prepared simultaneously
554 as described above. Each sample was incubated with a different TMT10plex label
555 (Thermo Fisher Scientific) in 30% acetonitrile, 24.5 mM TEAB pH 8.5 for 1 hour at room
556 temperature. TMT10plex reagents were added to labeling reactions in a 10-fold excess
557 over peptides by mass. The labeling reaction was quenched by adding hydroxylamine
558 to 0.3% and incubating for 15 minutes at room temperature. Labeled samples were
559  pooled, then lyophilized to remove solvent, and stored at -80°C.

560 To removed salt and labels and to increase coverage, samples were fractionated
561 with High pH Reversed-Phase Peptide Fractionation kit (Pierce). After fractionation,
562 fractions were lyophilized and resuspended in 0.1% formic acid. Samples were
563 analyzed on an Orbitrap Exploris 480 connected to an EASY-nLC chromatography
564  system using two compensation voltages applied with a FAIMS Pro Interface (Thermo
565 Fisher Scientific). Proteins were identified in Proteome Discoverer 2.4 (Thermo Fisher
566 Scientific) using Sequest HT. Peptide-spectrum matches were validated using
567 Percolator. Tandem Mass Tag quantification was done in Proteome Discoverer. For
568 quantitative mass spectrometry, raw abundances were processed as described in figure
569 legends.

570

571 Isolation of CENP-T-based kinetochore-like particles from HelLa cells

572 Hela cells with doxycycline inducible expression of GFP-13-01 or GFP-CENP-T*#%2|3-
573 01 were cultured in 15-cm tissue culture plates. After cells reached 70-90% confluence,
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574  expression of oligomers was induced by addition of 1 pg/ml doxycycline (Sigma-Aldrich,
575 D9891) for 24 hrs. Mitotic cells were harvested by shaking off and gently rinsing with a
576 pipette. Harvested cells were pelleted by centrifugation at 1,000 g and washed in DPBS
577  buffer (Corning, 21-031-CV). Cells were resuspended in Lysis Buffer (50 mM HEPES
578 pH 7.2, 2 mM MgCl,, 150 mM K-glutamate, 0.1 mM EDTA, 2 mM EGTA, 10% glycerol)
579 and pelleted by centrifugation. Cell pellets containing =10 cells were snap-frozen and
580 stored in liquid nitrogen. Pellets of cells expressing GFP-13-01 oligomers were prepared
581 analogously except the mitotic cells were induced by adding 10 uM S-trityl-L-cysteine
582 (STLC; Sigma-Aldrich, 164739) for 14 hrs.

583 GFP-CENP-T*?*213-01 and GFP-I13-01 oligomers were isolated from mitotic cell
584  extracts prepared as in Tarasovetc, et al. 2021%. Briefly, one frozen cell pellet (~100 pl)
585 was resuspended in two volumes of ice-cold Lysis buffer supplemented with 0.1%
586 IGEPAL (Sigma-Aldrich, 18896), 4 mM Mg-ATP, 2 mM DTT, protease inhibitors (0.2 mM
587 4-(2-Aminoethyl)-benzenesulfonylfluoride hydrochloride (AEBSF; Goldbiom, A-540-5),
588 10 pg/ml leupeptin (Roche, 11017128001), 10 pg/ml pepstatin (Roche, 11359053001),
589 10 pg/ml chymostatin (Sigma-Aldrich, C7268), Complete Mini EDTA free cocktail
590 (Roche, 11836170001)), phosphatase inhibitors (100 ng/ml microcystin-LR (Enzo Life
591 Sciences, ALX-350-012), 1 mM sodium pyrophosphate (Sigma-Aldrich, P8010), 2 mM
592  sodium-beta-glycerophosphate (Santa Cruz Biotechnology, sc-220452), 100 nM sodium
593 orthovanadate (Alfa Aesar, 81104-14), 5 mM sodium fluoride (Sigma-Aldrich, S6776),
594 120 nM okadaic acid (EMD Millipore, 495604), PhosSTOP cocktail (Roche,
595 04906845001)), and ATP regeneration system (10 mM phosphocreatine (Sigma-
596 Aldrich, P7936), 0.45 mg/ml phospho-creatine kinase (Sigma-Aldrich, C3755)). Cells
597  were ruptured by sonication using a Branson SFX150 Sonifier with a 3/32" microtip at
598 68% power for four cycles consisting of 15 s ON and 30 s OFF. During the entire
599 procedure, the microcentrifuge tubes with cell suspension were kept in ice-cold water.
600 Ruptured cells were treated with 1 U/pl OmniCleave endonuclease (Lucigen, OC7850K)
601 for 5 min at 37°C to release the DNA-bound protein pool, and cells were sonicated for
602 one more cycle. The suspension was centrifuged at 4,000 g for 15 min at 4°C,
603 supernatant was collected and the oligomers were pelleted by ultracentrifugation at
604 280,000 g for 15 min at 4°C. Pellets were washed three times by gently adding and
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605 removing of 100 pl Lysis Buffer supplemented with all components described above,
606 CENP-T-based kinetochore-like particles were resuspended in 50 pl of the same buffer,
607 immediately aliquoted and snap-frozen in liquid nitrogen for storage at -80°C.

608

609 Determining the size of GFP-containing oligomers in vitro

610 Experiments were performed using a Nikon Eclipse Ti microscope equipped with
611 1.49xNA TIRF 100xOil objective. A CUBE 488-nm 100 mW diode laser (Coherent)
612 provided excitation to visualize GFP-tagged proteins in total internal reflection
613 fluorescence (TIRF) mode. A CUBE 640-nm 50 mW diode laser and a CUBE 561-nm
614 100 mW diode laser (Coherent) provided excitation for microtubules polymerized from
615 tubulins labeled with HiLyte647 or rhodamine. Images were acquired with an Andor
616 iXon3 EMCCD camera and analyzed using Fiji software®®. The size of oligomers with
617 the GFP-tagged proteins was determined by measuring their fluorescence intensity and
618 dividing by the intensity of one GFP molecule, which was determined under identical
619 imaging conditions.

