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SUMMARY

The kinetochore links chromosomes to dynamic
spindle microtubules and drives both chromosome
congression and segregation. To do so, the kineto-
chore must hold on to depolymerizing and poly-
merizing microtubules. At metaphase, one sister
kinetochore couples to depolymerizing microtu-
bules, pulling its sister along polymerizing micro-
tubules [1, 2]. Distinct kinetochore-microtubule
interfaces mediate these behaviors: active inter-
faces transduce microtubule depolymerization into
mechanical work, and passive interfaces generate
friction as the kinetochoremoves alongmicrotubules
[3, 4]. Despite a growing understanding of the molec-
ular components that mediate kinetochore binding
[5–7], we do not know how kinetochores physically
interact with polymerizing versus depolymerizing
microtubule bundles, and whether they use the
same mechanisms and regulation to do so. To
address this question, we focus on the mechanical
role of the essential load-bearing protein Hec1
[8–11] inmammalian cells. Hec1’s affinity formicrotu-
bules is regulated by Aurora B phosphorylation on its
N-terminal tail [12–15], but its role at the interfacewith
polymerizing versusdepolymerizingmicrotubules re-
mains unclear. Here we use laser ablation to trigger
cellular pulling onmutant kinetochores and decouple
sisters in vivo, and thereby separately probe Hec1’s
role on polymerizing versus depolymerizing micro-
tubules. We show that Hec1 tail phosphorylation
tunes friction along polymerizing microtubules and
yet does not compromise the kinetochore’s ability
to grip depolymerizing microtubules. Together, the
data suggest that kinetochore regulation has differ-
ential effects on engagement with growing and
shrinking microtubules. Through this mechanism,
the kinetochore can modulate its grip on microtu-
bules over mitosis and yet retain its ability to couple
to microtubules powering chromosome movement.

RESULTS

Targeted Control of Cellular Pulling Forces on
Kinetochores In Vivo
To probeHec1’smechanical role at themammalian kinetochore-

microtubule interface, we sought the ability to exert force on a

given kinetochore inside a cell at a specific time. This is neces-

sary to probe the magnitude and timescale of a kinetochore’s

response to force, and to perturb kinetochores moving on

microtubules in a given polymerization state. We accomplished

this using targeted laser ablation to sever one kinetochore-fiber

(k-fiber) at metaphase (Figure 1A). The newly created k-fiber

minus ends recruit dynein, which in turn exerts a poleward pull-

ing force on the attached kinetochore and its sister [16, 17].

As a starting point for our Hec1 studies, we expressed Hec1-

EGFP in PtK2 cells depleted of endogenous Hec1 by RNAi [11].

We selectively severed polymerizing k-fibers near their kineto-

chore, and examined the responses of both the ‘‘front’’ and

‘‘back’’ sister kinetochores (proximal and distal to the cut,

respectively) (Figures 1A and 1B; Movie S1). The response to

laser ablation appeared the same as in wild-type cells [16, 17],

and had two phases (Figures 1B and 1E–1G, blue traces; Table 1;

n = 13). First, the front kinetochore recoiled immediately after

being cut, reflecting a decrease in force and causing the inter-

kinetochore (K-K) distance to decrease. Second, dynein pulled

the microtubules bound to the front kinetochore, moving the sis-

ter pair toward the ablation site and increasing the K-K distance.

Dynein pulled the front sister faster than its k-fiber polymerized or

depolymerized, and faster than normal metaphase movements

[16] (Table 1). The front kinetochore’s velocity during dynein-

mediated movement was similar between experiments (Fig-

ures 1F and 1H, blue traces; Table 1), consistent with ablation

triggering a consistent response. Dynein pulling caused the

back kinetochore to turn around within seconds, ultimately pull-

ing it away from its pole along polymerizing microtubules. Thus,

targeted k-fiber ablation can produce a pulling force to probe the

mechanics of the interface between kinetochores and polymer-

izing microtubules.
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Figure 1. Hec1 Tail Phosphorylation Regu-

lates the Magnitude and Timescale of the

Mammalian Kinetochore-Microtubule Inter-

face’s Response to Force

(A) Assay to sever a k-fiber using laser ablation (red

X) to induce a dynein-based poleward pulling force

on a specific kinetochore pair to probe the back

kinetochore’s movement on polymerizing micro-

tubules in response to force.

(B–D) Time lapse showing representative re-

sponses of PtK2 (B) Hec1-WT-EGFP, (C) Hec1-

9A-EGFP, and (D) Hec1-9D-EGFP (each in Hec1

RNAi background; see also Figure S1) kinetochore

pairs to k-fiber laser ablation. First frame after

ablation is set to 0:00.

