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α-tubulin detyrosination fine-tunes
kinetochore-microtubule attachments

Hugo Girão 1,2, Joana Macário-Monteiro 1,2, Ana C. Figueiredo1,2,
Ricardo Silva e Sousa1,2,3, Elena Doria 4,5, Vladimir Demidov3, Hugo Osório 1,6,
Ariana Jacome 1,2, Patrick Meraldi 4,5, Ekaterina L. Grishchuk 3 &
Helder Maiato 1,2,7

Post-translational cycles of α-tubulin detyrosination and tyrosination generate
microtubule diversity, the cellular functions of which remain largely unknown.
Here we show that α-tubulin detyrosination regulates kinetochore-
microtubule attachments to ensure normal chromosome oscillations and
timely anaphase onset during mitosis. Remarkably, detyrosinated α-tubulin
levels near kinetochore microtubule plus-ends depend on the direction of
chromosome motion during metaphase. Proteomic analyses unveil that the
KNL-1/MIS12/NDC80 (KMN) network that forms the core microtubule-binding
site at kinetochores and the microtubule-rescue protein CLASP2 are enriched
on tyrosinated and detyrosinated microtubules during mitosis, respectively.
α-tubulin detyrosination enhances CLASP2 binding and NDC80 complex dif-
fusion along the microtubule lattice in vitro. Rescue experiments over-
expressing NDC80, including variants with slower microtubule diffusion,
suggest a functional interplay with α-tubulin detyrosination for the establish-
ment of a labile kinetochore-microtubule interface. These results offer a
mechanistic explanation for how different detyrosinated α-tubulin levels near
kinetochore microtubule plus-ends fine-tune load-bearing attachments to
both growing and shrinking microtubules.

Microtubulebuilding blocks,α- andβ-tubulin, are expressedby several
different genes that give rise to distinct tubulin isotypes1,2. Addition-
ally, α- and β-tubulin are subject to a wide range of post-translational
modifications (PTMs)1,2. The combination of tubulin isotypes with
specific PTMs generates microtubule diversity and functions as a
‘tubulin code’ that regulates intrinsic microtubule properties and
behavior, as well as the interactions with several microtubule-
associated proteins (MAPs)3. Most α-tubulin isotypes are genetically

encoded with a tyrosine residue at their C-terminal tails. However,
after incorporation into themicrotubule polymer, this last tyrosine can
be catalytically removedby the action of the recently identified tubulin
carboxypeptidases Vasohibin-1 (VASH1), Vasohibin-2 (VASH2) and
MATCAP4–6. As microtubules depolymerize, soluble α-tubulin is re-
tyrosinated by a tubulin tyrosine ligase (TTL)7. This α-tubulin detyr-
osination/tyrosination cycle has been implicated in the regulation
of critical physiological processes, including mitosis and meiosis,
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cilia/flagella properties, neuronal function and cardiac muscle
contraction1. Moreover, alterations in α-tubulin detyrosination/tyr-
osination have been implicated in cancer, including therapy response,
as well as fertility, neurological and muscle disorders1,2,8,9.

While the quest to identify long-sought molecular ‘writers’ of the
α-tubulin detyrosination/tyrosination code has recently been
accomplished4–6, we still lack fundamental knowledge on the full
breadth of code ‘readers’ and their respective cellular roles. During
mitosis, the α-tubulin detyrosination/tyrosination code was proposed
to mediate a navigation system that assists polar chromosome align-
ment by regulating opposing motor protein activities at
kinetochores10,11, and it has been implicated inmitotic error correction
and spindle microtubule length control by regulating microtubule
depolymerizing enzymes12–15. Because mitotic spindles are highly
complex cytoskeletal structures assembled fromhundreds ofdifferent
proteins that associate with microtubules, centrosomes, and/or
kinetochores16, we hypothesized that the α-tubulin detyrosination/
tyrosination code regulates additional mitotic processes that remain
elusive and uncharacterized at the mechanistic level. Here, we show
that different detyrosinated α-tubulin levels near kinetochore micro-
tubule plus-ends fine-tune load-bearing attachments to both growing
and shrinking microtubules, thereby ensuring normal chromosome
oscillations and timely anaphase onset during mitosis.

Results
Geneticmanipulationofα-tubulindetyrosination in human cells
As a first step towards decoding how the α-tubulin detyrosination/
tyrosination code impacts mitosis, we set to overcome previous lim-
itations related with the use of tubulin carboxypeptidase inhibitors
with limited specificity or TTL overexpression that could inadvertently
hamper tubulin polymerization17,18. To do so, we used CRISPR-Cas9
gene editing in human U2OS cells to generate non-clonal TTL or
VASH1 + VASH2 knockout (KO) lines19 (Supplementary Fig. 1a–c). TTL
or VASH1/2 KO lines constitutively expressed high or low detyr-
osinated α-tubulin levels, respectively (Fig. 1a, b). For subsequent
phenotypic analysis, we optionally used lentiviral-mediated transduc-
tion to stably drive the expression of exogenous GFP-tagged detyr-
osinatedα-tubulin in TTL KO cells or GFP-tagged tyrosinatedα-tubulin
in VASH1/2 KO cells to visualize the microtubules, as well as Histone
H2B-mRFP to visualize the chromosomes (Fig. 1a, b). In parallel, RNAi-
mediated depletion of the recently identified α-tubulin detyrosinase
MATCAP6 resulted in ~35% reduction of detyrosinated α-tubulin in
control cells, but this treatment had only a marginal effect in the
amount of detyrosinated α-tubulin in VASH1/2 KO cells, where the
baseline levels were already below 10% (Supplementary Fig. 1d).

Super-resolution CH-STED microscopy20 confirmed a profound
redistribution of detyrosinated α-tubulin in TTL KO cells, decorating
the entiremitotic spindle (including astral microtubules), whereas this
form of tubulin was almost undetectable in VASH1/2 KO cells (Fig. 1c).
Consequently, TTL KO cells showed longer metaphase spindles,
whereas in VASH1/2 KO cells spindles were shorter (further exacer-
bated upon MATCAP RNAi) (Supplementary Fig. 2a, b), as expected
from the inhibitory role of α-tubulin detyrosination on the activity of
microtubule depolymerizing enzymes12–15. Thus, the generated cell
lines represent a powerful tool to dissect the role of α-tubulin detyr-
osination during mitosis.

α-tubulin detyrosination has a broader impact on mitosis than
previously anticipated
Previous RNAi-based studies that aimed at interfering with TTL func-
tion indicated that the α-tubulin detyrosination/tyrosination code
played a critical role in error correction during mitosis by regulating
the activity of microtubule depolymerizing enzymes at centromeres/
kinetochores12. However, compensatory or cellular adaptation
mechanisms to the chronic loss of TTL appear to exist, possibly

involving the contribution of genetically-encoded tyrosinated
α-tubulin12,21. Indeed, in contrast to TTL KO cells expressing tyr-
osinated GFP-α-tubulin, TTL KO cells constitutively expressing detyr-
osinated GFP-α-tubulin showed ∼2-fold increase in the frequency of
chromosome segregation errors, consisting mostly in transient ana-
phase lagging chromosomes, a minority of which resulted in the for-
mation of micronuclei (Supplementary Fig. 3a, b and Supplementary
Movie 1). Thus, under the forced expression of detyrosinated α-tubu-
lin, cells are able to compensate/adapt to the chronic loss of TTL.

Conversely, a significant fraction of VASH1/2 KO cells stably
expressing tyrosinated (but not detyrosinated) GFP-α-tubulin showed
persistentmisaligned chromosomes in the vicinity of the spindle poles
(Supplementary Fig. 4a, b andSupplementaryMovie 1), consistentwith
a role ofα-tubulin detyrosination in the regulation ofCENP-E-mediated
alignment of polar chromosomes10. Other VASH1/2 KO cells eventually
completed chromosome alignment and entered anaphase, despite a
significant delay (Fig. 2a–c and Supplementary Movie 1). Once in ana-
phase, no obvious increase in chromosome segregation errors was
observed (Supplementary Fig. 3b). MATCAP depletion by RNAi also
increased the time from NEB to metaphase and anaphase relative to
controls, but the effect was not additive to that of VASH1/2 KO
(Fig. 2a–c and Supplementary Movie 1). These data suggest that,
besides guiding polar chromosomes to the spindle equator, α-tubulin
detyrosination levels controlled either by VASH1/2 or MATCAP con-
tributes to the establishment of functional kinetochore-microtubule
attachments necessary for timely SAC satisfaction and anaphase onset.
However, it remains unclear whether both functions rely on the reg-
ulatory effect of α-tubulin detyrosination over CENP-E activity.