620 First, to determine brightness of single GFP molecule, a flow chamber was
621 incubated for 1 min with 100 pM recombinant 6His-GFP, which was purified using a
622  protocol for His-tagged proteins in Rago, et al. 2015 in Mg-BRB80 buffer ** (80 mM K-
623  1,4-Piperazinediethanesulfonic acid (K-PIPES) pH 6.9, 4 mM MgCl,, 1 mM EGTA),
624 washed and sealed with VALAP (1:1:1 vaseline/lanolin/paraffin). Bleaching of individual
625 GFP spots (Supplementary Figure 2E) was captured for 1 min under TIRF illumination
626  with the 20% laser power and the following settings for Andor iXon3 camera: 1 MHz
627 readout speed, gain 5.0x, EM gain 50, 300 ms exposure time. To take into account an
628 unevenness of laser illumination, images of GFP molecules were normalized on the
629 laser intensity profile, which was generated by averaging >100 images of randomly
630 selected fields with GFP molecules at high density (1 nM GFP). An integral intensity of
631 individual GFP-molecules as a function of illumination time was measured in a circle
632 area with the radius 3 pixels, generating individual photo-bleaching curves. Background
633 intensity was measured in the same size area located near each GFP spot; individual
634 background values were averaged for all examined spots and the resultant curve was

635 subtracted from the individual photo-bleaching curves. Further processing, such as
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636 smoothing with the sliding window of 4 points and curves alignment, was carried out, as
637 in Volkov, et al. 2014™. Individual photo-bleaching curves were combined to build a
638 histogram, in which the non-zero peak was fitted with Gaussian function to represent
639 the mean value of single molecule intensity (Supplementary Figure 2E).

640 Second, GFP-labeled oligomers isolated from mitotic cells were diluted 1,000-
641 40,000 times in Mg-BRB8O0 buffer, flowed into the chamber and incubated for 5 min to
642 immobilize them on the coverslip. Images were captured using the same camera
643 settings as for single GFP molecules except the EM gain was decreased to 10. A
644 linearity of EM gain settings was confirmed in separate experiments. Images of GFP-
645 labeled oligomers were normalized on the laser intensity profile, and the oligomers were
646  automatically selected using Fiji “Find Maxima” plugin with 5,800 prominence level,
647  which excluded small GFP-labelled oligomers. Finally, the integral intensity of individual
648 oligomers and corresponding background were measured in a circle area with the
649 radius 6 pixels. After background subtraction, number of GFP-tagged molecules per
650 oligomer was calculated as a ratio of intensity of this oligomer divided by average
651 intensity of single GFP molecule and multiplied by 5 to take into account difference in
652 EM Gain settings.

653 Assays with stabilized microtubules in vitro

654  Tubulin for microtubules was purified from cow brains by thermal cycling and
655 chromatography’?, and labeled with HiLyte647 (HiLyte Fluor 647 succinimidyl ester;
656 Anaspec, 81256), rhodamine (5-(and-6)-carboxytetramethylrhodamine succinimidyl
657  ester; Invitrogen, C1171) or biotin (D-biotin succinimidyl ester; Invitrogen, B1513), as in
658 Hyman, et al. 1991”. Taxol-stabilized fluorescent microtubules were prepared, as in
659 Chakraborty, et al. 2018 from a mixture of unlabeled and HiLyte647-labeled tubulin™
660  (9:1, total tubulin concentration 100 uM). Custom-made flow chambers were assembled
661  with silanized coverslips (22x22 mm) using spacers made from two strips of double-
662 sided sticky tape, as in Chakraborty, et al. 2018”*. Solutions were perfused with syringe
663 pump (New Era Pump Systems, cat # NE-4000) and all experiments were carried out at
664 32°C. To immobilize taxol-stabilized microtubules, anti-tubulin antibodies (Serotec,
665 MCA2047) were flowed into the chamber and the coverslip was blocked with 1%
666  Pluronic F-127 (Sigma-Aldrich, CP2443) prior to introducing fluorescently labeled
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667 microtubules in Mg-BRB80 buffer supplemented with 7.5 puM taxol. Oligomers
668 assembled on GFP-labeled clusters were then added in Imaging Buffer (Mg-BRB80
669 supplemented with 10 mM DTT, 7.5 uM taxol, 5 mM Mg-ATP, 4 mg ml"* bovine serum
670 albumin (BSA; Sigma-Aldrich, A7638), 0.1 mg ml* casein (Sigma-Aldrich, C5890), 0.1
671 mg ml™ glucose oxidase (Sigma-Aldrich, G2133), 20 yg ml™ catalase (Sigma-Aldrich,
672 C40) and 6 mg ml™ glucose (Sigma-Aldrich, G8270), incubated for 5 min, and then
673 GFP and microtubule images were collected in TIRF mode. To allow quantitative
674 comparison of the level of microtubule decoration by different oligomers, a care was
675 taken to prepare solutions of clusters at similar concentration. To estimate concentration
676  of isolated oligomers, thawed cluster suspensions were diluted 1,000-40,000-fold in Mg-
677 BRB80 buffer and allowed to bind to the plasma cleaned coverslips for 5 min. Images of
678 at least 10 different microscopy fields were collected, and the number of clusters per
679 field was determined. Concertation of oligomers was calculated as the average number
680 of GFP-labeled oligomers per imaging field multiplied by the dilution factor. Concertation
681 of T-particles was 10-20 times lower than preparations with control GFP-oligomers, so
682 the latter were diluted additionally to compensate for this difference. To quantify
683 microtubule decoration with different oligomers, 10-20 rhodamine-microtubules per
684 imaging field were selected in the rhodamine channel. Then, the number of GFP-
685 labeled oligomers colocalizing with these microtubules was determined in the GFP
686 channel by automatic selection with Fiji “Find Maxima” plugin with 5,800 prominence
687 level.

688

689 Assays with dynamic microtubules in vitro

690  Microtubule seeds were prepared, as in " from a mixture of unlabeled, rhodamine- and
691  biotin-labeled tubulins (8:1:1, total tubulin concentration 5 uM) supplemented with 1 mM
692 GMPCPP (Jena Bioscience, NU-405L). A flow chamber was prepared as for assays
693  with taxol-stabilized microtubules, but the coverslip was coated with 5 uM neutravidin to
694 assist immobilization of the biotin-containing microtubule seeds. Imaging Buffer
695 supplemented with 1 mM Mg-GTP, a mixture of unlabeled and HiLyte647-labeled
696 tubulin (8:2, total tubulin concentration 5 yM) and up to 0.3% methyl cellulose was
697 flowed using the pump. Microtubule growth was observed for 5 min, and then CENP-T-
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698 based kinetochore-like particles were flowed into the chamber. Imaging was carried out
699 in TIRF mode switching between 488-nm and 640-nm lasers with 300 ms exposure
700 using stream acquisition at 12 frames per min. To analyze tracking, a microtubule
701  visible via Hilyte647 fluorescence was fitted with a straight line (5 pixels width) using Fiji
702  software, and the kymograph in microtubule and GFP-channels was prepared along this
703 line. Kymographs with a bright GFP-dot at the end of microtubule relative to lattice were
704 scored as the tip-tracking events. Polymerization and depolymerization microtubule
705 rates were determined from the slopes of the corresponding kymographs.