(E–G) Mean positions of Hec1-WT, Hec1-9A, and

Hec1-9D (E) back and (F) front kinetochores and

(G) K-K distance before and after laser ablation.

Kinetochore position is shown normalized to its

pre-ablation position. Traces are mean ± SEM and

are offset vertically for clarity in (E) and (F).

(H) Velocity of the front and back kinetochores

(from E and F) relative to the ablation-proximal

spindle pole after the directional switch to pole-

ward motion in response to ablation, until each

kinetochore returned to motion away from that

pole (error bars, mean ± SEM; *p < 0.05, Student’s

t test; n.s., not significant; n, number of kineto-

chores).

(I) Distance traveled by the back kinetochore over

the first 30 s of poleward motion after ablation

(error bars, mean ± SEM; *p < 0.05, Student’s

t test).

See also Figure S1 and Movies S1, S2, and S3.
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Hec1 Tail Phosphorylation Regulates theMagnitude and
Timescale of the Mammalian Kinetochore-Microtubule
Interface’s Response to Force
To probe the mechanical regulation conferred by Hec1’s

N-terminal tail phosphorylation during mitosis, we asked

whether and how it controls the movement of a kinetochore

in response to force. We depleted endogenous Hec1 by

RNAi (Figure S1) and expressed either Hec1-9A-EGFP

or Hec1-9D-EGFP to mimic constitutive dephosphoryla-

tion and phosphorylation, respectively, a range that includes

typical Hec1 phosphorylation by Aurora B during mitosis

[14]. Expression levels of Hec1-WT-EGFP, Hec1-9A-EGFP,

and Hec1-9D-EGFP were indistinguishable (Figure S1). As ex-

pected [14], Hec1-9D and Hec1-9A kinetochores resulted in

different steady-state K-K distances (Figures 1C, 1D, and

1G; Table 1).
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We subjected these Hec1-9A (Figures

1E–1G, red traces; n = 17; Movie S2)

and Hec1-9D kinetochores (Figures 1E–

1G, green traces; n = 10; Movie S3) to

the same force signature as Hec1-WT,

as suggested by similar front kinetochore

velocities during dynein pulling (Fig-

ure 1H; Table 1). As with Hec1-WT, after

k-fiber ablation, the front kinetochore re-

coiled and the K-K distance decreased
in both Hec1-9A and Hec1-9D cells. When dynein pulling

engaged, however, the back sister responses were different

from Hec1-WT. In Hec1-9A cells, the back kinetochore moved

more slowly than its front sister (0.6 ± 0.1 versus 1.6 ±

0.2 mm/min; Table 1), and moved less far than Hec1-WT (0.4 ±

0.1 versus 0.7 ± 0.1 mm; Figures 1H and 1I; Table 1). These

differences led to a larger, and longer-lasting, increase in K-K

distance above baseline during dynein pulling compared to

Hec1-WT (maximum K-K distance was at 95 ± 7 versus

47 ± 5 s; Figure 1G; Table 1). In contrast, in Hec1-9D cells, the

back sister followed at a rate similar to its front sister (1.7 ±

0.4 versus 1.8 ± 0.2 mm/min), which is faster than Hec1-WT

(0.9 ± 0.1 mm/min), and moved farther than Hec1-WT (1.0 ± 0.2

versus 0.7 ± 0.1 mm; Figures 1H and 1I; Table 1). These re-

sponses led to little overshoot in K-K distance above baseline

during dynein pulling (Figure 1G).



Table 1. Role of Hec1 Tail Phosphorylation in Regulating the Mechanics of the Mammalian Kinetochore-Microtubule Interface

Measurement

Experimental Condition

t TestaHec1-WT Hec1-9A Hec1-9D

Assay: K-Fiber Ablation (Figure 1)

Number of kinetochores (cells) 13 (4) 17 (8) 10 (7)

K-K distance before ablation (mm) 2.0 ± 0.1 2.5 ± 0.1 1.4 ± 0.1 WT,9A*; WT,9D*; 9A,9D*

Time at max K-K distance after ablation (s) 95 ± 7 47 ± 5 N/Ab WT,9A*

Front kinetochore speed during poleward

movement (mm/min)

1.7 ± 0.3 1.6 ± 0.2 1.8 ± 0.2 n.s.