α-tubulin detyrosination fine-tunes kinetochore-microtubule
attachments
The important implication of the slow kinetics of α-tubulin detyr-
osination on polymerized microtubules is that this modification pro-
gressively accumulates along kinetochore microtubules, which are
significantly more stable than astral microtubules that rapidly turn
over. As tubulin heterodimers ‘age’ after their incorporation into the
microtubule lattice at the kinetochore-bound end on metaphase
chromosomes, the detyrosinated subunits “flux” toward the asso-
ciated pole12. However, the newly incorporated tubulins at the
kinetochore-associated ends are mostly tyrosinated, generating a
gradient of detyrosinated/tyrosinated α-tubulin levels along the kine-
tochorefibers. Thus, kinetochoresmoving towards the associatedpole
at the end of depolymerizing microtubules are likely to encounter the
‘older’ lattice enriched in detyrosinated α-tubulin. Conversely, kine-
tochoresmoving away from the associatedpoles should encounter the
‘younger’microtubule lattice with recently polymerized tyrosinated α-
tubulin22. In agreement with this idea, we found a significant reduction
in the levels of detyrosinated α-tubulin on growing, EB1-positive,
kinetochore microtubules, when compared with shrinking, EB1-nega-
tive, microtubules on the corresponding kinetochore pair (Fig. 3a–d).
These findings imply that oscillating kinetochores interact with
microtubules with varying levels of detyrosinated α-tubulin, depend-
ing on the direction of their motion.

Based on these observations, we hypothesized that detyrosinated
α-tubulin levels might serve as a regulatory cue that modulates
kinetochore-microtubule interactions during chromosome oscilla-
tions. To test this hypothesis, we measured metaphase plate width in
fixed TTL or VASH1/2 KO lines, and compared the respective chro-
mosome dispersion relative to parental U2OS cells (Supplementary
Fig. 5a). VASH1/2 KO cells had wider metaphase plates compared to
parental controls,whereasTTLKOcells showed slightlymore compact
metaphase plates, consistent with our hypothesis (Supplementary
Fig. 5a). To get quantitative insight into the dynamics of chromosomes
at the spindle equator and rule out potential indirect effects due to
incomplete chromosome congression upon experimental
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perturbation of α-tubulin detyrosination, we performed live-cell
imaging, combined with 3D-tracking of sister kinetochore behavior
over time during metaphase23 in parental, TTL or VASH1/2 KO cells
stably expressing GFP-CENP-A. While no significant deviations from
normal inter-kinetochore distances were found (Supplementary
Fig. 5b), VASH1/2 KO cells showed more dispersed kinetochores
leading to wider metaphase plates (Fig. 4a–c), in line with our fixed-
cell analysis (Supplementary Fig. 5a). To quantify the regularity of
sister-kinetochore oscillations, we calculated the autocorrelation
function of sister-kinetochore movements along the spindle axis.
Sister-kinetochores in parental cells behave as semi-regular oscil-
lators (Fig. 4a−d), resulting in an autocorrelation curve in which the
first negative side-lobe indicates the mean half-period, the second
positive lobe indicates themean full period of the oscillator, and the
magnitude of the side-lobes reflects its regularity. In contrast,
VASH1/2 KO cells were characterized by highly irregular and slower
sister kinetochore oscillations, with several chromosomes coming
off the plate and eventually recovering, suggesting transient
kinetochore-microtubule detachment and re-attachment (Fig. 4a–f
and Supplementary Movie 2). Indeed, a significantly higher per-
centage of VASH1/2 KO cells in metaphase showed one or more
kinetochores that accumulated detectable MAD1 (Fig. 4g, h), a SAC
protein that decorates unattached or partially attached
kinetochores24.

The previous 3D-tracking of kinetochores on already aligned
chromosomes rules out indirect effects on kinetochore-
microtubule attachments caused by spatial constrains, such as

those imposed by problems in chromosome congression. We also
do not favor the idea that reduced α-tubulin detyrosination levels
negatively impact chromosome positioning and kinetochore-
microtubule attachments during metaphase either by inhibiting
the activity of the kinetochore motor CENP-E10 or by enhancing the
activity of the microtubule depolymerizing enzyme MCAK at cen-
tromeres/kinetochores12,14,15. This hypothesis seems unlikely
because experimental modulation of α-tubulin detyrosination
levels does not significantly affect microtubule dynamics in vitro25

or kinetochore microtubule dynamics upon chromosome bi-
orientation12, whereas the inhibition of CENP-E motor activity with
GSK-92329526 or enhancement of MCAK activity either with UMK57
or MCAK overexpression12 had no significant impact on the width of
the metaphase plate or on the fraction of MAD1-positive kine-
tochores (note that only aligned chromosomes were considered
in the case of CENP-E-inhibited cells due to well-established
roles for this kinetochore motor in the alignment of peripheral
polar chromosomes27) (Supplementary Fig. 6a–c; see also ref. 23
showing that CENP-E-depletion by RNAi had no effect on any of the
kinetochore tracking parameters on aligned chromosomes). Taken
together, these findings indicate that α-tubulin detyrosination
promotes the formation of a functional kinetochore-microtubule
interface necessary for normal metaphase chromosome dynamics.
Because these phenotypes are not caused by the improper regula-
tion of CENP-E and MCAK activity, additional ‘readers’ of α-tubulin
detyrosination levels on kinetochore microtubules are likely to be
involved.
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Fig. 1 | Genetic manipulation and super-resolution microscopy analysis of α-
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duced for imaging purposes. b Expression levels (relative quantifications, refer-
ence = 1.00) of detyrosinated and tyrosinated tubulin in the KO lines analyzed by
western blotting (values refer to relative levels obtained from the illustrated

western blot, which was qualitatively validated by at least 2 independent experi-
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bar is 5μm. Source data are provided as a Source Data file.
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Molecular readers of detyrosinated/tyrosinated α-tubulin dur-
ing mitosis
To seek additional molecular ‘readers’ of the α-tubulin detyrosination/
tyrosination code that might be involved in regulating kinetochore-
microtubule attachments we isolated taxol-stabilized microtubules
from mitotic cell extracts derived either from TTL KO or VASH1/2 KO
cells, in the presence of ATP to enrich for non-motor microtubule-

associated proteins (MAPs)19,28 (Fig. 5a, b). Our choice for TTL KO or
VASH1/2 KO mitotic cell extracts was based on the rationale that they
constitute two extreme conditions where microtubules can be
experimentally enriched for detyrosinated and tyrosinated α-tubulin,
respectively, and thus more likely to reveal meaningful differences on
enriched MAPs. Staining with SiR-tubulin confirmed the successful
isolation of mitotic microtubules using this approach (Fig. 5c).
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Fig. 2 | α-tubulin detyrosination is required for timelymitotic progression and
SAC satisfaction. a Live-cell imaging of chromosome and microtubule behavior
showing delayed chromosome alignment and anaphase onset in the VASH1/2
knockout (KO) with/withoutMATCAP RNAi; time is in h:min from nuclear envelope
breakdown (NEB); scale bar is 5 µm. b Quantification of NEB-metaphase duration
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cells, pool of 18 independent experiments, VASH1/2KOTyrGFP-α-tubulin = 72 cells,
pool of 20 independent experiments, TTL KO Tyr GFP-α-tubulin = 59 cells, pool of
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pool of 16 independent experiments, VASH1/2 KO Tyr GFP-α-tubulin +MATCAP
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displayed above each respective data set; significance p <0.05, unpaired two-tailed
t-test. cQuantificationofNEB-Anaphase onsetduration from the samedata set as in
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deviation. Source data are provided as a Source Data file.
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Moreover, their respective enrichment in detyrosinated or tyrosinated
α-tubulin was confirmed by western blotting (Fig. 5d). Upon salt
extraction, MAPs associated with microtubules enriched for either
detyrosinated or tyrosinated α-tubulin were identified by mass spec-
trometry analysis (Fig. 5b). The results from three independent
experiments identified 3954 proteins that were subsequently ranked
by their mean relative abundance between VASH1/2 KO and TTL KO,
and respective confidence level. This list was then filtered for known
association with the cytoskeleton and/or cell cycle roles, resulting in
a shortlist of 290 proteins (see Methods). An arbitrary threshold of
1.5-fold enrichment either on detyrosinated or tyrosinated micro-
tubules was applied, leading to a final list of 31 and 77 proteins that
were differentially enriched on detyrosinated and tyrosinated mitotic
microtubules, respectively (Supplementary Data 1 and Supplemen-
tary Data 2).