706

707 Immunostaining of isolated CENP-T-based kinetochore-like particles

708 Immunostaining was performed on CENP-T-based kinetochore-like particles bound to
709 taxol-stabilized microtubules or oligomers immobilized on the coverslips functionalized
710 by 10-min incubation with 20 pug ml* anti-S-tag antibodies (Abcam, ab87840) and
711  blocked with 1% Pluronic F-127. Oligomers isolated from HelLa cells were allowed to
712  adsorb onto the coverslip for 20 min. Chambers incubated with 3.5% paraformaldehyde
713  or with no added fixative produced similar results, so these data were combined.
714  Chambers were washed with Blocking Buffer (BRB80 buffer supplemented with 2 mM
715 DTT, 4 mg ml™ BSA and 0.5 mg ml™ casein). Anti-Ndc80 antibodies *° diluted at 25 ug
716 ml™t in Blocking Buffer were incubated for 15 min, followed by Alexa647—conjugated
717  anti-rabbit antibodies (1:100, Thermo Fisher Scientific, A21245) for 15 min, and washed
718 with Imaging Buffer. To analyze level of Ndc80 recruitment, GFP-labeled oligomers
719 were selected in GFP-channel and the corresponding level of associated Ndc80 was
720 measured as integral intensity in Alexa647 channel.

721

722  Single molecule assay to measure CENP-T-NDC80 binding in vitro

723  Flow chambers were prepared as described above in the section “Assays with stabilized
724  microtubules in vitro”. The surface of the coverslip was activated by incubation with 20
725 upg/ml anti-S-tag antibodies (Abcam) diluted in BRB80 buffer for 10 min. The coverslip
726  was blocked with 1% Pluronic F-127. Then, GFP-CENP-T1-242/3D or GFP oligomers
727 were introduced to the flow chamber. The specimen on the microscope stage was
728 maintained at 32°C. The chamber was incubated for 20 min to allow immobilization of
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729 oligomers onto the coverslip. After immobilization oligomers were transferred to Imaging
730 Buffer. Five images of the same field with GFP-tagged oligomers were collected for
731 subsequent quantifications of their initial fluorescent intensity, which corresponds to the
732  quantity of GFP-CENP-T1-242/3D or GFP molecules per oligomer. The oligomers were
733  then bleached with a laser at 100% power for 30 s. Five images of the same field with
734  oligomers were collected after bleaching to evaluate the efficiency of bleaching and the
735 remaining GFP intensity of oligomers. Next, 100 yl of 100 nM GFP-tagged NDC80 in
736 Imaging Buffer was introduced to the chamber using syringe pump at speed 900 pl/min.
737  After 10 minutes, NDC80 was washed out from the chamber using 300 ul of Imaging
738 Buffer perfused at speed 900 ul/min. Chamber was incubated for additional 10 min, and
739 five images of the oligomers were collected to record recruitment of GFP-tagged
740 NDC80.

741 The images were analyzed using Fiji°®. First, the image sequence was corrected
742  on the stage drift using “Manual drift correction” plugin. Then, the GFP intensity was
743 measured in area surrounding the oligomer (8 pixels radius). Brightness of the same
744  size area located near each oligomer was subtracted to minimize variability in
745 background intensity. The intensities of individual oligomers during different stages of
746  experiment were averaged between five frames. Final fluorescence intensity from GFP-
747 tagged NDCB80 was normalized on initial intensity from GFP-CENP-T1-242/3D or GFP
748 oligomers. Resulting values represent average number of GFP-tagged NDCB80
749  molecules per GFP-CENP-T1-242/3D or GFP molecule in oligomer.

750 The experiment with monomeric GFP-CENP-T2423P

was done analogously with
751  several modifications. To obtain a field with evenly dispersed molecules, 0.25 nM GFP-
752  CENP-TY?*?%0 was used. GFP-CENP-T¥?*?*P mpolecules were not photobleached, to
753  avoid confusion between detached GFP-CENP-T¥##?*P molecules or those did not bind
754  GFP-tagged NDC80. One frame was collected initially, and one was collected after
755 NDCB80 binding to avoid photobleaching. The probability of photobleaching was
756 estimated from a photobleaching curve to be 4% over the 0.6 second exposure
757  (Supplementary Figure 7G). Smaller areas (3 pixels radius) surrounding GFP-CENP-T*

758 228D dots were used to measure their fluorescent intensity. To confirm, that GFP-
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759  CENP-T*?*?3P is monomeric, distribution of their initial fluorescent intensities was
760 normalized to the fluorescence of one GFP-molecule (Supplementary Figure 7C).

761

762  Quantification and statistical analyses

763  Fiji/lmageJ (NIH) was used for image manipulation®®. Statistical tests were performed in
764  Graphpad Prism as described in figure legends.

765

766
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Figure Legends

Figure 1: 13-01 oligomerization strategy generates particles that interact with
mitotic spindles. (A) Left top: diagram of endogenous CENP-T, its key phosphorylation
sites, and the sites of established interactions. Left bottom: construct used to generate
CENP-T*?* oligomers in cells. Right: diagrams of the expected oligomers and their
predicted interactions with the outer kinetochore. (B) Representative images of CENP-
T¥%%2 oligomers and control GFP oligomers in interphase HelLa cells. Scalebars = 10
pm. Different linear image adjustments were used for different fields of view in B-D, so
intensities cannot be compared between images. (C) Representative image of control
GFP oligomers in mitotic HeLa cells. Scalebars = 5 pm. (D) Examples of CENP-T*?%2

oligomer localizations in mitotic HeLa cells. Scalebars =5 pm.

Figure 2: CENP-T¥%*? oligomers recruit almost the entire outer kinetochore. (A)
Co-localization of outer kinetochore proteins with GFP-CENP-T*?%2.13-01 oligomers by
immunofluorescence. Identical linear image adjustments were used for GFP and
kinetochore protein channels for each pair of experimental and control samples.
Scalebars = 5 um. (B) Kinetochore and kinetochore-associated proteins detected in

immuno-precipitation mass spectrometry of GFP-CENP-T*?2-13-01.