Distance back kinetochore moves during first 30 s

of dynein pulling (mm)

0.7 ± 0.1 0.4 ± 0.1 1.0 ± 0.2 WT,9A*; 9A,9D*

Back kinetochore speed during poleward

movement (mm/min)

0.9 ± 0.1 0.6 ± 0.1 1.7 ± 0.4 WT,9A*; WT,9D*; 9D,9A*

Assay: Metaphase Spindle Photomarking (Figure 2)

Number of kinetochores (cells) 57 (29) 60 (24) 27 (8)

Poleward microtubule flux (mm/min) 0. 65 ± 0.05 0.50 ± 0.03 0.73 ± 0.07 WT,9A*; 9D,9A*

Kinetochore velocity with respect to microtubule

lattice (mm/min)

0.76 ± 0.04c 0.51 ± 0.03c N/Ac WT,9A*

Kinetochore velocity > 0 (toward plus end) with

respect to microtubule lattice (mm/min)

1.25 ± 0.03c 0.83 ± 0.03c N/Ac WT,9A*

Assay: Kinetochore Ablation (Figure 3)

Number of kinetochores (cells) 17 (14) 21 (12) 18 (13)

K-K distance before ablation (mm) 2.3 ± 0.1 2.6 ± 0.1 1.7 ± 0.1 WT,9A*; WT,9D*; 9A,9D*

Poleward kinetochore velocity after sister ablation (mm/min) 2.0 ± 0.2 2.1 ± 0.2 2.3 ± 0.2 n.s.

Poleward kinetochore velocity relative to microtubule

lattice after sister ablation (mm/min)d
1.5 ± 0.2 1.4 ± 0.2 1.6 ± 0.2 n.s.

Time between front sister ablation and back kinetochore

switch (s)

5 ± 3 2 ± 2 4 ± 2 n.s.

Data are presented as mean ± SEM. See also Figures 1, 2, and 3. N/A, not applicable; n.s., not significant.
ap < 0.05 is used as a threshold for statistical significance using two-tailed Student’s t test. The abbreviations in the t test column indicate which of the

condition pairs are significantly different (e.g., WT,9D* indicates a significant difference between Hec1-WT and Hec1-9D).
bThere is no meaningful maximum K-K distance after ablation for Hec1-9D due to the variability of traces and lack of overshoot above baseline K-K

distance from before ablation.
cWe made these calculations only on the subset of the data collected using photoactivation (Hec1-WT, n = 42 and Hec1-9A, n = 34 kinetochores)

because it allowed longer tracking of oscillations. We did not measure kinetochore velocities in Hec1-9D spindles because we were not able to track

photomarks for long enough of the kinetochore oscillation cycle.
dTo adjust velocities to be relative to the microtubule lattice, we assumed poleward flux was unchanged from metaphase measurements (Figure 2).
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Dephosphorylating the Hec1 tail makes the back kinetochore

less mobile in response to force: the back kinetochore moves

more slowly and a shorter distance and takes longer to recover,

despite being under higher forces. Phosphorylating the Hec1

tail has the opposite consequences. Thus, Hec1 tail phosphory-

lation controls both the magnitude and timescale of the back

kinetochore’s response to spindle forces, and thereby sets the

effective elasticity and viscosity of the spindle’s reorganization

in response to force. Hec1phosphorylation regulates the back ki-

netochore’s ability tomovewhen bound to polymerizingmicrotu-

bules under force. It could do so by directly changing friction on

themicrotubule lattice, or produce an apparent change in friction

by setting the polymerization dynamics at the microtubule tip.

Hec1 Tail Phosphorylation Regulates Friction on
Mammalian Kinetochores Bound to Polymerizing
Microtubules
To probe the relationship betweenHec1 tail phosphorylation and

friction,wemeasuredhowHec1 tail phosphorylation changes the
velocity—and the friction coefficient, assuming similar forces—

between kinetochore and polymerizing microtubules. To deter-

mine kinetochore velocity relative to the microtubule lattice, we

tracked kinetochores with Hec1-EGFP phosphomutants and

concurrentlymeasured k-fiber poleward flux [18] by either photo-

marking photoactivatable (PA)-GFP-tubulin or photobleaching

GFP-tubulin (Figures 2A–2C). K-fiber flux velocities were lower

in Hec1-9A (0.50 ± 0.03 mm/min; n = 60) than in Hec1-9D

(0.73 ± 0.07 mm/min; n = 27) or WT cells (0.65 ± 0.05 mm/min;

n = 57), although spindle length did not change (Figures 2D

and 2E; Table 1). Consistent with Hec1 tail phosphorylation

decreasing friction, kinetochore velocity with respect to the

microtubule lattice during polymerization was higher in Hec1-

WT (1.20 ± 0.03 mm/min; n = 720;Movie S4) than in Hec1-9A cells

(0.80±0.03mm/min; n= 940;MovieS4) (Figure 2F; Table 1). Thus,

the interface remains dynamic and is never locked within the

cell’s Hec1 tail phosphorylation range; the kinetochore (as a

‘‘slip clutch’’ [4]) can always slip to reduce force on the chromo-

some—and prevent detachment from microtubules [19].
Current Biology 27, 1–8, June 5, 2017 3



Figure 2. Hec1 Tail Phosphorylation Regulates Friction on Mamma-

lian Kinetochores Bound to Polymerizing Microtubules

(A) Assay to measure kinetochore velocity relative to the microtubule lattice,

tracking kinetochores and poleward k-fiber microtubule flux by photomarking.