It drew our attention that the KMN network components,
including KNL1, the MIS12 complex proteins DSN1, NSL1 and MIS12,
and the NDC80 complex proteins NUF2, SPC25 and HEC1/NDC80, that
form the core microtubule-binding site at kinetochores29, were all
enriched on tyrosinated microtubules during mitosis (Fig. 5e and
Supplementary Data 1). A similar enrichment was found for the NDC80
and MIS12 complexes-interacting proteins ZWINT30 and SUGT131, sev-
eral Augmin complex subunits (HAUS3, HAUS5 and HAUS8) and the γ-
TuRC-targeting protein NEDD1 involved in branched microtubule
nucleation32, the small GTPase RAN required for chromatin-mediated
microtubule nucleation and organization33, as well as the microtubule
destabilizing protein Stathmin, consistent with its capacity to prevent

microtubule polymerization by binding preferentially to (tyrosinated)
tubulin dimers34,35. Importantly, the CAP-Gly domain protein CLIP1/
CLIP-170, awell-established ‘reader’of tyrosinatedα-tubulin36, was also
enriched, validating our approach. Interestingly, the microtubule-
associated proteins EML1 and EML4, related with EML2 that pre-
ferentially associates with tyrosinated microtubules37, were also found
enriched under our experimental conditions.

In contrast, the kinetochore and spindle-associated protein
CLASP2 involved in the regulation of kinetochore microtubule
dynamics38 stood out as one of the top hits enriched on detyrosinated
microtubules duringmitosis (Fig. 5e and Supplementary Data 2). Other
proteins with well-established roles in spindle architecture and kine-
tochoremicrotubule organization/dynamics that showed a preference
for detyrosinated microtubules included CKAP5/ch-TOG, TACC3 and
CENP-F39–41, as well as the centriolar protein Centrin-242. Some estab-
lished ‘readers’ofα-tubulindetyrosination/tyrosination, such asCENP-
E, dynein/dynactin and MCAK10,14,15,43, were largely undetected in our
preparations, as expected from the employed conditions that dis-
favored the association of motor proteins with microtubules, and
hinting that this list is not fully exhaustive. Lastly, we note that the
relative abundance of several signaling proteins appears to be modu-
lated either by α-tubulin detyrosination or tyrosination levels during
mitosis, but the significance of these findings remains to be explored.
Overall, our results identify a large cohort of potential direct and
indirect readers of the α-tubulin detyrosination/tyrosination code in
mitosis, suggesting that this code regulates a broad range of mitotic
processes, including spindle microtubule organization and dynamics,
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centriole assembly and the formation of a functional kinetochore-
microtubule interface.

α-tubulin detyrosination enhances CLASP2 binding and NDC80
complex diffusion along the microtubule lattice
The association of HEC1/NDC80 and CLASPs with microtubules has
been previously shown to depend on tubulin C-terminal tails44,45, but
the functional significanceof these interactions andwhether theywere
regulated by the α-tubulin detyrosination/tyrosination code remained

unclear. Given the well-established role of the NDC80 complex and
CLASPs in the formation and regulation of kinetochore-microtubule
attachments29,38,45–50, we focused on directly assessing how the α-
tubulin detyrosination/tyrosination code impacts their association
with microtubules. To do so, we reconstituted the binding of purified
human NDC80 “Broccoli”-GFP51 (hereafter referred as NDC80-GFP)
and human GFP-CLASP252 to taxol-stabilized porcine brain micro-
tubules that have been fully detyrosinated or tyrosinated in vitro using
either recombinant CPA10 or TTL53, respectively (Fig. 6a, b). To avoid
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interfering with microtubule binding affinity, we used a BRB80-based
buffer without NaCl, despite some evident aggregation of GFP-CLASP2
(Fig. 6a). These experiments revealed a clear preference for GFP-
CLASP2 to bind detyrosinated microtubules, with an estimated KD

valueof0.027μMvs. 0.64μMfor tyrosinatedmicrotubules (Fig. 6a). In
contrast, purified NDC80-GFP showed only a slight (25%) preference

for binding to tyrosinated microtubules in vitro, with an estimated KD

value of 0.90μM vs. 1.2μM for detyrosinated microtubules (Fig. 6b).
To shed light into how the α-tubulin detyrosination/tyrosination

code may impact additional NDC80 complex properties, we recon-
stituted its association with coverslip-immobilized microtubules enri-
ched either for detyrosinated or tyrosinated α-tubulin purified from

Fig. 4 |α-tubulin detyrosination is required for the establishment of functional
kinetochore-microtubule attachments governing metaphase chromosome
oscillations. a Live-cell imaging of MG132-treated (<1 h) GFP-CENP-A-expressing
Parental and VASH1/2 knockout (KO) cell lines. Arrowheads indicate movement of
kinetochore (KT) pairs off themetaphase plate. Time is inmin:sec; scale bar is 5 µm.
b Chromokymographs obtained from live-cell imaging of MG132-arrested GFP-
CENP-A-expressing Parental and VASH1/2 KO cell lines. Arrowheads indicate
movement of KT pairs off the metaphase and recovery events. c Frame-to-frame
displacement of sister-KTs and their distance from the metaphase plate center for
the control condition (Parental; black), VASH1/2 KO (green) and TTLKO (magenta);
quantifications from: Parental = 59 cells, 7 independent experiments, TTL KO= 65
cells, 7 independent experiments; VASH1/2 KO= 47 cells, 5 independent experi-
ments. d Cumulative autocorrelation curves representing sister-KT oscillations in
control (black), VASH1/2 KO (green) and TTL KO (magenta). The vertical axis

represents the regularity of the oscillations and the horizontal axis represents the
time (quantifications from the same data set of (c)). e Sister-KT velocity in control
(gray), VASH 1/2 KO (green) and TTL KO (magenta). The velocity was quantified as
the mean of all sister-KT pairs per cell, multiplied by the number of frames within
1min (quantifications from the same data set of (c)). Exact p-values are displayed
above each respective data set; significance p <0.05, Dunn’s multiple comparison
test. fQuantification of the percentage of cells with KTs out of themetaphase plate
from the same data set of (c).g Immunofluorescence of U2OSParental, TTL KOand
VASH1/2 KO cell lines using anti-MAD1 (green) and anti-centromere antibodies
(ACA; magenta) antibodies; scale bar is 5 µm. hQuantification of the percentage of
cells with MAD1 positive KTs per cell from a pool of 3 independent experiments:
Parental = 95 cells, TTL KO= 111 cells, VASH1/2 KO= 92 cells. Source data are pro-
vided as a Source Data file.
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HeLa cells and stabilized with GMPCPP10 (Fig. 7a, b). Consistent with
our microtubule pelleting assays, we could not detect significant dif-
ferences in the residence timeof single NDC80-GFPmolecules on both
microtubule lattices (Fig. 7c, d). However, we found that NDC80-GFP
molecules diffused slower on tyrosinated microtubules (Fig. 7e, f),
suggesting that NDC80may form a different kinetochore-microtubule
interface depending on α-tubulin detyrosination levels. Altogether,
these in vitro results establish CLASP2 and the NDC80 complex as

direct readers of the α-tubulin detyrosination/tyrosination code,
which modifies the strength of their association with and mobility
along the microtubule lattice, respectively.

CLASP2 and NDC80 association with spindle microtubules
depends on detyrosinated/tyrosinated α-tubulin levels
To translate the biological significance of these in vitro results, we
investigated CLASP2 and HEC1/NDC80 association with
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detyrosinated or tyrosinated microtubules in mitotic cells by
quantifying the spindle accumulation of these proteins in parental,
TTL KO and VASH1/2 KO cell lines by immunofluorescence. In line
with our biochemical purifications and in vitro reconstitution stu-
dies, CLASP2 levels on metaphase spindle microtubules were sig-
nificantly increased in TTL KO cells with high levels of detyrosinated
α-tubulin (Fig. 8a, b). Conversely, and in addition to kinetochores,
HEC1/NDC80 was found slightly enriched on metaphase spindle
microtubules from VASH1/2 KO cells composed essentially of tyr-
osinated α-tubulin, (Fig. 8c, d). Importantly, the spindle micro-
tubule enrichment of both proteins was not caused by marked
changes in microtubule density under the different conditions, as
revealed by quantifying total β-tubulin levels in the corresponding
spindle regions (Supplementary Fig. 7). This quantification rules out
a potential impact of molecular readers involved in microtubule
amplification (e.g. Augmin). Therefore, different levels of CLASP2
and HEC1/NDC80 on mitotic spindles with altered α-tubulin detyr-
osination/tyrosination reflect their preference for the correspond-
ing microtubule lattices in unperturbed cells.