Figure 3: Isolated CENP-T*?**? oligomers bind to microtubules and track dynamic
microtubule ends. (A) Representative images of GFP-CENP-T*?*%13-01 and GFP-I3-
01 isolated from mitotic cells. Scalebar = 5 um. (B) Histogram showing the distribution
of the number of molecules in each oligomer plotted as a percentage of the total
number observed of oligomers. Each point represents mean £ SEM from 5 independent
experiments, in which more than 180 oligomers were analyzed. Control oligomers
contained 51 + 8 GFP molecules. For more detailed statistics for this and other graphs,
see Source data. (C) Representative images of fluorescent microtubules (red) incubated
with GFP-tagged CENP-T*?*? oligomers and control GFP oligomers (green). Scalebar =
5 um. (D) Average number of microtubule-bound oligomers in a 10 um length of

microtubule (mean £ SEM from 3 independent experiments). Each point represents an
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independent experiment in which at least 10 microscopy fields were analyzed. P-values
were calculated with unpaired two-tailed t-tests: ** = p<0.01. (E) Schematic of the in

1-242
T

vitro assay used to study interactions between CENP oligomers and dynamic

microtubules. (F) Representative kymographs of dynamic microtubules (tubulin, blue in

merge) grown from coverslip-bound microtubule seeds (red in merge) and CENP-T*?%2

oligomers (GFP, green in merge). Top row: CENP-T%%

oligomer binds directly to
polymerizing microtubule end, then processively tracks the end during microtubule
polymerization. Bottom row: CENP-T*?*? oligomer binds to the wall of a polymerizing
microtubule, diffuses on the microtubule lattice, and then tracks the depolymerizing
microtubule end. (G) Polymerization and depolymerization rates measured for free
microtubule ends and microtubule ends coupled to CENP-T*?*? oligomers. Data are
based on 3 experiments with particle-free microtubules and 8 experiments with GFP-

CENP-T*?%2|3-01. Points represent individual microtubule ends; bars show the mean +

SEM. P-values were calculated with unpaired two-tailed t-tests: n.s. = p>0.05; ****
p<0.0001.

Figure 4: CENP-T*** oligomers recruit the outer kinetochore more robustly than
monomeric CENP-T"?*2, (A) Representative image of monomeric CENP-T*?*? in
mitotic HelLa cells. (B) Representative immunofluorescence images of NDC80 levels at
centromeres in cell expressing control oligomers, monomeric CENP-T*?*?, and CENP-
T¥%%2 oligomers. All cells are mitotically arrested with S-Trityl-L-Cysteine. Identical linear
image adjustments were used for all conditions in centromere and NDC80 complex
channels. NDCB8O0 insets are adjusted differently from full-size images. Full-sized image
scalebars = 5 um. Inset scalebars = 2 um. (C) Quantification of NDC80 complex levels
from (A) and MIS12 complex and KNL1 levels in similar experiments. Each bar
represents the mean + SD of outer kinetochore protein signal from cells expressing the
designated construct. Values for each cell were calculated from the mean of the outer
kinetochore protein signals of kinetochore in that cell. Before calculating the mean for a
cell, the outer kinetochore protein signal of each kinetochore in the cell was normalized
to anti-centromere antibody signal from that kinetochore. Overall means were calculated

from pooled data from multiple experiments. To make results comparable between
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experiments, the mean for each cell was normalized to the mean of all cells in the GFP-
13-01 control sample in the same experiment. NDC80 complex: 30 cells for each
condition from 2 experiments. Mis12 complex: 42-61 cells for each condition from 3
experiments. KNL1: 27-34 cells for each condition from 2 experiments. P-values were
calculated using Welch’'s two-tailed t-test. * = p <0.01;, *** = p <0.0001. (D)
Representative images of fields of cells stained with Hoechst expressing control GFP-
13-01 oligomers, GFP-CENP-T*%*?> monomers, or GFP-CENP-T*?*? oligomers. Scalebar
=5 um. (E) Percentage of cells in G2/M as determined by DNA content measurements
by flow cytometry in cell lines expressing control GFP oligomers, GFP-CENP-T?%2
monomers, or GFP-CENP-T*?*? oligomers. Expression of the constructs was controlled
by a TetOn system and induced with Doxycycline. Bars represent mean percentage *
SD from 3 repeats. Statistical analysis was performed on the differences between
means of induced and uninduced. P-values were calculated using Welch’s two-tailed t-
test. ** = p<0.01. (F) Comparison of outer kinetochore protein co-immuno-precipitation
by control oligomers and monomeric CENP-T*?*? by TMT-based quantitative immuno-
precipitation mass spectrometry. Each point represents a biological replicate from a
single multiplexed mass spectrometry run. Raw abundances of proteins in each sample
were normalized to the abundance of GFP peptides, then the normalized abundances
for the designated complexes were expressed as multiples of the normalized
abundance in the GFP-13-01 sample. Complex abundances were obtained by
calculating the sum of abundances of the complex components. P-values were
calculated using Welch’'s two-tailed t-test. * = p < 0.05. (G) Comparison of outer
kinetochore protein co-immuno-precipitation by CENP-T*?*? oligomers and CENP-T*?%2
monomers by TMT-based quantitative immune-precipitation (IP) mass spectrometry.
Each point represents a biological replicate from a single multiplexed mass
spectrometry run. Raw abundances were processed as described in (F), but normalized
to the abundance of GFP-CENP-T*?*?, and normalized abundances for the designated
proteins or complexes were expressed as multiples of the normalized abundance in the
GFP-CENP-T*?*2 sample. Complex abundances were obtained by calculating the sum
of abundances of the complex components. P-values were calculated using Welch's
two-tailed t-test. * = p < 0.05; ** = p <0.01; ** = p < 0.001.
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Figure 5: Each additional CENP-T**? molecule incrementally increases outer
kinetochore recruitment of neighboring molecules. (A) Diagram of SunTag tunable
oligomerization strategy. (B) Representative immunofluorescence images of SunTag
oligomer localization with different numbers of GCN4pep on the scaffold. GFP signal in
all images is scaled the same. Scalebar = 5 um. (C) Percentage of cells in G2/M as
determined from DNA content measurements by flow cytometry in cell lines expressing
SunTag with scaffolds with different numbers of GCN4pep. scFv-sfGFP-CENP-T*?%2
expression was controlled by a TetOn system and induced with doxycycline. Bars
represent mean percentage of cells in G2/M = SD from 3 repeats. Welch’'s ANOVA test
was performed on the differences between means of induced and uninduced to
calculate a P-value, p < 0.0001. (D) Comparison of outer kinetochore protein co-