(B and C) Representative time lapses of Hec1-EGFP and PA-GFP-tubulin PtK2

cells in a Hec1 RNAi background (B) and kymograph of poleward microtubule

flux (dotted line) measured by photoactivation (C). Time 0:00 corresponds to

photoactivation. The distance between the photomark and the kinetochore

(ruler) provides velocity relative to the microtubule lattice.

(D) Microtubule flux rate (mean ± SEM; *p < 0.05, Student’s t test) in cells with

Hec1-WT, Hec1-9A, or Hec1-9D kinetochores (n, number of k-fibers). MT,

microtubule.

(E) Spindle length (mean ± SEM; p = 0.76, one-way ANOVA) in cells with Hec1-

WT, Hec1-9A, or Hec1-9D kinetochores (n, number of cells).

(F) Histogram of kinetochore velocity relative to the microtubule lattice (**p <

0.01, Student’s t test). Hec1-9D kinetochore oscillations were too variable to

quantify (see STAR Methods).

See also Movie S4.
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These data are consistent with Hec1 being a component of a

frictional interface of kinetochores with microtubules—whose

location was inferred to be in the outer kinetochore [20].

Hec1 tail phosphorylation is well suited to tune the effective

friction coefficient, and thus the force-velocity relationship, be-

tween the mammalian kinetochore and microtubules during

polymerization, and to do so in a force range relevant to spindle

function.

Hec1 Tail Phosphorylation Does Not Disrupt the
Mammalian Kinetochore’s Ability to Couple to
Depolymerizing Microtubules
Because we found that Hec1 tail phosphorylation decreases

kinetochore friction with microtubules during polymerization

(Figures 1 and 2), we asked whether it also affects the ability to

couple to depolymerizing microtubules. Perturbing Hec1 phos-

phoregulation changes how metaphase sister kinetochores

move [13, 14], but when sister kinetochores are linked (Figures

1 and 2) the coupling to depolymerizing microtubules can never

be probed directly, as it is always resisted by its sister. Anaphase

kinetochores could provide a solution, but kinetochore biochem-

istry changes between metaphase and anaphase [21]. Hence,

we turned to laser ablation to physically separate sister kineto-

chores: after ablating one sister, the remaining sister moves

toward its pole as its k-fiber depolymerizes [1, 22] (Figures 3A

and 3B).

After sister ablation, Hec1-WT kinetochores initially moving

poleward speed up, from1.2 ± 0.2 mm/min (we infer these are de-

polymerizing microtubules since the velocity is faster than

tubulin flux; Figure 2D) to 2.3 ± 0.2 mm/min (n = 10; p < 0.01; Fig-

ures 3C and 3D). This acceleration is consistent with the sister,

bound to polymerizing microtubules before ablation, providing

resistance. In turn, WT kinetochores initially moving away from

their pole (polymerizing microtubules) at 0.7 ± 0.1 mm/min switch

to poleward movement at 2.1 ± 0.1 mm/min (n = 14; Figures 3C

and 3D; Movie S5). The directional switch and kinetochore

velocity we measure here are faster than those we measured af-

ter k-fiber ablation (Figure 1), which is most likely because here

there is no resistance from the sister k-fiber interacting with

the spindle. Surprisingly, Hec1-9A (Movie S6) and Hec1-9D

(Movie S7) kinetochores, which had perturbed K-K distances

(Table 1), moved poleward at the same velocity as Hec1-WT



Figure 3. Hec1 Tail Phosphorylation Does Not Disrupt the Mammalian Kinetochore’s Ability to Couple to Depolymerizing Microtubules

(A) Assay to decouple sister kinetochores using laser ablation (red X) of one sister kinetochore to probe the remaining sister’s ability to track depolymerizing

microtubules.

(B) Time lapse of Hec1-WT-EGFP, Hec1-9A-EGP, or Hec1-9D-EGFP and GFP-tubulin in PtK2 cells before and after kinetochore ablation.

(C) Response of kinetochores to sister ablation, colored by pre-ablation direction (n, number of kinetochores).

(D) Kinetochore velocity relative to the pole before and after its direction switch following sister ablation (error bars, mean ± SEM; ***p < 0.001, Student’s t test).

(E) Responses of kinetochores to sister ablation (n, number of kinetochores).