A functional interplay between NDC80 and α-tubulin detyr-
osination promotes the establishment of a labile kinetochore-
microtubule interface
Whereas the function of CLASP proteins in themitotic spindle extends
well beyond their roles at the kinetochore-microtubule interface48,54,
the NDC80 complex is a strong candidate to fine-tune load-bearing
attachments in response to the α-tubulin detyrosination state. This is
supported by our finding that the rate of NDC80 complex diffusion
along the microtubule lattice is sensitive to α-tubulin detyrosination,
while prior reports have linked NDC80 diffusion to chromosome
alignment and oscillations in metaphase55–57. To test whether there is a
functional interplaybetweenNDC80microtubule-wall diffusion andα-
tubulin detyrosination, we examined kinetochore-microtubule
attachments in cells overexpressing wild-type HEC1/NDC80, or its
mutant version (HEC1/NDC80-9A) with a slower diffusion rate57.
Whereas the overexpression of wild-type HEC1/NDC80 in both par-
ental and VASH1/2 KO cells was well tolerated and did not result in any
obvious aggravation of chromosome alignment defects, over-
expression of HEC1/NDC80-9A compromised chromosome alignment
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in ∼90% of the cases in both parental and VASH1/2 KO cells, in
agreement with previous reports55. However, in those cells that man-
aged to complete chromosome alignment, overexpression of both
NDC80 variants suppressed chromosome dispersal, resulting in tigh-
termetaphase plates in both parental and VASH1/2 KO cells (Fig. 9a, b).
These results are consistentwith previous observations of inductionof
effective end-on kinetochore-microtubule attachments after HEC1/
NDC80-9A overexpression, but at the price of dampening metaphase
chromosome oscillations55,56. Indeed, when we probed the state of
kinetochore microtubule attachments in these cells using antibodies
against MAD1, overexpression of HEC1/NDC80-9A was found to
reduce the frequency of unattached (MAD1-positive) kinetochores in
VASH1/2 KO cells with lower detyrosinated α-tubulin levels, but not in
normal cells (Fig. 9a–c). Thesedata support the importanceof aproper

balance between NDC80 activity and α-tubulin detyrosination for fine-
tuning kinetochore-microtubule attachments.

Discussion
The tubulin code has emerged as a powerful cellular strategy to reg-
ulate a broad rangeof critical cellular functions through thegeneration
of microtubule diversity. Progress in recent years has unveiled the key
enzymatic machinery – the so-called code ‘writers’ – underlying spe-
cific tubulin PTMs, opening up the exciting possibility of genetically
manipulating the tubulin code to understand its functional implica-
tions, while exploring possible therapeutic opportunities. Here we
used genetic manipulations to accurately control the enzymatic
machinery underlying α-tubulin detyrosination/tyrosination in human
cells and inquire about its roles during mitosis. Our approach was
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Fig. 9 | A functional interplay between NDC80 and α-tubulin detyrosination
regulates kinetochore-microtubule attachments during metaphase.
a Immunofluorescence of the U2OS Parental cell line and VASH1/2 KO cell line
overexpressingGFP-HEC1wild-type (WT) andphosphorylationmutants (9A), using
anti-MAD1 (green) and anti-centromere antibodies (ACA; magenta) antibodies;
GFP-HEC1 is in white; scale bar is 5μm. b Quantification of the metaphase plate
width (ACA signal) from parental and VASH1/2 KO cell lines, with/without over-
expression of GFP-HEC1 WT and 9A mutant in both cell lines; each data point
represents an individual cell; bars represent mean and standard deviation; 3

independent experiments, Parental = 95 cells; Parental+Hec1WT= 52 cells; Parental
+Hec1 9 A = 52 cells; VASH1/2KO=92 cells; VASH1/2KO+Hec1WT= 53 cells; VASH1/
2 KO+Hec1 9A = 60 cells; exact p-values are displayed above each respective data
set; significance p <0.05, unpaired two-tailed t-test. c Comparative analysis of the
percentage of cells with one or more MAD1 positive kinetochores (KTs) per cell
from the same pool of (b); exact p-values are displayed above each respective data
set; significance p <0.05, non-parametric Mann-Whitney two-tailed test. Source
data are provided as a Source Data file.
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validated by confirming a role for the α-tubulin detyrosination/tyr-
osination code in error correction, polar chromosome alignment and
the regulation of spindle microtubule length10,12,13. In addition, by
combining quantitative immunofluorescence analyses with 3D kine-
tochore tracking at high spatial and temporal resolution in dividing
human cells, we uncovered a previously overlooked role for the α-
tubulin detyrosination/tyrosination code in the regulation of the
kinetochore-microtubule interface. This role was manifested in two
ways: (1) kinetochores on metaphase chromosomes interact with
microtubules with varying levels of detyrosinated α-tubulin near their
plus-ends, depending on the direction of their motion; and (2)
experimental attenuation of α-tubulin detyrosination delayed chro-
mosome alignment and anaphase onset, while causing highly irregular
and slower sister kinetochore oscillations on already aligned chro-
mosomes, with several chromosomes coming off the plate after
completing alignment. Importantly, this role was independent from
previously established roles of α-tubulin detyrosination on polar
chromosome congression and the regulation of CENP-E and MCAK
activity10,58, suggesting the involvement of additional ‘readers’ of α-
tubulin detyrosination/tyrosination. To seek possible candidates, we
took advantage of our genetically modified cells to identify MAPs that
were enriched on either detyrosinated or tyrosinated mitotic micro-
tubules. Some of these MAPs, such as CENP-F and CLIP1/CLIP-170,
showed an enrichment on detyrosinated and tyrosinated micro-
tubules, respectively, in line with previous studies using asynchronous
HeLa cell extracts37. However, other MAPs, such as EML-1 and EML-4,
which did not show any specific enrichment on the different micro-
tubule sub-types in these previous studies, were now found enriched
on tyrosinated mitotic microtubules, whereas Centrin-2 showed
opposite preferential enrichment between the two studies. While the
differences found for EML-1 and EML-4might reflect additional factors
(e.g. Cdk1-mediated phosphorylation) that differentiate their binding
to microtubules during interphase and mitosis, the opposite pre-
ference found for the centriolar protein Centrin-2 is more difficult to
explain, given the well-established enrichment of centrioles in detyr-
osinated microtubules10,59. Most striking, several KMN network com-
ponents, including NDC80, which establishes critical load-bearing
contacts with the ends of dynamic kinetochore microtubules60, were
consistently found enriched on tyrosinated microtubules isolated

from mitotic cells and in situ on mitotic spindles from VASH1/2 KO
cells. Interestingly, subsequent in vitro reconstitution experiments
with purifiedNDC80complex revealed no significant preference for its
associationwith tyrosinatedmicrotubules, suggesting that enrichment
of the NDC80 complex on tyrosinated spindle microtubules might be
indirect and/or involve additional factors. For example, we note that
the ZWINT/KNL1 sub-complex or the CAP-Gly proteins CLIP1/CLIP170
and Dynactin are also implicated in kinetochore-microtubule
attachments30,61,62, and they may cooperate with the NDC80 complex
to favor its interaction with tyrosinated microtubules in mitotic
cells36,63. Another non-mutually exclusive possibility is that the pre-
ferential association of the NDC80 complex with tyrosinated micro-
tubules is modulated by other tubulin PTMs, such as
polyglutamylation64. Of note, NDC80 is also known to associate with
other factors, such as CKAP5/ch-TOG65, which we found enriched on
detyrosinated microtubules, and deciphering how these readers are
affected by the tubulin code may be challenging. Indeed, CLASP2 was
found enriched on detyrosinated microtubules, but its well-
established interacting protein CLIP1/CLIP170, appears to prefer tyr-
osinated microtubules36. Such contrasting associations suggest a fine
regulation that likely reflects specific mechanisms underlying the
associationof theseproteinswithdifferentmicrotubule sub-structures
(e.g. lattice vs. plus-ends). Overall, these data support the idea that the
combined action of multiple factors with opposite preferences for
tyrosinated or detyrosinated microtubules, together with the relative
levels of tyrosinated or detyrosinated α-tubulin, ultimately determine
how kinetochores interact with microtubules.