immuno-precipitation by scFv-sfGFP-CENP-T*?%2

expressed with scaffolds with 1, 4, or
10 copies of GCN4pep by TMT-based quantitative immuno-precipitation mass
spectrometry. TdTomato-tagged scaffolds were immuno-precipitated, then abundances
for isolated proteins were normalized to the abundance of scFv-sfGFP-CENP-T 242
peptides. Normalized abundances for the designated complexes were expressed as
multiples of the abundance in the 1xGCN4pep sample. Complex abundances were
obtained by calculating the sum of abundances of the complex components. Each point
represents a biological replicate from a single multiplexed mass spectrometry run. P-
values were calculated using Welch'’s two-tailed t-test. * = p < 0.05; n.s. = p > 0.05. (E)
Representative immunofluorescence images of NDC80 levels at centromeres in cell
expressing the scFv-sfGFP-CENP-T*?* with scaffolds with different numbers of
GCNd4pep. All cells are mitotically arrested with S-Trityl-L-Cysteine. All images use the
same linear image adjustments. Scalebar = 5 um. (F) Quantification of NDC80 complex
levels from (E). Each bar represents the mean + SD of NDC80 signal from cells
expressing the designated construct. Overall means were calculated from pooled data
from multiple experiments. To make results comparable between experiments, the
mean for each cell was normalized to the mean of all cells in the 1IXGCN4pep sample in
the same experiment. 40-46 total cells were analyzed from 3 different experiments for

each condition. Welch’s ANOVA test was performed to calculate P-value for the whole
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dataset (p < 0.0001). Welch’s t test was used to calculated P-value for selected pairwise

comparisons. **** = p < 0.0001.

Figure 6: Oligomerization of CENP-T activates NDC80 recruitment in vitro. (A)
Diagram of GFP-CENP-T*#*?3P13.01 (top) and GFP-CENP-T*##30  (pottom)
constructs. Both constructs contain CENP-T*?* region with activating phospho-mimetic
substitutions at sites T11, T27, and T85. (B) Representative images of GFP-CENP-T"
2428301301 oligomers or GFP-CENP-T*?*2"P monomers taken with identical microscope
settings and shown with identical linear image adjustments. Scalebar = 2 um. (C) Top:
Diagram of single molecule experimental approach with GFP-CENP-T*?*%3P.13.01
oligomers immobilized on coverslips. The initial GFP intensity of each oligomer, which
_T1-242/3D

represented the number of CENP
GFP). Before addition of GFP-tagged NDC80®°"*  oligomers were photobleached to

molecules per oligomer, was recorded (initial

Bonsai
0

make recruitment of GFP-tagged NDC8 more apparent. After addition of GFP-
NDC80%°™# the GFP signal was measured again (Final GFP). Final GFP represents
the number of NDC80%°™ molecules bound, which allowed us to determine CENP-T-
NDC80%°™ hinding efficiency. Bottom: representative images of GFP-CENP-T 24230,
13-01 and GFP-I13-01 oligomers immobilized on coverslips before photobleaching, after
photobleaching, and after interaction with 100 nM GFP-tagged NDC80%°"™%. Scalebar =
5 um. (D) Efficiency of NDC80 recruitment to GFP-CENP-T*?%%3013.01, and control
GFP-13-01. The result is the number of NDC80 molecules bound per molecule in an
oligomer. Bars are mean + SEM from 3 independent experiments. Each point is the
median result from independent trials with at least 12 oligomers analyzed. P-values
were calculated by unpaired two-tailed t-test: *** = p<0.001. (E) Top: diagram of single
molecule experimental approach with GFP-CENP-T*?**3® monomers. The GFP signal
from each monomer was recorded before addition of GFP-NDC80%°™? (Initial GFP).
After addition of GFP-NDC80%°™® the GFP signal was measured again (Final GFP).
Bottom: representative examples of GFP-CENP-T¥?*?*P monomers before and after
interaction with 100 nM GFP-tagged NDC80%°™?_ Scalebar = 5 pm. (F) Efficiency of
NDC80 recruitment to GFP-CENP-T*?*?3P13.01 oligomers and GFP-CENP-TY2423TP
monomers. Bars are mean + SEM from 3 independent experiments. Each point is the
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median result from independent trials with at least 12 oligomers or 33 monomers
analyzed. Data for GFP-CENP-T*#*#3P|3.01 oligomer is duplicated from (D). Each
point is the average result from an independent trial, bars are mean + SEM. P-values

were calculated by unpaired two-tailed t-test: *** = p<0.001.

Figure 7: Model of the role of higher order oligomerization in kinetochore
assembly. In regions where CENP-A nucleosomes are at a high density (>25% of
nucleosomes; top of figure), they recruit CENP-C, which can use its Cupin domain to
form CENP-A-CENP-C oligomers. Those oligomers can then recruit multiple inner
kinetochore modules, which protect CENP-A from eviction when replication forks pass
through during S-phase. Those stable inner kinetochore oligomers have a high local
concentration of CENP-T, which enables CENP-T to robustly recruit the outer
kinetochore when it is phosphorylated by Cdkl during mitosis, generating complete
kinetochores. When CENP-A is deposited at a low density (bottom), it may be able to
recruit individual molecules of CENP-C, but it cannot generate inner kinetochore
oligomers. As a result, is evicted during S phase and any CENP-A that remains fails to

recruit the rest of the kinetochore.


https://doi.org/10.1101/2023.05.22.541649
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.22.541649; this version posted May 22, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Supplementary Figure 1: CENP-T*?*? oligomers recruit additional outer
kinetochore proteins, but control oligomers do not. (A) Kinetochore and
kinetochore-associated proteins detected in immuno-precipitation mass spectrometry of
GFP-13-01 control oligomers. (B) Co-localization of outer kinetochore proteins with GFP-
CENP-T*?*213-01 oligomers by immunofluorescence. Image sets using the same

antibody are scaled the same.