(F) Kinetochore velocity after switching to polewardmotion (depolymerization) due to ablation of the sister. Kinetochore velocities relative to the pole (left) or to the

microtubule lattice (right; adjusted for differences in flux from Figure 2) (same dataset as in D, mean ± SEM; ns, not significant; Student’s t test).

(G and H) Example traces (G) and mean delay of kinetochores switching direction after sister ablation (H) (error bars, mean ± SEM; Student’s t test).

(legend continued on next page)
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after sister ablation (2.0 ± 0.2 mm/min, n = 21 and 2.3 ± 0.2 mm/

min, n = 18, respectively; Figures 3B, 3E, and 3F; Table 1). As ki-

netochores approach poles, kinetochore velocity remained

unchanged despite chromosomes experiencing higher polar

ejection forces [22, 23]. Although more data would be needed

tomake a stronger statement, we found that, within our�2 s res-

olution, the different Hec1 phosphomutants had indistinguish-

able times to switch directions—suggesting that Hec1 tail phos-

phorylation may not directly regulate the kinetochore directional

switching (Figures 3G and 3H). Thus, although Hec1 tail phos-

phorylation regulates the kinetochore’s ability to couple to poly-

merizing microtubules (Figures 1 and 2), it does not affect its

ability to couple to and track depolymerizing microtubules or

its poleward velocity (Figure 3).

DISCUSSION

Accurate chromosome segregation requires the kinetochore

to be able to hold on to both polymerizing and depolymerizing

microtubules. However, the molecular basis and regulation of

kinetochore attachment to polymerizing and depolymerizing

k-fibers are not known. In particular, separately probing kinet-

ochore movement in defined polymerization states has been

challenging. Elegant in vitro assays [24, 25] overcome these

challenges but are not yet tractable for mammalian kineto-

chores, whereas in vivo microneedle [26, 27] and laser ablation

[1, 22, 28] studies have probed kinetochore mechanics in

defined states, but not their molecular basis. Here we use a

combination of molecular and mechanical perturbations to

determine the contribution of Hec1 tail phosphoregulation to

mammalian kinetochore movement on polymerizing and depo-

lymerizing microtubules. We find that through Hec1 tail phos-

phorylation, the kinetochore can independently regulate its

ability to move when bound to polymerizing microtubules

without losing its ability to couple to depolymerizing microtu-

bules that actively move chromosomes (Figures 3I and 3J).

As the needs of mitosis change, regulation of effective kineto-

chore friction may set how far and how fast chromosomes

move in response to force and tune whole-spindle mechanics,

for example increasing mechanical coupling across spindle

halves as mitosis progresses.

The basis for Hec1’s tail regulating kinetochore movement

when bound to polymerizing, but not depolymerizing, microtu-

bules is not known. If kinetochore speeds were higher during

polymerization than depolymerization states, changes in friction

may only be detectable during polymerization; however, we

observe higher speeds during depolymerization (Figure 3I;

Table 1). Direction-specific regulation could in principle arise

from differences in microtubule plus-end tip structure, but this

structure so far appears not to differ between sisters [29]. Alter-

natively, Hec1 structure may vary when bound to polymerizing

versus depolymerizing microtubules [30, 31], or proteins other

than Hec1 may bear load and govern chromosome velocity
(I) Summary of the role of Hec1 phosphorylation in regulating kinetochore veloc

replotted from the indicated figures (Figure 1H values are adjusted for difference

(J) Cartoon summarizing the mechanical role of Hec1 tail phosphorylation: it reg

depolymerization (bottom, yellow). For simplicity, numbers of microtubules and H

See also Movies S5, S6, and S7.
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during depolymerization [32, 33]. To uncover themolecular basis

for Hec1 tail phosphorylation’s direction-dependent role, it will

be essential to determine whether such phosphorylation regu-

lates friction directly (by changing the tail’s microtubule affinity)

or indirectly (by changing how its other domains, or other pro-

teins, interact with microtubules), and whether and how it affects

k-fiber microtubule dynamics. In order to answer such ques-

tions, we will need tools to more tightly control and measure

kinetochore composition and corresponding microtubule prop-

erties in cells. For example, here we cannot uncouple whether

Hec1-9D observations stem from phosphorylation changes

only or from residual endogenous Hec1 providing an attachment

with fewer microtubules. Better tools would allow us to test

whether different microtubule numbers are required for kineto-

chore coupling to polymerizing and depolymerizing k-fibers.

Finally, a future challenge will be to map which proteins

contribute to active force generation at the interface with depo-

lymerizing microtubules.