Regardless of the detailed mechanism, we speculate that the
enrichment of the KMNnetwork on ‘younger’ tyrosinatedmicrotubules
reflects its key role in the establishment of the initial contacts during
microtubule capture and subsequent stabilization of the nascent end-
on attachedmicrotubules early inmitosis. Atmetaphase, the situation is
more complex, as the oscillating kinetochores on bi-oriented chromo-
somes maintain end-on attachments, while translocating along micro-
tubule lattices with different detyrosinated α-tubulin levels, depending
on the direction of motion (Fig. 10). In this respect, we were fascinated
to discover that NDC80 complex diffusion is modulated by α-tubulin
detyrosination levels. While the effect appears subtle for single NDC80
molecules, themobility of multiple NDC80molecules, such as found at
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Fig. 10 | Possible mechanism for the regulation of kinetochore mobility by
microtubule detyrosination/tyrosination during metaphase chromosome
oscillations. The NDC80 complex has a preference for ‘younger’ tyrosinated α-
tubulin. Black arrows show direction of chromosome motion. As the initial end-on
microtubule (MT) contacts become stabilized, gradual α-tubulin detyrosination
would lead to a different makeup of the kinetochore (KT)-bound MT ends,

depending on the direction of motion. NDC80 complex diffusion along the ‘older’
MT lattice towards the pole is facilitated, whereas stronger binding to “younger”
polymerizing end help preventing MT detachment from the trailing KT. CLASP2
might prevent MT detachments under higher friction with detyrosinated micro-
tubules at KTs.
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the kinetochores, may be affected more significantly. At the trailing
kinetochore, which moves away from its pole at the newly growing
microtubule plus-ends enriched in tyrosinated α-tubulin, the slower
diffusion of the NDC80 complex along this lattice may help to sustain
end-on attachments and prevent this kinetochore from slipping under
the force of the leading kinetochore (Fig. 10), in a way that mimics the
increased friction observed on the trailing kinetochore upon HEC1/
NDC80 tail dephosphorylation66. Since thesemicrotubule plus-ends are
polymerizing, the activity of the microtubule rescue factor CLASP2
might be dispensable, consistent with its lower affinity to this type of
microtubule lattice. The leading kinetochore, on the other hand,moves
poleward under the microtubule depolymerizing force on a lattice
enriched for detyrosinated α-tubulin (Fig. 10). The faster diffusion of
NDC80 on detyrosinated α-tubulin may facilitate and smooth kine-
tochore poleward motion during metaphase chromosome oscillations,
a function that likely involves additional players, such as the Astrin-
SKAP complex67. The enhanced affinity of CLASP2 to microtubules
enriched in detyrosinated α-tubulin may prevent uncontrolled micro-
tubule depolymerization and eventual kinetochore detachment68,
which occurs with higher probability during microtubule disassembly
than assembly60. In agreement, chromosome oscillations are more
irregular and microtubule detachments are increased during meta-
phase in VASH1/2KOcells. Under these conditions,microtubule friction
at kinetochores might be too low to sustain regular chromosome
oscillations, while maintaining load-bearing end-on association. The
preferential association of CLASP2 with detyrosinated spindle micro-
tubules might additionally contribute to distinguish older from newly
incorporated tubulin subunits at kinetochores and/or depolymerizing
from polymerizing kinetochore-attached microtubules that were
recently shown to have distinct nucleotide-binding states68,69. These
findings might have implications for our understanding of non-
Mendelian segregation of selfish centromeres that are known to
detach at higher frequency from cortical facing spindle microtubules
enriched in tyrosinated α-tubulin during female meiosis70. Overall, the
present work unveils a level of complexity and regulation of the
kinetochore-microtubule interface that was not previously anticipated,
while providing evidence that an intricate gradient of detyrosinated/
tyrosinated α-tubulin along kinetochore microtubules promotes effi-
cient alignment of chromosomes and their normal oscillations during
metaphase.

Methods
Cell line maintenance
All cell lines used in this work were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Corning) with 10% Fetal Bovine Serum (FBS;
Gibco), supplemented with 10 µg/µl of antibiotic-antimycotic mixture
(Gibco). Cell lines were maintained at 37 °C in a 5% CO2, humidified
atmosphere.

CRISPR-Cas9 generation of KO cells
The TTL and VASH1/2 knockout cells were generated by CRISPR/Cas9-
mediated gene editing, using a lentiviral backbone containing both the
Streptococcus pyogenes Cas9 (spCas9) nuclease and the single guide
RNA scaffold (lentiCRISPRv2). For TTL gene knockout, two 20-bp sin-
gle guide RNA: 5′-CACCGAACAGCAGCGTCTACGCCG-3′ and 5′-AAA
CCG GCG TAG ACG CTG CTG TTC-3′ were designed to target the TTL
gene as previously described (Ref. 19); for VASH1 knockout the oligo-
nucleotides used were 5’-CACCGACGGCTTCCAGGCATTTGAT-3’ and
5’-AAACATCAAATGCCTGGAAGCCGTC-3’; for VASH2 knockout 5′‐
CACCGAATGGCCGCTATGGCTCATT‐3′ and 5′‐ AAACAATGAGCCA-
TAGCGGCCATTC‐3′. [Sigma-Aldrich; (Ref. 4)]. Previous rescue
experiments in human Hap1 cells validate specificity of the VASH1/
2 sgRNAs (Ref. 4), which were cloned into the lentiviral vector pLenti-
CRISPR-v2 (no. 52961, Addgene). Non-clonal knockout cells were
selected by their resistance to puromycin (2 µg/mL, Calbiochem) and

Blasticidin S (10μg/mL, Invitrogen), and protein depletion inferred by
western blot analysis. To validate CRISPR/Cas9 editing of VASH2 gene
due to lackof a specific antibody, a PCRof the targetedgenomic region
was optimized in order to detect any alteration and concomitant loss
of primer homology to the equivalentwild type version of the genomic
loci affected in the edited region. The forward primer OHM302 5´-
ATAATCACACAGGGACCCAGTTCTT-3´recognizes the exon 3 of
VASH2 genomic locus. The reverse primer OHM298 5´-GGATGA-
CAGCTTCAAGGCATTTGAT-3´ recognizes the targeted region of the
VASH2 CRISPR guide described previously (Ref. 4). The optimized
genomicPCR amplifies a bandof 614 bp fromanyunmodified genomic
DNA in the gene VASH2. The PCR was performed using the same
starting amount of genomic DNA supplemented with Betaine (0.2M,
Sigma-Aldrich) to enhance the reaction. The same result was con-
sistently obtained at different melting temperatures, genomic DNA
quantities (between 30–250 ng per 25 cycles) and different DNA
extraction protocols.

Lentiviral transduction
All lentiviral particles were produced by co-transfection of
HEK293T cells with the lentiviral vectors, psPAX2 (Gag, Pol, Rev, and
Tat expressing packaging vector), pMD2.G (VSV-G expressing envel-
ope vector) andwith plasmids bearing the geneof interest: pIRESneo3-
EGFP-Tubalpha-GEEY, pIRESneo3-EGFP-Tubalpha-GEE* (obtained by
direct mutagenesis of the previous), LV-H2B-RFP #26001 (Addgene)
andpRRL-2xGFP-CENP-A generatedbyGibson assembly (Ref. 19). After
72 h supernatants containing lentiviral particles were collected. For
lentiviral transduction, lentiviral particles were added to U2OS cell
lines with DMEM 10% FB with 1:2000 Polybrene (Sigma-Aldrich)
for 24 h.

Plasmid transfection
Plasmids (~1 µg) containing EGFP-MCAK full-length (kind gift from
Linda Wordeman, University of Washington, Seattle, WA, USA) and
pCDNA5-pEGFP-HEC1, both WT and 9A (lacking the Aurora B phos-
phorylation sites in the tail; kind gift from Geert Kops, Oncode Insti-
tute, Hubrecht Institute, Utrecht, the Netherlands) were dissolved in
1mL of Opti-MEM (Gibco) and then mixed with 1mL with other solu-
tion of Opti-MEM containing 5 µL of Lipofectamine 2000 (Invitrogen).
The solution mix was incubated for 30min at room temperature and
then added to ~0.2 × 106 cells seeded in 6 well plate. After a 6-h incu-
bation at 37 °C, the medium was removed and replaced by 2mL of
DMEM with 10% FBS. The cells were fixed for immunofluorescence
after 36-48 h.

RNAi
RNAi experiments were performed in 0.2 × 106 cells cultured in 1.5mL
DMEM with 5% FBS. A solution containing 2 µL of Lipofectamine
RNAiMax (Invitrogen) diluted in 250 µL Opti-MEM (Gibco) was mixed
with another containing 100 pmol of siRNA (Integrated DNA Tech-
nologies-IDT) diluted in 250 µL Opti-MEM. The solution mix was
incubated for 30min at room temperature and then added dropwise
to the cells. The siRNA oligonucleotides used were the pre-designed
siRNAs hs.Ri.KIAA0895L.13.1 5’-CAGUUGGAAAGUCCUUAUUCAUUTA-
3’ and hs.Ri.KIAA0895L.13.2 5’-AUAUGGUCGAUUGUGCAAAUACA-3’
from IntegratedDNATechnologies-IDT.After a 6-h incubation at 37 °C,
the medium was removed and replaced by 2mL of DMEM
with 10% FBS.

