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Abstract

Before chromosomes segregate into daughter cells they align at the mitotic spindle equator, a 

process known as chromosome congression. CENP-E/Kinesin-7 is a microtubule plus-end-

directed kinetochore motor required for congression of pole-proximal chromosomes. Because the 

plus-ends of many astral microtubules in the spindle point to the cell cortex, it remains unknown 

how CENP-E guides pole-proximal chromosomes specifically towards the equator. Here we found 

that congression of pole-proximal chromosomes depended on specific post-translational 

detyrosination of spindle microtubules that point to the equator. In vitro reconstitution experiments 

demonstrated that CENP-E-dependent transport was strongly enhanced on detyrosinated 

microtubules. Blocking tubulin tyrosination in cells caused ubiquitous detyrosination of spindle 

microtubules and CENP-E transported chromosomes away from spindle poles in random 
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directions. Thus, CENP-E-driven chromosome congression is guided by microtubule 

detyrosination.

Chromosome congression is the process that leads to the formation of a metaphase plate at 

the equator of mitotic cells. During congression, peripheral chromosomes are first brought to 

the vicinity of spindle poles by the microtubule minus-end-directed kinetochore motor 

Dynein, and are subsequently transported towards the equator by the plus-end-directed 

kinetochore motor CENP-E/Kinesin-7 (1–3). Because different kinetochore motors are able 

to move chromosomes in opposite directions along anisotropic spindle microtubules, how 

chromosomes are guided towards the equator remains a critical longstanding question. This 

might involve spatial cues provided by intracellular gradients, such as the RanGTP gradient, 

which becomes established around aligned chromosomes (4). We tested this possibility by 

expressing the dominant-negative mutant RanT24N (5), which fails to bind GTP and inhibits 

RCC1-dependent RanGTP gradient formation from chromosomes, but found no major 

congression problems in human U2OS cells (Fig. S1). Alternatively, the activity and/or 

affinity of kinetochore motors to microtubules might itself be regulated (e.g. by 

phosphorylation) (6, 7). This model would account for the relative dominance of different 

kinetochore motors in time and space, but it fails to explain the biased motion of pole-

proximal chromosomes towards the equator. A third hypothesis predicts that kinetochore 

motors are sensitive to spatial cues encoded by the microtubule tracks they move on, which 

determine the direction of chromosome motion. These spatial cues may result from different 

stability within spindle microtubules (e.g. astral vs. kinetochore microtubules), or from their 

different organization (e.g. individual vs. bundled microtubules). However, recent work has 

shown that stable kinetochore microtubule bundles are dispensable for CENP-E-mediated 

chromosome congression (8), suggesting a different mechanism.

One possibility is that tubulin post-translational modifications (PTMs) generate specific cues 

that guide CENP-E along specific spindle microtubules. This so-called “tubulin code” has 

been proposed to contribute to subcellular differentiation of microtubules (9, 10), and 

tubulin acetylation and detyrosination are specifically enriched on stable spindle 

microtubules that point to the equator (11–13). Tubulin acetylation and detyrosination were 

shown to regulate Kinesin-1-dependent transport in neurons (14–16), and recent in vitro 

reconstitution experiments have also demonstrated subtle, but direct effects of tubulin PTMs 

on the motor activities of Kinesin-2, Kinesin-13 and Dynein (17).

To test whether tubulin detyrosination and acetylation are required for chromosome 

congression, we perturbed the function of enzymes responsible for specific catalytic steps 

(Fig. S2A,B). To modulate tubulin detyrosination in human U2OS cells we overexpressed 

tubulin tyrosine ligase (TTL), which specifically converts soluble α-tubulin to its tyrosinated 

form (18). In parallel, we inhibited tubulin carboxypeptidase (TCP) with the cell-permeable 

drug parthenolide (19), thus preventing removal of the C-terminal tyrosine from 

polymerized α-tubulin (10). Both treatments specifically decreased tubulin detyrosination 

without affecting polyglutamylation (Fig. 1A, Fig. S3), and reduced the detyrosination of 

spindle microtubules pointing to the equator (Fig. 1B, Fig. S4A). These cells consistently 

showed misaligned pole-proximal chromosomes and delayed mitotic progression, 
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phenocopying CENP-E inhibition (Fig. 1B, Fig. S4B, Movie S1). In contrast, perturbation of 

tubulin acetylation had no effect on chromosome congression (Fig. S5A–C). Thus, 

detyrosination of spindle microtubules pointing to the equator is required for congression of 

pole-proximal chromosomes.