Our work indicates that Hec1 tail phosphorylation regulates

the mechanics of the mammalian kinetochore-microtubule inter-

face in a direction-dependent manner, revealing a new level of

regulation. Hec1 tail phosphorylation may impact mechanics

and regulate microtubule dynamics in both directions in vitro

when it is the only coupler [34] but only impact them in polymer-

ization in vivo due to the presence of—and load sharing by—

other microtubule-binding proteins in vivo. Consistent with this

idea, the Ndc80 tail is nonessential for movement in either direc-

tion in budding yeast [35, 36], most likely because both Ndc80

and the Dam1 complexes bindmicrotubules [37, 38] and provide

friction during polymerization, and Dam1 is the main coupler

during depolymerization [35]. Functional homologs to Dam1

are being proposed in other eukaryotes [39, 40], and the assay

we develop here should be helpful in dissecting the mechanical

role of these and other proteins in the active and passive force-

generating microtubule interfaces of the mammalian kineto-

chore. Probing the relative importance of different kinetochore

couplers at both interfaces will be critical to understanding the

mechanical diversity of kinetochore proteins and functions

across systems.
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Rat anti-tubulin AbD Serotec Cat#MCA77G; RRID: AB_325003

Mouse anti-tubulin (DM1a) Sigma Cat#T6199; RRID: AB_477583

Goat anti-mouse IgG-HRP Santa Cruz Biotechnology Cat#SC-2055; RRID: AB_631738

Alexa 594 Goat anti-human IgG Invitrogen Cat#A11014; RRID: AB_2534081

Alexa 488 Goat anti-mouse IgG (highly cross absorbed) Invitrogen Cat# A11001; RRID: AB_2534069

Alexa 647 Goat anti-rat IgG (highly cross absorbed) Invitrogen Cat#A21247; RRID: AB_141778

Chemicals, Peptides, and Recombinant Proteins

SiR-tubulin dye Spirochrome Cat#SC-002

Verapamil Sigma-Aldrich Cat#V4629

FuGene 6 Roche Cat#E2691

Viafect Promega Cat#E4981

Oligofectamine Invitrogen/Life Technologies Cat#12252011

Hoechst 33342 Sigma-Aldrich Cat#H3570

SuperSignal West Pico Substrate Thermo Scientific Cat#34080

Experimental Models: Cell Lines

PtK2 cells T. Mitchison ATCC Cat#CCL-56; RRID: CVCL_0514

Oligonucleotides

siRNA against PtK Hec1: 50-AATGAGCCGAATCGTCTAATA-30 [11] N/A

Recombinant DNA

plasmid: WT-Hec1-EGFP J. DeLuca [8] N/A

plasmid: 9A-Hec1-EGFP J. DeLuca [13] N/A

plasmid: 9D-Hec1-EGFP J. DeLuca [14] N/A

plasmid: pEGFP-tubulin Clonetech Discontinued (similar to Cat#632488)

plasmid: PA-GFP-tubulin A. Khodjakov N/A

Software and Algorithms

MATLAB (R2013B) MathWorks RRID: SCR_001622

StatPlus AnalystSoft RRID: SCR_014635

Fiji ImageJ RRID: SCR_002285

Other

35mm MatTek Dishes (poly-D-lysine coated) MatTek Corporation Cat#P35GC-1.5-20-C
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sophie

Dumont (sophie.dumont@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PtK2 cells (gift from T. Mitchison, Harvard University) were cultured in MEM (Invitrogen) supplemented with sodium pyruvate (Invi-

trogen), nonessential amino acids (Invitrogen), penicillin/streptomycin, and 10% qualified and heat-inactivated fetal bovine serum

(FBS) (Invitrogen) and maintained at 37�C and 5% CO2. PtK2 cells are male kidney epithelial cells from the rat kangaroo (Potorous

tridactylus). The PtK2 cells used in this study were not authenticated, but we sequenced their transcriptome [41] and it was consistent

with our overall expectation from related marsupials.
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METHOD DETAILS

Cell culture and transfection of DNA and siRNA
For imaging, PtK2 cells were imaged in phenol red free MEM (Invitrogen) supplemented with antibiotics and serum as for cell culture.

PtK2 cells were transfected with WT-Hec1-EGFP, 9A-Hec1-EGFP, or 9D-Hec1-EGFP (human Hec1 phosphomutants in pEGFP-N1

vector; gifts from J. DeLuca, Colorado State University, CO) [8, 13, 14] or pEGFP-tubulin (Clonetech) or PA-GFP-tubulin (gift A. Khod-

jakov, Wadsworth Center, Albany, NY). siRNAs directed to PtK Hec1 (50-AATGAGCCGAATCGTCTAATA-30) were purchased from