Western blotting
Protein extracts were obtained from cells by addition of lysis buffer
(20mM Hepes/KOH, 1mM EDTA, 1mM EGTA, 150mM NaCl, 0.5% NP-
40, 10% glycerol, 2mM DTT at −20 °C, and protease inhibitor 4C +
PMSF 0.1mM at −20 °C [1:100], pH 7.9) and frozen with liquid N2. The
suspension was centrifuged for 5min at 20817 g at 4 °C, collecting the
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supernatant. Total protein levels were quantified using Bradford
reagent (Thermo Scientific) and BSA (Thermo Scientific) solutions as
standards. 25-50 µg of total protein per sample were mixed with sam-
ple buffer (50mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mer-
captoethanol, 12.5mM EDTA, and 0.02% bromophenol blue) and
denatured at 95 °C for 5min. Samples were loaded in a 10% acrylamide
gel mounted in a Mini-PROTEAN vertical electrophoresis apparatus
(Bio-Rad) using an NZYColour Protein Marker II (NZYTech). Blotting
was performed with a Transfer-Blot Turbo transfer system (Bio-Rad).
Membranes were blocked with 5% powder milk in PBS Tween 0.1% for
45min. For primary antibodies, it was used rabbit anti-detyrosinated
tubulin 1:5000 (kind gift from Marin Barisic, Danish Cancer Institute,
Copenhagen, Denmark), rat anti-tyrosinated tubulin 1:5000 (BioRad),
mouse anti-TTL 1:5000 (Proteintech), mouse anti-VASH1 1:1000 (C-6,
sc-365541, Santa Cruz), mouse anti-FLAG 1:10000 (M-2, Sigma-
Aldrich), mouse anti-α-tubulin B-512 1:10,000 (Sigma-Aldrich), mouse
anti-GAPDH 1:40000 (Proteintech) and rabbit anti-β-tubulin 1:2000
(Abcam) diluted in 5% powder milk in PBS Tween 0.1%, and incubated
overnight (4 °C) with agitation. Anti-rat HRP, anti-rabbit HRP and anti-
mouse HRP secondary antibodies (Jackson ImmunoResearch) were
used at 1:5000 dilution in 5% powder milk in PBS Tween 0.1% and
incubated for 1 h. Signal was developed with Clarity Western ECL
Blotting Substrate (Bio-Rad) and detected/quantified in a Bio-Rad
Chemidoc XRS system, with Image Lab software. Minor inter-
experimental differences after MATCAP RNAi might be due to the
detection limit of detyrosinated tubulin by western blotting that
changes as a function of the total protein loaded in the gel, or due to
different depletion efficiency between experiments.

Fixed cell analysis and immunofluorescence
Cells were fixed using paraformaldehyde (PFA; Electron Microscopy
Sciences) at 4% in cytoskeleton buffer (CB; 137mM NaCl, 5mM KCl,
1.1mM Na2HPO4, 0.4mM KH2PO4, 2mM EGTA, 2mM MgCl2, 5mM
PIPES, and 5mM glucose, pH= 6.1) for 10min or in alternative in
methanol (Merck) at −20 oC. In the cases of inducingmetaphase arrest,
cells were treated with 5 µM MG132 (Merck) for 1 h prior fixation. To
inhibit CENP-E, 20 nM GSK-923295 (MedChemexpress) were added to
the cells for 1 h prior fixation. To enhance MCAK activity 250 µM of
UMK57 (Ref. 71) was added to the cells for 12–16 h before fixation.
Extraction was accomplished using CB–Triton X-100 0.5% for 10min.
Primary antibodies used in this work were mouse anti-α-tubulin clone
B-512 at 1:1500 (Sigma-Aldrich), rat monoclonal anti-CLASP2 at 1:2
(Ref. 72), mouse monoclonal anti-Hec1/NDC80 at 1:1000 (Abcam),
mouse anti-MAD1 clone BB3-8 at 1:500 (Millipore), mouse monoclonal
anti-EB1 at 1:500 (BD Biosciences, clone 5/EB1 cat 610535), human anti-
centromere antiserum 1:1000 (ACA; Fitzgerald), rabbit anti-
detyrosinated tubulin (kind gift from Marin Barisic, Danish Cancer
Institute, Copenhagen, Denmark) 1:1500, rat anti-tyrosinated tubulin
1:1000 (BioRad),and rabbit anti-β-tubulin at 1:1000 (Abcam) diluted in
PBS–TritonX-1000.1%with 10% FBS. Secondary antibodies Alexa Fluor
anti-mouse 568, anti-rat 568, anti-rat 488, anti-rabbit 488, anti-human
647 and anti-rat 647 (Invitrogen) were diluted to 1:1000 in 0.1%
PBS–Triton X-100 with 10% FBS. DNA staining was achieved by addi-
tion of 1 µg/ml 4’,6-Diamidino-2-Phenylindole (DAPI; SigmaAldrich).
Coverslips were mounted using mounting medium (20mMTris, pH 8,
0.5mMN-propyl gallate, and90%glycerol). Imageswere acquiredwith
an Axio imager Z1 (Carl Zeiss) equipped with an ORCA-R2 precooled
charge-coupled device (CCD; Hamamatsu), using an immersion oil 63×
1.46 NA planapochromatic objective lens, controlled by Zen software.
3D deconvolution was performed using AutoQuant X Image Decon-
volution software (Media Cybernetics). All images in figures are max-
imum intensity projections, except when indicated otherwise.
Quantifications, histogram adjustments and panel construction were
performed with Fiji-ImageJ software, Adobe Photoshop CS6 and
Adobe Illustrator CS5 (Adobe Systems). Quantifications of

fluorescence intensity ofNDC80 andCLASP2 spindle levelsweremade
using sum projections of the raw data in Fiji-ImageJ. A ROI was gen-
erated including the entire mitotic spindle -small area- and another
bigger ROI around the small one defined as big area. Both integrated
fluorescence intensities were measured. The Background signal was
calculated using the equation = integrated fluorescence intensity of
“big area” —integrated fluorescence intensity of “small area”)/(“big
area” – “small area”). The corrected fluorescence intensity was calcu-
lated using the equation = integrated fluorescence intensity of “small
area”—(background signal × “small area”).

CH-STED
The U2OS cell lines expressing the different detyrosinated/tyrosinated
GFP-tubulin andH2B-mRFPwerefixed using PFA (ElectronMicroscopy
Sciences) at 4% and Glutaraldehyde (Electron Microscopy Sciences) at
0.2% inCB for 10min. For autofluorescencequenching itwasused0.1%
sodium borohydride solution (Sigma-Aldrich) diluted in PBS, for
10min. Extraction was performedwith CB-0.5%Triton (Sigma-Aldrich),
for 10min. Primary antibodies used: rabbit anti-detyrosinated tubulin
(kind gift from Marin Barisic, Danish Cancer Institute, Copenhagen,
Denmark) 1:150, mouse anti-α-tubulin clone B-512 at 1:150 (Sigma-
Aldrich), human anti-centromere antiserum 1:1000 (ACA; Fitzgerald)
diluted in PBS 0.1% Tween with 10% FBS. Secondary antibodies used
were anti-mouse STAR 580 (Abberior Instruments); anti-rabbit STAR
635 (Abberior Instruments) at 1:100 and Alexa Fluor anti-human 405
(Invitrogen) at 1:1000, diluted in CB-0.1% Tween with 10% FBS. Cov-
erslips were mounted using mounting medium. For Coherent-Hybrid
STED (CH-STED) imaging (Ref. 20), an Abberior ‘Expert Line’ gated-
STED microscope was used, equipped with a Nikon Lambda Plan-Apo
1.4 NA 60x objective lens. The depletion beam was generated by a
bivortex phase mask (radii ratio = 0.88) to improve suppression of
background fluorescence in comparison to conventional 2D-STED.
This performance stems from the capacity of a bivortex to generate a
depletion dip in 3D that, unlike z-STED or 2D+z-STED combinations,
preserves resilience to spherical aberration. All acquisition channels
(confocal and STED) were performed using a 0.8 Airy unit pinhole. A
time-gate threshold of 500ps was applied to the STED channel. Fixed-
cell images were acquired using excitation wavelengths at 561 nm and
640nm. Excited volumes were doughnut-depleted with a single laser
at 775 nm. All images in the figures represent maximum intensity
projections. Quantifications, histogram adjustments and panel con-
struction were performed with Fiji-ImageJ software, Adobe Photoshop
CS6 and Adobe Illustrator CS5 (Adobe Systems)

Live-cell imaging
The U2OS cell lines expressing the different detyrosinated/tyrosinated
GFP-tubulin and H2B-RFP were cultured in glass coverslips using
DMEM without phenol red and supplemented with 25mM Hepes
(Gibco) and 10% FBS. Time-lapse imaging was performed in a heated
chamber (37 °C) using a 60× oil immersion 1.40NA plan-apochromatic
objective mounted on an inverted microscope (Eclipse TE2000U;
Nikon) equipped with a CSU-X1 spinning-disk confocal head (Yoko-
gawa Corporation of America) controlled by NIS-Elements software
and with two laser lines (488 nm, 561 nm). Images were detected with
an iXonEM+ EM-CCD camera (Andor Technology). 11 z-planes sepa-
rated by 1 µm were collected every 2min. All images in the figures
represent maximum intensity projections. Histogram adjustment,
quantifications and panel construction were performed using Fiji-
ImageJ software, NIS Viewer (Nikon), Adobe Photoshop CS6 and
Adobe Illustrator CS5 (Adobe Systems).