Supplementary Figure 2. Characterization of GFP CENP-T*?*? and control GFP
oligomers isolated from HeLa cells. (A) Workflow showing the key steps to isolate
GFP-CENP-T*?*213-01 and GFP-13-01 oligomers from mitotic cells. Left image shows

representative HelLa cells expressing GFP-CENP-T"?%?

or GFP oligomers. Images are
merges of DIC (grey scale), DAPI-stained DNA (red), and GFP (green). Expression of
GFP-CENP-T*?*213-01 caused cells to arrest in mitosis. Cells expressing GFP-13-01
were arrested in mitosis with the Eg5 inhibitor S-Trityl-L-Cysteine (STLC; see Methods
for details). (B) Representative fluorescence microscopy images of the indicated GFP-
labelled oligomers immobilized on coverslips; the same microscopy settings and linear
image adjustments were used to allow direct comparison of oligomer brightness. (C)
The graph shows NDC80 levels associated with CENP-T*?*2-oligomers and GFP
control oligomers bound to taxol-stabilized microtubules or settled on the coverslip (not
bound to a microtubule). NDC80 was visualized using antibodies against the NDC80
complex. Note that only CENP-T-containing oligomers localize to microtubules, and that
these complexes exhibit robust NDC80 association. Both types of oligomers that had
settled on the coverslips contained little NDC80, suggesting that it dissociates from
some CENP-T*?*2 oligomers during the isolation procedure. Each point represents the
median value from independent experiment with n>100 oligomers, lines and error bars
show mean + SEM from 2-5 independent experiments. P-values were calculated with
unpaired two-tailed t-tests: n.s., p>0.05; ***, p<0.001. For more detailed statistics, see
Source data. (D) Additional kymographs illustrating complex motions of CENP-T2%2
oligomers on dynamic microtubules, see legend to Figure 3F for more details. Top left:
CENP-T*?* oligomer moves along the microtubule wall to reach the plus-end, tracks

the polymerizing plus-end, then diffuses along the microtubule wall. Bottom left: CENP-
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T¥%%2 oligomer remains associated with the microtubule end as it depolymerizes, then

continues to track the end when it reverts to polymerization. Right: CENP-T***? oligomer
moves unidirectionally on microtubule wall toward the growing plus-end. Note the
different velocities on the GMPCPP-containing seed (red) and the GDP-containing
lattice (blue; 0.7 pm/min vs. 3 um/min). Faster motion on GDP vs. GMPCPP

microtubule lattice has been reported for purified CENP-E kinesin *

, Indirectly
suggesting that some of the isolated CENP-T*?*? oligomers may also harbor CENP-E
kinesin. (E) Quantification of the number of GFP molecules. Left: representative image
of a microscope field with single GFP molecules immobilized on plasma-cleaned
coverslip. Middle: Example photobleaching curve for a single molecule of GFP. Right:
Histogram of integral intensities collected from 60 bleaching GFP dots from 3
independent experiments. Red line is fit to Gaussian function. Peak value of 1.56 + 0.04
x 10* a.u. corresponds to the integral intensity of a single GFP fluorophore under our
imaging conditions. This intensity was used to estimate number of GFP fluorophores in

oligomers and complexes, see Methods for detalils.

1-242 1-242
T T

Supplementary Figure 3: CENP- oligomers, CENP- monomers, and
control oligomers are expressed at comparable levels. (A) Normalized GFP signals
from GFP-positive cells analyzed for DNA content in Figure 4E as measured by flow
cytometry. Averaged from three experiments (mean £ SD). The same cell lines were
used for other assays with these three constructs. (B) Histograms showing the
distribution of GFP expression levels in cells from cell line in (A) as measured by flow
cytometry. (C) Anti-GFP and Anti-B-Actin western blots of cells expressing GFP-CENP-
T242.13-01, GFP-CENP-T"?*2 and GFP-13-01. B-Actin was used as a loading control.

1-242
T

Supplementary Figure 4: CENP- oligomers recruit kinetochore-associated

proteins and spindle assembly checkpoint proteins more robustly than

monomeric CENP-T}?42

1-242
T

. (A) Comparison of protein co-immuno-precipitation by CENP-
oligomers and control GFP oligomers by TMT-based quantitative immune-
precipitation mass spectrometry. Each point represents a biological replicate from a
single multiplexed mass spectrometry run. P-values were calculated using Welch’s two-
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tailed t-test. ns = p > 0.05; * = p < 0.05; ** = p <0.01; ** = p <0.001. Raw abundances
of proteins in each sample were normalized to the abundances of GFP and 13-01
peptides, then the normalized abundances for the designated proteins or complexes
were expressed as multiples of the normalized abundance in the GFP-13-01 sample.
Complex abundances were obtained by calculating the sum of abundances of the
complex components. (B) Comparison of protein co-immuno-precipitation by CENP-T*
242 oligomers and CENP-T***? monomers by TMT-based quantitative immune-
precipitation mass spectrometry. Each point represents a biological replicate from a
single multiplexed mass spectrometry run. Raw abundances of proteins in each sample
were normalized and added as described in figure 4G. P-values were calculated as
described in (A). (C) Comparison of protein co-immuno-precipitation by control GFP

oligomers and CENP-T%%

monomers by TMT-based quantitative immuno-precipitation
mass spectrometry. Each point represents a biological replicate from a single
multiplexed mass spectrometry run. Raw abundances of proteins in each sample were
normalized and added as described in Figure 4F. P-values were calculated as

described in (A).

Supplementary Figure 5: Construct expression from SunTag cell lines, additional
SunTag mass spectrometry and centromere depletion data. (A) Normalized GFP
signals from cells analyzed for DNA content in Figure 5C as measured by flow
cytometry. Averaged from three experiments (mean + SD). (B) Anti-GFP and Anti-B-
Actin western blots of cell lines expressing scFv-sfGFP-CENP-T*?*? alongside
tdTomato-tagged scaffolds with different numbers of GCN4pep. Anti-T2A antibody binds
to the C-terminus of the scaffolds. B-Actin was used as a loading control. These cell
lines were used in Figure 5C. (C) Normalized tdTomato signals from cells analyzed for
DNA content in Figure 5C as measured by flow cytometry. Averaged from three
experiments (mean = SD) (D) Anti-T2A and Anti-B-Actin western blots of cell lines
expressing scFv-sfGFP-CENP-T%*? alongside tdTomato-tagged scaffolds with different
numbers of GCN4pep. B-Actin was used as a loading control. These cell lines were
used in Figure 5C. (E) Anti-GFP and Anti-B-Actin western blots of cell lines expressing