Whereas CENP-E is mostly associated with kinetochores during early mitosis, we noticed 

that CENP-E-GFP expressed under control of its own promoter (20) specifically co-

localized with the few detyrosinated microtubules (D-MTs) present in HeLa cells in G2 (21) 

(Fig. S6A,B). Moreover, inhibition of tubulin detyrosination with parthenolide led to CENP-

E dissociation from these microtubules (Fig. S7A,B, Fig. S4A, Movie S2), suggesting that 

tubulin detyrosination promotes the interaction between CENP-E and microtubules in vivo. 

To test whether this tubulin PTM affects CENP-E directly, we reconstituted CENP-E 

motility in vitro using purified components. Brain tubulin was not suitable for these 

experiments because it is highly detyrosinated and carries many other PTMs (Fig. 2A). We 

thus developed a method to purify tyrosinated tubulin from HeLa cells using cycles of 

polymerization and depolymerization (22). A fraction of this tubulin was then treated with 

carboxypeptidase A to produce detyrosinated tubulin (Fig. 2A). These purified proteins were 

used to polymerize D- and T-MTs, and motility of recombinant CENP-E-GFP was 

examined using total internal reflection fluorescence microscopy (Fig. S8A, Movie S3). 

CENP-E bound to and moved processively and unidirectionally on both types of 

microtubules, but it was faster on D- vs. T-MTs: 31.3±0.7 vs. 26.7±0.4 µm/min, respectively 

(Fig. 2B, Fig. S8B). Moreover, there was a ~60% increase in the characteristic length of 

CENP-E runs on D- vs. T-MTs (1.55±0.06 vs. 0.97±0.07 µm), implying that CENP-E walks 

more processively on D-MTs assembled in vitro.

We next investigated the force produced by single CENP-E motors using a stationary optical 

trap (23). CENP-E motors carrying a C-terminal 6xHis-tag were linked to 0.54-µm 

streptavidin-coated polystyrene beads with biotinylated anti-His antibodies. The beads were 

then positioned near the microtubule using an infrared laser and their motility was examined 

in a buffer with physiological levels of ATP. Bead-microtubule binding frequencies were 

similar for these two types of microtubules (0.41 and 0.45 s−1 for D- and T-MTs, 

respectively). As the bead moved away from the centre of the trap due to CENP-E motor 

activity, it experienced greater trapping force and eventually detached and snapped back to 

the centre of the trap (Movie S4). These repeated motions led to the characteristic 

displacement spikes recorded with a quadrant photodetector (Fig. 2C). While the force 

values generated by CENP-E on D-MTs extended into the 8 pN range, such large forces 

were infrequent on T-MTs (Fig. 2C, Fig. S9C). Consistently, the average duration of the 

force spikes was longer on D-MTs vs. T-MTs (0.79±0.05 vs. 0.49±0.02 s, Fig. S9D). Thus, 

CENP-E is unable to sustain large loads on T-MTs, in line with the persistence of pole-

proximal chromosomes after inhibition of microtubule detyrosination in spindles (Fig. 1B).

To investigate the CENP-E stepping mechanism on different microtubule lattices we 

analysed high-resolution bead recordings (Fig. 2D,E). On both types of microtubules, the 

average step size was ~8 nm (Fig. S9E), as expected based on tubulin dimer spacing in the 

microtubule lattice (24). Backward steps were frequently observed and, with increasing trap 

load, the probability of a forward step decreased more gradually for CENP-E (Fig. 2F, Fig. 
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S9F), than for Kinesin-1 (25, 26). Although the forward stepping of CENP-E was slightly 

more frequent on D-MTs vs. T-MTs, the overall dependency of CENP-E stepping on the 

resisting force was similar on these two lattices. The average dwell time between the steps 

for the entire force range was also similar on D- and T-MTs (Fig. S9G). We further 

observed a slightly shorter dwell time at low force on D-MTs, which is consistent with the 

faster velocity of CENP-E walking on this type of microtubules (Fig. 2G). Importantly, 

CENP-E responded to larger loads by prolonging its dwells on D-MTs, but not on T-MTs. 