Isolation of mitotic microtubules and MAPs
U2OSTTLKO and VASH1/2 KO cell lines were grown in T175 flasks until
they reach ~70% confluence and then incubated with 5μMof STLC for
14 h. Themitotic cells were collected by shake-off and pelleted at 259g
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for 5min. It was gathered ~1 g of cell pellet for each condition. The cell
pellet was resuspended in 1.5mL of K-PIPES buffer (100mM PIPES pH
6.9, 1mM EGTA, 1mM MgSO4,1mM DTT, 0.1mM GTP) supplemented
with 1mM Mg-ATP and protease inhibitors at 4 °C, and incubated on
ice for 15min. The resulted mixture was gentle sonicated and then
centrifuged at 100000g for 1 h at 4 °C. At the resulted supernatantwas
added 40μM taxol and incubated for 30min at 37 °C. The assembled
MTswere pelleted over a 10% sucrose cushion at 45000g for 30min at
25 °C (supernatant S1 + pellet P1). The pellet was resuspended in
K-PIPES buffer supplemented with 20μM taxol. The resuspendedMTs
were pelleted again over a 10% sucrose cushion at 45000g for 30min
at 25 °C (supernatant S2) + pellet P2. To extract MAPs from the
assembledMTs, the pelletwas resuspended in 100 μLof K-PIPES buffer
supplemented with 20μM taxol and 350mM NaCl and then cen-
trifuged over a 10% sucrose cushion at 45,000g for 30min at 25 °C
(Ref. 19). The resulted supernatant S3 was analyzed by Mass Spec; the
pellet P3 was isolated for subsequent analysis by western blot and
wide-field microscopy.

Detection of microtubules extracted from P3
The P3 pellet resulting from the microtubule isolation protocol,
representing the polymerized microtubules stripped from MAPs, was
diluted in K-PIPES buffer with 10 µM taxol and incubated with 20 nMof
SiR-Tubulin (Spirochrome) for 30min. A small sample of this solution
was mounted in a glass slide and observed in Axio imager Z1 (Carl
Zeiss) in the 647nm channel.

Mass–spec analysis
Each sample was processed for proteomic analysis following the solid-
phase-enhanced sample-preparation (SP3) protocol and enzymatically
digested with Trypsin/LysC as previously described73. Protein identi-
fication and quantitation were performed by nanoLC-MS/MS. This
equipment is composed of an Ultimate 3000 liquid chromatography
system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap mass
spectrometer (Thermo Scientific, Bremen, Germany). Five hundred
nanograms of peptides of each sample were loaded onto a trapping
cartridge (Acclaim PepMap C18 100Å, 5mm×300μm i.d., 160454,
Thermo Scientific, Bremen, Germany) in a mobile phase of 2% ACN,
0.1% FA at 10μL/min. After 3min loading, the trap column was swit-
ched in-line to a 50 cm× 75μm inner diameter EASY- Spray column
(ES903, PepMap RSLC, C18, 2μm, Thermo Scientific, Bremen, Ger-
many) at 250 nL/min. Separation was achieved by mixing A: 0.1% FA
and B: 80% ACN, 0.1% FA with the following gradient: 5min (2.5% B to
10%B), 120min (10%B to 30%B), 20min (30%B to 50%B), 5min (50%B
to 99% B), and 10min (hold 99% B). Subsequently, the column was
equilibrated with 2.5% B for 17min. Data acquisition was controlled by
Xcalibur 4.0 and Tune 2.11 software (Thermo Scientific, Bremen, Ger-
many). The mass spectrometer was operated in the data-dependent
(dd) positive acquisition mode alternating between a full scan (m/z
380-1580) and subsequent HCD MS/MS of the 10 most intense peaks
from a full scan (normalized collision energy of 27%). The ESI spray
voltagewas 1.9 kV. The global settings were as follows: use lockmasses
best (m/z 445.12003), lock mass injection Full MS and chrom. peak
width (FWHM) of 15 s. The full scan settings were as follows: 70 k
resolution (m/z 200), AGC target 3 × 106, maximum injection time
120ms; dd settings: minimum AGC target 8 × 103, intensity threshold
7.3 × 104, charge exclusion: unassigned, 1, 8, >8, peptide match pre-
ferred, exclude isotopes on and 45 s of dynamic exclusion. The
MS2 settings were as follows: microscans 1, resolution 35 k (m/z 200),
AGC target 2× 105, maximum injection time 110ms, isolation window
2.0m/z, isolation offset 0.0m/z, dynamic first mass, and spectrum
data type profile. The raw data was processed using the Proteome
Discoverer 2.5.0.400 software (Thermo Scientific) and searched
against theUniProt database for theHomosapiens reviewed Proteome
(2021_03 with 20371 entries) together with a spectral library database

(NIST Human Orbitrap HCD 20160923). A common protein con-
taminant list from MaxQuant was also considered in the analysis. The
MSPepSearch and Sequest HT search engines were used to identify
tryptic peptides. The ionmass tolerancewas 10 ppm for precursor ions
and 0.02Da for fragment ions. Maximum allowed missing cleavage
sites was set to two. Cysteine carbamidomethylation was defined as
constant modification. Methionine oxidation, deamidation of gluta-
mine and asparagine, peptide terminus glutamine to pyroglutamate,
and protein N-terminus acetylation, Met-loss, and Met-loss+acetyl
were defined as variable modifications. Peptide confidence was set to
high. The processing node Percolator was enabled with the following
settings: maximum delta Cn 0.05; decoy database search target false
discovery rate 1%, validation based on q-value. Protein label-free
quantitation was performed with the Minora feature detector node at
the processing step. Precursor ions quantification was performed at
the consensus step with the following parameters: unique plus razor
peptides were considered, precursor abundance based on intensity,
and normalization based on total peptide amount. For hypothesis
testing, protein ratio calculation was pairwise ratio-based and an t-test
(background based) hypothesis test was performed. The mass spec-
trometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE74 partner repository with the
dataset identifier PXD047133.

Quantification of α-detyrosinated tubulin levels at the sister
kinetochore vicinity of metaphase cells
Parental U2OS cells were fixed and immune-stained (as previous
described). Single-plane, in focus, sisters KT pairs were chosen with a
k-fiber growing in one side (with a positive EB1 signal) and the other
k-fiber shrinking in the opposite side (with a negative EB1 signal), for
fluorescence intensity quantifications. A ROI with the same area of
1 µmx µm was drawn in the vicinity of the KT-MT attachment in both
sister KTs and detyrosinated α-tubulin fluorescence intensity levels
were measured and background corrected. Tyrosinated α-tubulin
levelswere alsomeasured andbackground corrected in the sameROIs,
in order to calculate the ratio between detyrosinated and tyrosinated
α-tubulin. All the quantifications were made in Fiji-ImageJ.

Quantification of metaphase spindle length
Metaphase spindle length was measured in the cell lines in fixed
material (as previous described). Pole to pole distance was measured
in the xy plane; z-stack measurement was also acquired, considering
the spindle tilt. The overall length was calculated using the Pythagor-
ean theorem: length = √[(xy)2 + z2]. All the quantifications weremade in
Fiji-ImageJ.

Quantification of MAD1 levels and metaphase plate width
Cells arrested in metaphase with MG-132 (as previous described) were
selected to quantify MAD1 positive KTs per cell. In the same data set,
metaphase width was measured taking in account the farthest KTs
from the center of the metaphase plate from both sides. All the
quantifications were made in Fiji-ImageJ.

Chromokymograph generation
Chromomokymographs from cells derived from the same data set
used in the characterization of kinetochore oscillations patterns were
generated as previously described75.