scFv-sfGFP-CENP-T*?*? alongside myc-tagged scaffolds with different numbers of
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GCN4pep. 1XGCN4pep cell line without dox-treatment was used as a negative control,
and B-Actin was used as a loading control. These cell lines were used in Figures 5E and
5F and in Supplementary Figure 5I. (F) Anti-NDC80 Complex and Anti-B-Actin western
blots of cell lines expressing scFv-sfGFP-CENP-T*?*? alongside myc-tagged scaffolds
with different numbers of GCN4pep. B-Actin was used as a loading control. These cell
lines were used in Figures 5E and 5F and in Supplementary Figures 5I. (G) Anti-T2A
and Anti-B-Actin western blots of cell lines expressing scaffolds with different numbers
of GCN4pep. scFv-sfGFP-CENP-T*?*? expression was not induced in these
experiments. Anti-T2A antibody binds to the C-terminus of the scaffolds. B-Actin was
used as a loading control. These cell lines were used in Figures 5E and 5F and in
Supplementary Figure 5I. (H) Comparison of outer kinetochore protein co-immuno-
precipitation by SunTag oligomers expressed with scaffolds with 1, 4, or 10 copies of
GCNd4pep by TMT-based quantitative immune-precipitation mass spectrometry. Each
point represents a biological replicate from a single multiplexed mass spectrometry run.
P-values were calculated using Welch’'s two-tailed t-test. ns. = p > 0.05. (l)
Quantification of MIS12 levels at centromeres in cells expressing the scFv-sfGFP-
CENP-T*?*2 with scaffolds with different numbers of GCN4pep. Each bar represents the
mean = SD of MIS12 signal from cells expressing the designated construct. Values for
each cell were calculated from the mean of the MIS12 signals of kinetochores in that
cell. Before calculating the mean for a cell, the MIS12 signal of each kinetochore in the
cell was normalized to anti-centromere antibody signal from that kinetochore. Overall
means were calculated from pooled data from multiple experiments. 25-51 total cells
were analyzed from 3 different experiments for each condition. Welch’s ANOVA test
was performed to calculate P-value for the whole dataset: P < 0.0001. Welch's t test
was used to calculated P-value for 1 v. 12: p < 0.0001. (K) Quantification of NDC80

-TH2422TA \ith scaffolds

levels at centromeres in cells expressing scFv-sfGFP-CENP
with different numbers of GCN4pep. Each bar represents the mean + SD of NDC80
signal from cells expressing the designated construct. Analysis was performed as
described in (I). 27-33 total cells were analyzed and pooled from 2 different experiments
for each condition. Welch’s ANOVA test was performed to calculate P-value for the

whole dataset: P < 0.0001. Welch’s t test was used to calculated P-value for 1 v. 12: p <
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0.5. (L) Anti-GFP, Anti-T2A, and Anti-B-Actin western blots of cell lines expressing
scaffolds with different numbers of GCN4pep alongside scFv-sfGFP-CENP-T}?%/2TA.
Anti-T2A antibody binds to the C-terminus of the scaffolds. B-Actin was used as a

loading control. These cell lines were used in in Supplementary Figure 5K.

Supplementary Figure 6: Flowcytometry gating strategy for DNA content analysis
of CENP-T*?* SunTag oligomers. Gating strategy to select the population of cells to
be analyzed for DNA content analysis in Figure 5C. A similar gating strategy was used

in Figure 4E without the tdTomato-A parameter.

Supplementary Figure 7. Additional fluorescence intensity quantifications for in
vitro CENP-T-NDC80 binding assay using recombinant oligomers and NDC80
proteins. (A) Top: Representative images of purified recombinant GFP-CENP-T24230.
I3-01 oligomers attached to a coverslip. Bottom: histogram showing the distribution of
the number of GFP molecules per oligomer as a percentage of the total number of
examined oligomers: 66 = 10 GFP molecules (mean + SEM of the distribution). Each
bar represents the mean + SEM from N=3 independent measurements, each with
n>198 oligomers. (B) Same as panel A but for GFP-13-01 control oligomers: 44 + 4 GFP
molecules (mean + SEM of the distribution). Each bar represents the mean + SEM from
N=3 independent measurements, each with n>878 oligomers. (C) Same as panel A but
for monomeric GFP-CENP-T¥#*?3P molecules: 1.23 + 0.05 molecules (mean + SEM of
the distribution). Each bar represents the mean = SEM from N=3 independent
measurements, each with n>31 examined foci. Note that foci with several GFP
molecules are rare and likely represent two or more molecules localizing close together.
(D) Control experiment with NDC80*P*?¥2° Top: diagram of the experimental workflow.
See Figure 6C legend for details. Bottom: representative images of GFP-CENP-T*
2423TD13.01 oligomers before and after interaction with 100 nM of GFP-tagged
NDCB80ASPe?425  (E) Efficiency of NDC80B°™# or NDC80"SP®?#25 recruitment to GFP-
CENP-T¥2423P_13.01 oligomers. Bars are mean + SEM from 3 independent experiments.
Each point is the median result from independent trials with at least 12 oligomers
analyzed. Data for GFP-CENP-T¥2423P_13.01 oligomer is duplicated from Figure 6D. P-
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values were calculated by unpaired two-tailed t-test: *** = p<0.001. (F) Graphical
illustration of the stoichiometry of binding. Plot shows final GFP signal intensity as
function of initial GFP signal intensity for individual oligomers in experiments using the
indicated oligomers and NDC80 complexes. Each point represents the measurement for
one oligomer from N=3 independent repeats per data set. Data are fitted to linear
functions. The slopes (+ standard fitting error) correspond to the number of NDC80
molecules recruited per GFP-containing monomer for each combination of oligomer and
NDC80 complex. (G) Photobleaching curve taken with identical microscope settings to
those used for experiments with GFP-CENP-T*?*?*P (Figure 6B, E, F). The number of
GFP puncta per imaging field at each time point was normalized to the number at t = 0.
Data were fitted to an exponential decay function, which was used to estimate the
probability of bleaching during imaging time. Each point represents the mean =+ SEM

from N=3 independent measurements.

Supplementary Videos

Supplementary Video 1. Kinetochore-like particle tracking a polymerizing
microtubule end. This video shows a dynamic microtubule (blue) growing from the
coverslip-bound GMPCPP microtubule seed (red) in the presence of soluble tubulin and
GFP-CENP-T*?*213-01 oligomers (green) isolated from mitotic HeLa cells. The isolated
oligomer with associated proteins (i.e., kinetochore-like particle) binds to the end of a
polymerizing microtubule and moves processively with the end as it polymerizes. This
video plays at 7 fps and events are shown at 3.5 times actual speed.