Under the load, CENP-E also detached less frequently from D-MTs (Fig. 2H). As a result, 

the peak force for CENP-E detachment was shifted to significantly higher values on D-MTs 

(Fig. 2I), indicating that the effect of tubulin detyrosination is exerted mostly on CENP-E 

detachment, rather than stepping. Thus, CENP-E can carry a significantly larger load on D-

MTs in vitro.

Our data support a model in which CENP-E-dependent transport of pole-proximal 

chromosomes towards the spindle equator requires microtubule tracks that are detyrosinated. 

Therefore, increasing tubulin detyrosination should disrupt the biased motion of pole-

proximal chromosomes towards the equator and cause their delivery to inappropriate cellular 

locations. To test this, we increased tubulin detyrosination by depleting TTL by RNAi in 

U2OS cells (Fig. S10A). Immunofluorescence analysis confirmed that TTL depletion caused 

ubiquitous detyrosination of spindle microtubules (including astral microtubules) during 

early mitosis (Fig. S10B and ref. (27)). Live-cell imaging revealed that 65% of TTL-

depleted cells delayed mitotic progression and failed to congress all the chromosomes (Fig. 

3A, Movie S5). In these cells, the pole-proximal chromosomes did not remain stuck at the 

spindle poles, as observed after CENP-E inhibition or after blocking tubulin detyrosination, 

but were transported in various directions, including towards the cell cortex (Fig. 3A,B). 

This suggests that the spatial cues that normally guide CENP-E towards the equator were 

disrupted. CENP-E inhibition in live TTL-depleted cells significantly decreased the 

transport of chromosomes away from spindle poles (Fig. 3A,B). This was confirmed in a 

large population of fixed cells using a quantitative monopolar spindle configuration assay 

(1) (Fig. 4A–C), indicating that the random transport of chromosomes along ubiquitously 

detyrosinated spindle microtubules after TTL RNAi is mediated by CENP-E.

Taken together, our work establishes the specific molecular mechanism that guides CENP-

E-dependent chromosome motion towards the cell equator. This mechanism is based on the 

ability of CENP-E to transport pole-proximal chromosomes preferentially on detyrosinated 

microtubule tracks, which are normally oriented towards the spindle equator (Fig. S11). We 

propose that microtubule detyrosination, as part of the “tubulin code”, works as a navigation 

system that guides kinetochore motors during cell division, ultimately contributing to 

faithful chromosome segregation.
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Fig. 1. Chromosome congression requires spatially regulated detyrosination of spindle 
microtubules
(A) Microtubule detyrosination was examined by immunoblotting with detyrosinated tubulin 

antibodies. Protein lysates of U2OS cells were obtained 24h after TTL-YFP transfection and 

4h after adding parthenolide (20 µM). GAPDH was used as loading control. (D) 

Deconvolved immunofluorescence images of U2OS cells stained for DNA 

(DAPI=magenta), α-tubulin and detyrosinated tubulin (green). TTL-YFP signal was 

detected by direct fluorescence. Arrowheads highlight detyrosinated spindle microtubules in 
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control cells. Detyrosination of spindle microtubules is undetectable after TTL-YFP over-

expression or treatment with parthenolide. Scale bar = 10 µm.
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Fig. 2. CENP-E motility is enhanced on detyrosinated microtubules in vitro
(A) Immunoblot of purified tubulin from porcine brain or HeLa cells before (T) and after 

(D) detyrosination with carboxypeptidase A. Antibodies against tyrosinated, detyrosinated, 