Invitrogen or Sigma-Aldrich, and do not target human Hec1 [11]. For knock down and rescue experiments, cells were transfected

with DNA using 4 mL FuGENE6 (Roche) or 6 mL ViaFect (Promega) and 0.5-1 mg plasmid DNA after a 20 min incubation. After incu-

bation, the DNA solution was added to trypsinized cells in solution and mixed gently before plating at 40%–60% confluency on

#1.5 25 mm coverslips (acid cleaned and poly-L-lysine coated) for immunofluorescence experiments or 35 mm glass-bottom dishes

(poly-D-lysine coated; MatTek Corporation) for live imaging. After 24 hr, cells previously transfected with plasmid DNA were trans-

fectedwith 8 mL 20 mMsiRNA against PtK Hec1 and 4 ml Oligofectamine in OptiMem after a 20min incubation and then supplemented

with 1ml OptiMEM with 10% FBS. Cells were assayed 48 hr after siRNA transfection. Control cells with Hec1 siRNA (and no rescue

construct) robustly displayed phenotypes consistent with Hec1 knockdown (Figure S1). In Figure 1, 6/10 of the Hec1-9D-EGFP cells

included tubulin labeled with 100 nM SiR-tubulin dye (Spirochrome) and 10 mM verapamil (Sigma-Aldrich) after incubation for 1h.

Immunofluorescence and immunoblotting
To validate knockdown (Figure S1), mock control and siHec1 treated cells were fixed 48 hr after siRNA transfection in 95%methanol

with 5 mMEGTA for 3 min. The following antibodies and dyes were used: mouse Hec1-9G3 (1:1000, Novus), human anti-centromere

protein (CREST,1:25, Antibodies, Inc.), rat anti-tubulin (1:500, AbD Serotec), Alexa 594 goat anti-human IgG (1:500, Invitrogen), Alexa

488 goat anti-mouse IgG highly cross adsorbed (1:500, Invitrogen), Alexa 647 goat anti-rat IgG highly cross absorbed (1:500, Invi-

trogen), and Hoechst 33342 (1:1000, Sigma-Aldrich). For immunoblotting to validate knockdown, PtK2 cells were lysed 48 hr after

siRNA transfection. The following antibodies and dyes were used: mouse anti-tubulin DM1a (1:5,000, Sigma) and mouse anti-

Hec1 9G3 (1:1,000, Novus), goat anti-mouse IgG-HRP (1:10,000, Santa Cruz Biotechnology). Blots were exposed with SuperSignal

West Pico Substrate (Thermo Scientific) and imaged with a Bio-Rad ChemiDoc XRS+ system.

Imaging and laser ablation
Live cells were imaged using an inverted microscope (Eclipse Ti-E; Nikon) with a spinning disk confocal (CSU-X1; Yokogawa Electric

Corporation), head dichroic Semrock Di01-T405/488/568/647 for multicolor imaging or Di01-T488 for GFP only imaging, equipped

with 405 nm (100 mW), 488 nm (120mW), 561 nm (150mW), and 642 nm (100mW) diode lasers, emission filters ET455/50M, ET525/

50M, ET630/75M and ET690/50M for multicolor imaging and ET500LP (Chroma Technology) for GFP imaging, and an iXon3 camera

(Andor Technology) operated by MetaMorph (7.7.8.0; Molecular Devices) [16]. Cells were imaged with phase contrast (200-400ms

exposure) and 488nm laser light (75-100ms exposure) through a 100x 1.45 Ph3 oil objective and 1.5x lens every 2-10 s, in a stage-top

incubation chamber (Tokai Hit) maintained at 30�C and 5% CO2. Laser ablation (30-40 3-ns pulses at 20Hz) with 514 or 551nm light

was performed using theMicroPoint Laser System (Photonic Instruments) [16]. For laser ablation experiments, imageswere acquired

more slowly prior to ablation and then acquired more rapidly after ablation (typically 8 s prior and 4 s after ablation, except the latter

was 2 s for Figure 3G). Successful k-fiber ablation was verified by loss of tension across the centromere (Figure 1). Successful kinet-

ochore ablation was verified by change in movement of the remaining sister kinetochore and depolymerization of the k-fiber asso-

ciated with the ablated kinetochore (Figure 3). Photomarking was performed using the MicroPoint to deliver several pulses of either

514nm light to bleach GFP-tubulin (acquiring every 2-3 s for at least 30 s) or 405nm light to activate PA-GFP-tubulin (acquiring every

10 s for at least 60 s) (Figures 2B and 2C). Fixed cells (Figure S1 only) were imaged with exposure times of 5-200ms with DAPI, GFP,

TRITC, and CY5 filter cubes and a mercury arc lamp on a Zeiss AxioPlan2 epifluorescence microscope (operated by MicroManager

1.4.13) with a 100x 1.4 DIC oil objective and a QIClick camera (QImaging).