Proteins for in vitro single-molecule assays
Bovine tubulin was purified from cow brains by thermal cycling and
chromatography as in ref. 76, and labeled with HiLyte647 (HiLyte647-
SE, Anaspec) as in ref. 77. Post-translationally modified human tubulin
was prepared as in ref. 10. Human Broccoli NDC80-GFP construct
containing well-behaved truncated versions of NDC80 and NUF2 that
include all microtubule-binding and adjacent regions and behave
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identically to full-length NDC80 complex was generated by cloning
Nuf2 (residues 1-348) and Hec1 (residues 1-506-7xHis) into pET3aTr
and then into pST39 for co-expression. To generate hNdc80 “Broc-
coli”, Nuf2 (residues 1-348) was cloned into a modified pET3aTr con-
taining sequence encoding a C-terminal GFP-tag. ceNDC80 “Broccoli”-
sfGFP was generated by cloning HIM-10 (residues 1-392) into a mod-
ified version of pET3aTr containing sequence encoding a C-terminal
sfGFP-tag and NDC80 (residues 1-507-7xHis) into pET3aTr and then
intopST39 for co-expression51. HumanGFP-CLASP2was expressed and
purified using theMultiBac expression system. Sf21 cells were lysed by
sonication in 50mM Tris-HCl pH 8.0, 150mM NaCl, 7mM β-
mercaptoethanol supplemented with protease inhibitors (Complete
EDTA-free, Roche, Basel, Switzerland). Protein extracts clarified by
centrifugation at 20,000 × g for 30minwere loaded onto aHisTrapHP
column (GE Healthcare, Chicago, IL, USA) preequilibrated in 50mM
Tris-HCl pH 8.0, 500mM NaCl, 20mM imidazole, 7mM52. MTs were
prepared from a mixture of unlabeled human tubulin (tyrosinated or
detyrosinated) and Hilyte647-labeled bovine tubulin at ratio 10:1.
Tubulin at the final concentration 72.5 µM and 1mM GMPCPP (Jena
Bioscience) was incubated at 37 °C for 30min,microtubuleswere spun
at 16100 g, resuspended in Mg-BRB80 (K-Pipes 80mM, pH 6.9, 4mM
MgCl2, 1mM EGTA) and stored at room temperature for a maximum
of 3 days.

TIRF microscopy
Imaging was performed on a Nikon Eclipse Ti-E invertedmicroscope57.
Coverslips (22 × 22mm)were silanized and assembled in custom-made
flow chambers. Anti-tubulin antibodies (Serotec, Raleigh, NC) diluted
1:50 in BRB80 were flowed into the chamber and incubated for 10min
at room temperature, then blocked with 1% Pluronic F-127 (Sigma-
Aldrich, St. Louis, MO) for 15min. GMPCPP-stabilized MTs in BRB80
were flowed into the chamber and incubated for 10–15 s to promote
binding to the coverslip, then chamber was washed. NDC80-GFP (100
pM) in imaging buffer (Mg-BRB80 supplemented 4mg/ml bovine
serum albumin, 2mM DTT, 0.1mg/ml glucose oxidase, 68μg/ml cat-
alase, 20mM glucose, 0.5% 2-mercaptoethanol) was perfused con-
tinuously at 15μl/min during data acquisition57. Images of NDC80-GFP
were acquired continuously for 120 s with 40ms exposure.

Analysis of NDC80 diffusion
Kymographs of diffusing NDC80 molecules were made from original
stacks (acquired with NIS elements, Nikon) using Metamorph. Indivi-
dual tracks were selected and molecular displacements for each track
were calculated to plot MSD as a function of time57. The diffusion
coefficient was determined as one-half of the slope of linear fitting
based on 7 bins. Because confidence interval for a fitting is very small,
we used the experiment-based standard error represented by the dif-
fusion coefficient of the motionless GFP-tagged molecules imaged
under the same experimental conditions (0.0026μm2 s−1); this rate of
diffusion results from thermal motion of the experimental chamber
and tracking errors. To determine NDC80 molecular residence time
for each type of microtubules, the durations of individual diffusion
tracks that lasted at least 120ms were used to build a cumulative dis-
tribution. The characteristic time was determined from a fit with one-
phase association function, and duration of a single imaging frame
(40ms) was used to represent the standard error.

Microtubule pelleting assays using purified proteins
Porcine brain tubulin (Cytoskeleton) was tyrosinated or detyrosinated
by combining it with either recombinant TTL (1:0.25; kind gift from
Michel Steinmetz, Paul Scherrer Institut, Villigen, Switzerland) or car-
boxypeptidase A (1:0.004 – Sigma-Aldrich), respectively. Tyrosination
assay was performed for 1 h at 37 °C78 and detyrosination assay for
5min at 30 °C79.Microtubule assemblywas initiated by adding 1mMof
GTP and 1mM of DTT to 1.5mg/ml of either tyrosinated or

detyrosinated tubulin in BRB80 buffer (80mM PIPES, 1mM EGTA and
1mMMgCl2), pH 6.9, and incubated for 5min on ice. The mixture was
cleared by ultracentrifugation at 488400g at 4 °C for 5min. Taxol was
added to the reaction at final concentrations of 0.015, 0.15, and 2mM
successively with 5min intervals. After 15min of final incubation, 40%
glycerol in BRB80 was added to the mixture and microtubules were
pelleted by ultracentrifugation at 385900 g at 35 °C for 10min and
resuspended in BRB80 supplemented with 15mM taxol. Microtubule
concentration was measured after taking a small volume of micro-
tubule solution and resuspended with 10mM CaCl2 in BRB80 and
incubated on ice for 10min to complete microtubule disassembly.
Tubulin concentration was calculated considering the Abs280 mea-
surements and the extinction coefficient of tubulin (115000 M-1cm-1).
To perform protein binding to microtubules, NDC80-GFP and GFP-
CLASP2 proteins were previously pre-cleared by ultracentrifugation at
280000 g for 10min at 25 °C. Microtubule-binding assay was carried
out by incubating 500nMofNDC80brocoli protein and 0.5, 1, 2, 4 and
6 µM of either tyrosinated or detyrosinated microtubules in BRB80
with 15mMof taxol for 10min. CLASP2 proteinwas incubatedwith 0.1,
0.25, 0.5, 1 and 2 µM of microtubules in the same buffer. Supernatant
(unbound fraction) and pellet (bound fraction) were separated by
ultracentrifugation at 280000g at 25 °C for 10min. For each reaction,
fractions were run on SDS-PAGE and gels were stained with BlueSafe
(NZYTech) overnight, destained with distilled water and scanned with
GS-900CalibratedDensitometer (BioRad).Densitometer analysis were
performed using ImageLab software (BioRad). Microtubule post-
translational state was confirmed by western blot. Data analysis was
performed on GraphPad Prism 9.

Kinetochore tracking
Time-lapse imaging of Parental, TTL KO and VASH1/2 KO cell lines
stably expressing GFP-CENP-A was performed in a heated chamber
(37 °C) using a 60 × oil immersion 1.40 NA plan-apochromatic objec-
tive mounted on an inverted microscope (Eclipse TE2000U; Nikon)
equipped with a CSU-X1 spinning-disk confocal head (Yokogawa Cor-
poration of America) controlled by NIS-Elements software and with
two laser lines (488 nm, 561 nm). Images were detected with an iXo-
nEM+ EM-CCD camera (Andor Technology). 10 z-planes separated by
1 µm were collected every 7.5 s for 5min. The movies were converted
with Softworx (GE Healthcare) into DeltaVision microscope format.
The images were cropped in Softworx and analyzed blindly using an
automated Kinetochore tracking code written in MATLAB 2013b (The
Math Works, Natic, USA). The code is available under https://github.
com/cmcb-warwick. The analysis output is the frame-to-frame dis-
placement of sister-KTs and their relative distance from themetaphase
plate center. It uses an auto-correlation function to quantify the reg-
ularity of the sister-kinetochore oscillations along the spindle central
axis80.

Statistical analysis
Statistical analysis was performed with Graphpad Prism, version 9.
The statistical significance of spindle length, segregation errors,
NEB to anaphase duration, NEB to metaphase duration, percentage
of MAD1 positive cells, normalized corrected fluorescence inten-
sities in all experimental conditions, NDC80-GFP residence times
and diffusion coefficients, was determined using the parametric
two-tailed Student’s t-test. Statistical analysis of the percentage of
cells with one or more MAD1 positive KTs per cell was determined
using Mann–Whitney test. Dunn’s multiple comparison test was
used to compare KT oscillation velocities in the different experi-
mental conditions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All data generated or analysed during this study are included in this
published article (and its supplementary information files). The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD047133. Source data are provided with
this paper.

Code availability
The kinetochore tracking code used in this published article is avail-
able under https://github.com/cmcb-warwick.
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