Supplementary Video 2. A kinetochore-like particle exhibits plus-end-directed
processive movement. A larger green particle remains stationary, while a smaller
kinetochore-like particle moves processively and unidirectionally toward the growing
microtubule plus-end. Initial motion on the GMPCPP-containing microtubule seed is
slow, but the particle speeds up on the GDP-containing microtubule wall (see
Supplementary Figure 2D for more details). These plus-end-directed motions were rarer
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than the other types of motion. This video is played at 7 fps and events are shown at 3.5

times actual speed.

Supplementary Video 3. Kinetochore-like particle diffusing along a microtubule
wall and tracking a depolymerizing microtubule end. Video shows a dynamic
microtubule interacting with two kinetochore-like particles. A larger particle associates
with the microtubule wall and remains stationary for the duration of the video. A smaller
particle lands on the microtubule wall at the site indicated with an arrow. The particle
diffuses along the microtubule wall, then tracks the depolymerizing end of the
microtubule. This video is played at 7 fps and events are shown at 3.5 times actual

speed.


https://doi.org/10.1101/2023.05.22.541649
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.22.541649; this version posted May 22, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Tables

available under aCC-BY-NC 4.0 International license.

Table 1: Cell lines used in this study

Cell Lines
cGS49

cGS50

cGS54

cGS107

cGS115

cGS117

cGS365

cGS366

cGS367

cGS368

Description
EGFP-13-01

EGFP-CENP-
T24213-01

EGFP- CENP-
TL-242

TdTomatoLAP-
10xGCN4 w/
scFv-sfGFP-
CENP-T+?%2
TdTomatoLAP-
1XGCN4 w/
scFv-sfGFP-
CENP-T"2#
TdTomatoLAP-
3XGCN4 w/
scFv-sfGFP-
CENP-T242
tdTomato-
2XGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-I-l-242
tdTomato-
3XGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-I-l-242
tdTomato-
4XGCN4-T2A-
BSD w/scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
6XGCN4-T2A-
BSD w/ scFv-

sfGFP- CENP-
TL242

Clonality
Polyclonal

Clonal

Clonal

Clonal

Clonal

Clonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Expression
Inducible

Inducible

Inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Source
pGS96 integrated at AAVS
safe-harbor locus

pGS97 integrated at AAVS
safe-harbor locus

pGS101 integrated at AAVS
safe-harbor locus

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS174

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS281

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS283

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS374

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS375

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS376

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS377
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cGS370

cGS371

cGS372

cGS373

cGS374

cGS386

cGS416

cGS417
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tdTomato-
8XGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
T1—242
tdTomato-
10xGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
12XxGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
14xGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
16xGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
18xGCN4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
tdTomato-
IXGCNA4-T2A-
BSD w/ scFv-
sfGFP- CENP-
-|-1-242
myc-1xGCN4-
T2A-BSD w/
scFv-sfGFP-
CENP-T242
myc-2xGCN4-
T2A-BSD w/
scFv-sfGFP-
CENP-T+2%2

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

Scaffold
constitutive,
scFv inducible

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS378

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS379

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS380

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS381

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS382

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS383

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS373

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS395

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS396
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CENP_T1-242/2TA
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Polyclonal
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Polyclonal
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Scaffold
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scFv inducible

Scaffold
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pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS397

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS398

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS399

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS400

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS401

pGS241 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS402

pGS403 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS395

pGS403 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS396

pGS403 integrated at AAVS
safe-harbor locus; lentiviral
transduction of pGS397

pGS403 integrated at AAVS
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transduction of pGS398

pGS403 integrated at AAVS
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cGS647 myc-8XxGCN4-  Polyclonal Scaffold pGS403 integrated at AAVS
T2A-BSD w/ constitutive, safe-harbor locus; lentiviral
scFv-sfGFP- scFv inducible transduction of pGS400
CENP_T1-242/2TA

cGS648 myc-10xGCN4- Polyclonal  Scaffold pGS403 integrated at AAVS
T2A-BSD w/ constitutive, safe-harbor locus; lentiviral
scFv-sfGFP- scFv inducible  transduction of pGS401
CENP_T1-242/2TA

cGS649 myc-12xGCN4- Polyclonal  Scaffold pGS403 integrated at AAVS
T2A-BSD w/ constitutive, safe-harbor locus; lentiviral
scFv-sfGFP- scFv inducible  transduction of pGS402
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Table 2: Primary Antibodies used in this study

Antibody
@A-Tubulin

Tubulin Beta 3
S-tag

MIS12 Complex
(Human)

KNL1 (Human)
Ndc80-Bonsai
(Human)

CENP-C (Human)
ZW10 (Human)

Ska3/Ramal
(Human)

Anti-centromere
Antibodies
(Human)

GFP

mCherry

GFP

B-actin (Human)
(HRP conjugated)

T2A

Source
Sigma-Aldrich

Serotec
Abcam

Cheeseman lab™

Cheeseman lab™®
Cheeseman lab*®

Cheeseman lab®

Use
1:2500 (IF)

1:1000 (IF)

1:1000 (IF)
1:4800 (WB, IF)

1:16000 (IF)

Abcam

1:1000 (IF)

Cheeseman lab”’
Antibodies, Inc.
Cheeseman lab

Cheeseman lab
Roche

Fisher Scientific

Sigma-Aldrich

1:1000 (IF)
1:100 (IF)
P

P
1:5000 (WB)

1:5000 (WB)

1:1000 (WB)

Table 3: Immunofluorescence fixation conditions

Figure

1B-D, 2A, 4A, S1A, 4D

4B, 5E

5B

Fixation Conditions

Identifier

CAT#: T9026-.5ML;
RRID: AB_477593

MCA2047

Ab87840

Available from
MilliporeSigma,
CAT# ABE2585
N/A

N/A

N/A
ab21582
N/A

CAT#: 15-234-0001
N/A

N/A
CAT#11814460001

#MAS15739HRP

#MABE1923-100UG

4% formaldehyde in PHEM 10min

0.25% PBS-Tx pre-extraction 5min
followed by 4% formaldehyde in 0.125%

PBS-Tx 10 min

0.25% PHEM-Tx pre-extraction 5min
followed by 4% formaldehyde in 0.125%

PHEM-Tx 10 min
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