Study design and data inclusion criteria
The criteria for inclusion of cells in our study were that they must exhibit GFP expression and phenotype consistent with successful

introduction of the relevant Hec1WT or mutant construct as well as exhibit responses consistent with technically successful ablation

(as described in the above section). Successful transfection and expression of Hec1 constructs was assessed by visualizing EGFP at

kinetochores and, formutants, by confirming that each cell examined had the expected K-K distance change. Cells expressingHec1-

9D-EGFP in a Hec1 RNAi background had widely varied spindle architecture and we included in our analysis cells that had visible

EGFP expression and low K-K distance indicative of rescue but that still were able to form metaphase spindles and oscillate – which

may include cells that still have a residual amount of endogenous Hec1 remaining.

We did not pre-estimate a required sample size before performing experiments nor did we blind or randomize samples during

experimentation or analysis since the mutant phenotypes are readily apparent by eye. The experiments in this study are low

throughput, which does not enable us to report averages frommultiple independent replicate experiments and instead we pool cells

from across different independent experiments.
e2 Current Biology 27, 1–8.e1–e3, June 5, 2017



Please cite this article in press as: Long et al., Hec1 Tail Phosphorylation Differentially Regulates Mammalian Kinetochore Coupling to Polymerizing and
Depolymerizing Microtubules, Current Biology (2017), http://dx.doi.org/10.1016/j.cub.2017.04.058
QUANTIFICATION AND STATISTICAL ANALYSIS

Tracking and quantification of spindle features
Kinetochores, photomarks, ablation sites, and spindle poles were manually tracked from overlaid phase-contrast time-lapse and

Hec1-EGFP (sometimes with GFP-tubulin or PA-GFP-tubulin) movies using a home-written MATLAB (R2013b Version 8.2) program.

Spindle poles were identified using the center of the GFP tubulin enriched region at the ends of the spindle. When no tubulin was co-

transfected (Figure 1), approximate spindle pole position was determined using phase contrast images (where the spindle can be

identified since it excludes mitochondria). We manually selected the inflection points in kinetochore position as the start and end

points of movement in one direction using plots of kinetochore position relative to the pole over time. We then calculated kinetochore

velocity by fitting to a linear function (Figures 1H, 1I, 3D, and 3F; Table 1). We report (Figure 1I) the distance traveled by kinetochores

during the first 30 s after the start of dynein-induced poleward motion of a kinetochore pair, to avoid variability coming from differ-

ences in the duration of the poleward transport response. Poleward microtubule flux (Figure 2D) was calculated by measuring the

position of the edge of the photomark closest to the kinetochore over time relative to the initial position (for PA-GFP-tubulin) for at

least �60 s, or by measuring the position of the bleach mark over time relative to the pole (for GFP-tubulin) for as long as possible

and in both cases performing a linear regression. Kinetochore velocity with respect to the microtubule lattice (k-fiber polymerization

velocity) was calculated by measuring the distance between kinetochore and photomark on the same k-fiber for each pair of time

points to get an instantaneous velocity that were pooled from different cells (Figure 2E). Kinetochore velocities relative to the micro-

tubule lattice after ablation were calculated by subtracting the mean value of poleward microtubule flux (Figure 2B) from the

measured velocity (Figures 3F and 3I; Table 1). Time to kinetochore switching after ablation (Figure 3H) was measured from the first

frame after ablation to the frame when the kinetochore switched direction.

Movie preparation
Movies were formatted for publication using Fiji (Version 2.0.0-rc-43/1.51h) and set to play at 60x relative to real time. Movies were

corrected to play at a constant frame rate, even when the acquisition rate was not constant.

Statistical analysis
Data are reported asmean ± SEM and for average traces (Figure 1) data were collected into 8 s wide bins before averaging. One-way

ANOVA were performed using StatPlus (Version v6; AnalystSoft) to compare between more than two experimental conditions and

followed up with two-tailed unpaired Student’s t tests performed using MATLAB, without testing for whether assumptions for

normality were met due to low sample sizes. We used p < 0.05 as the threshold for statistical significance and indicated in the figure

and figure legend if the p value was lower than 0.05, 0.01 or 0.001 using asterisks (* or ** or ***, respectively). ‘n’ always refers to num-

ber of kinetochores or kinetochore-fibers except in Figure 2E where ‘n’ refers to number of cells and Figure 2F where ‘n’ refers to the

number of time points pooled across kinetochores in each experimental condition. Both the number of kinetochores and the number

of cells are provided in Table 1 for clarity, but statistical tests were always performed on kinetochore measurements pooled from

different cells collected across at least two independent experiments. Sample sizes, statistical tests and p values are also indicated

in the text, figures and figure legends where relevant.
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