Δ2, glutamylated (GT335) and acetylated tubulin were used to assess post-translational 

modifications. Anti-α-tubulin antibody demonstrates similar amounts of tubulin in different 

lanes. (B) Mean velocity and characteristic run length of CENP-E for D-MTs (N=4 

independent experiments, n=401) and T-MTs (N=3, n=257 molecules). Error bars are 

SEMs; **p≤0.01 based on unpaired t-test with 95% confidence. (C) Typical traces of bead 

motions on D- and T-MTs, plotted as force vs. time. (D) Example trace of CENP-E bead in 

a laser trap with step-size fit. (E) Step size histograms were fit by the sum of two Gaussians 

(lines). Positive steps were away from the trap’s centre. Number of forward steps was 3427 

and 5146; backward steps 1114 and 1731 for D- and T-MTs, respectively. (F) Ratio of 

forward to backward steps for CENP-E in comparison to Kinesin-1 (data from (25, 26)) with 

theoretical fittings for ratio >1. (G) Characteristic dwell times as a function of force within 2 

pN bins. Total number of dwells for all forces was 4541 and 6877 for D- and T-MTs, 

respectively. (H) CENP-E detachment rate under load. Error bars for detachment rate were 

calculated by dividing the square root of the number of detachments by the total time within 

each bin. Error bars for force are SEM for measurements in each bin. (I) Histograms of 

detachment force with Gaussian fits. Numbers are the Mean±SEM, n=269 for D-MTs, and 

491 for T-MTs. Vertical error bars are square roots of the number of detachments 

normalized by the total number of detachments.
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Fig. 3. Chromosomes cannot complete congression in TTL depleted cells and are randomly 
transported away from the spindle pole by CENP-E
(A) Spinning-disk confocal imaging of live U2OS cells stably expressing CENP-A-GFP and 

mCherry-tubulin. Chromosome congression was impaired in 100% of cells treated either 

with CENP-E inhibitor (13 cells, 3 independent experiments) or parthenolide (9 cells, 2 

independent experiments). Chromosome congression was impaired in 65% of cells depleted 

of TTL (23 cells, 3 independent experiments). Arrowheads highlight kinetochores 

transported away from the spindle pole towards the cell cortex. Enlarged insets highlight 
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polar regions. Scale bar = 5 µm. Time = h:min. (B) Quantification of the percentage of pole-

proximal chromosomes that were transported away from spindle poles in the different 

conditions. N(CENP-E inh.)=311 kinetochores from 10 cells, 3 independent experiments; 

N(parthenolide)=388 kinetochores from 7 cells, 2 independent experiments; N(TTL 

RNAi)=311 kinetochores from 18 cells, 3 independent experiments. N(TTL RNAi+CENP-E 

inh)=720 kinetochores from 17 cells, 3 independent experiments. Asterisks indicate z test 

significance values;***p<0.001.
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Fig. 4. CENP-E-dependent transport of pole-proximal chromosomes along ubiquitously 
detyrosinated spindle microtubules after TTL RNAi
(A) U2OS cells treated with the kinesin-5 inhibitor S-Trytil-L-Cysteine (STLC) and 

immunostained for DNA (DAPI=blue), kinetochores (ACA=green) and centrioles 

(centrin=red). Maximum intensity projection images of representative examples for each 

condition are shown. Numbers indicate mean kinetochore-to-pole distances ± SD of the 

pooled data from at least two independent experiments per condition. Scale bar = 5 µm. (B) 

Quantification of kinetochore (KT) to pole distances in STLC-treated cells under different 

conditions; n(Control)=7185 kinetochores from 56 cells, 3 experiments; n(CENP-E 

inh)=3877 kinetochores from 34 cells, 2 experiments; n(Parthenolide)=3611 kinetochores 

from 30 cells, 2 experiments; n(TTL RNAi)=8239 kinetochores from 61 cells, 4 

experiments; n(TTL RNAi + CENP-E inh)=5458 kinetochores from 45 cells, 2 experiments. 

Asterisks indicate Mann-Whitney U-Test significance values: ***p<0.001. (C) 

Deconvolved immunofluorescence images of STLC-treated U2OS cells stained for α-

tubulin, detyrosinated tubulin and ACA. Detyrosination of spindle microtubules was highly 

increased after TTL RNAi. Scale bar = 5 µm.

Barisic et al. Page 12

Science. Author manuscript; available in PMC 2015 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


