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SUMMARY

During cytokinesis, signals from the anaphase spindle direct the formation and position of a contractile ring at
the cell cortex [1]. The chromosomal passenger complex (CPC) participates in cytokinesis initiation by
signaling from the spindle midzone and equatorial cortex [2], but the mechanisms underlying the
anaphase-specific CPC localization are currently unresolved. Accumulation of the CPC at these sites re-
quires the presence of microtubules and the mitotic kinesin-like protein 2, MKLP2 (KIF20A), a member of
the kinesin-6 family [2-7], and this has led to the hypothesis that the CPC is transported along microtubules
by MKLP2 [3-5, 7]. However, the structure of the MKLP2 motor domain with its extended neck-linker region
suggests that this kinesin might not be able to drive processive transport [8, 9]. Furthermore, experiments in
Xenopus egg extracts indicated that the CPC might be transported by kinesin-4, KIF4A [10]. Finally, CPC-
MKLP2 complexes might be directly recruited to the equatorial cortex via association with actin and myosin
Il, independent of kinesin activity [4, 8]. Using microscopy-based assays with purified proteins, we demon-
strate that MKLP2 is a processive plus-end directed motor that can transport the CPC along microtubules
in vitro. In cells, strong suppression of MKLP2-dependent CPC motility by expression of an MKLP2 P-loop
mutant perturbs CPC accumulation at both the spindle midzone and equatorial cortex, whereas a weaker in-
hibition of MKLP2 motor using Paprotrain mainly affects CPC localization to the equatorial cortex. Our data
indicate that control of cytokinesis initiation by the CPC requires its directional MKLP2-dependent transport.

RESULTS AND DISCUSSION extracts (Figures S1A-S1C). In mitotic cells, a fraction of (overex-

pressed) INCENP and MKLP2 might not be phosphorylated, and

The Extended Neck and Coiled Coil Domain of MKLP2
Binds to the CPC via the N Termini of INCENP and
Borealin

To test the hypothesis that mitotic kinesin-like protein 2 (MKLP2)
is a chromosomal passenger complex (CPC)-transporting mo-
tor, we first mapped the interaction between them. The CPC
consists of INCENP, Survivin, Borealin, and Aurora B [11], and
previous work suggested that the C-terminal half of MKLP2
binds the N terminus of INCENP [7, 12]. We generated several
GFP-tagged fragments of MKLP2 and INCENP, expressed these
in mitotic HEK293T cells, and assessed their ability to immuno-
precipitate endogenous CPC or MKLP2, respectively (Figures
1A, 1B, and S1A-S1C). Although cyclin B-Cdk1-dependent
phosphorylation of either INCENP or MKLP2 is thought to inter-
fere with CPC-MKLP2 binding [7, 12], we consistently co-immu-
noprecipitated endogenous CPC with MKLP2::GFP, as well as
endogenous MKLP2 with INCENP::GFP from these mitotic
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this could be the fraction we pulled down.

Interaction with the CPC depended on a small MKLP2 region
(amino acids [aas] 513-765), composed of the extended kinesin
neck and coiled coil domain (Figures 1A and S1A). A recombi-
nant N-terminal fragment of INCENP (aas 1-58; referred to as
CEN-box; essential for centromere targeting of the CPC via Bor-
ealin and Survivin) [13-16] has been shown to interact with re-
combinant MKLP2 [12]. However, we found that INCENP 1-63
did not efficiently bind endogenous MKLP2, although a some-
what longer N-terminal fragment of INCENP (aas 1-100) bound
MKLP2 more efficiently (Figures 1B and S1B). We therefore
conclude that there are additional interactions between MKLP2
and INCENP outside the CEN-box. Deletion of the first 48 aas
of INCENP (INCENP 49-918), which severely impaired INCENP
interaction with Borealin and Survivin (Figures 1B and S1C)
[13, 14, 17], reduced the binding to endogenous MKLP2 as
compared to full-length INCENP (Figure S1C), suggesting a
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Figure 1. The Extended Neck and Coiled Coil Domain of MKLP2 Binds to the CPC via the N Termini of INCENP and Borealin

(A) Cartoon of full-length (FL) human MKLP2 protein and used MKLP2 fragments. C-term, C-terminal domain; motor, motor domain; NL, neck linker region. Their

ability to pull down detectable amounts of endogenous CPC (Figure S1A) is indicated.

(B) Cartoon of human INCENP and used INCENP deletion mutants. CEN, centromere-targeting domain interacting with Borealin and Survivin; IN, IN box in-

teracting with Aurora B; PVVEI, HP1 binding motif; SAH, single o helix. Their ability to pull down detectable amounts of endogenous MKLP2 (Figures S1B and

S1C) is indicated.

(C and D) IF for GFP of HeLa cells expressing INCENP::GFP or INCENP E35/36/39/40R::GFP (C) or expressing GFP::Borealin or GFP::Borealin R17/19E, K20E (D).

DNA is visualized by DAPI. Dotted line indicates line scan position for GFP and DAPI shown on the right. The number of times the depicted localization was

observed/total number of imaged cells is indicated.

(E and F) HEK293T cells were transfected with plasmids encoding: GFP, INCENP WT::GFP or E35/36/39/40R::GFP (E) and GFP, GFP::Borealin WT or R17/19E,

K20E (F). Immunoprecipitations were performed with GFP-Trap beads. Samples were analyzed by western blotting.

(G) Coomassie-stained SDS-PAGE gel of a pull-down assay with GST and GST::MKLP2 513-821 (red arrowhead). The CPC components expressed from a

tricistronic vector containing 6xHis::INCENP 1-100 (orange), Survivin (green), and Borealin (blue) were enriched from the input lysate using Ni-NTA beads.
(legend continued on next page)
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potential contribution of Borealin and/or Survivin to the interac-
tion with MKLP2. To further define CPC-MKLP2 interaction sites,
we mutated a conserved set of exposed glutamic acids in the N
terminus of INCENP to positively charged residues (E35/36/39/
40R) or mutated several positively charged residues in the N ter-
minus of Borealin to negatively charged residues (R17/19 and
K20E). These mutations do not interfere with the interactions
between CPC members [13] but do perturb the translocation of
the CPC from chromosomes in (pro)metaphase to the spindle
midzone in anaphase, very similar to what is seen after knock-
down of MKLP2 [4, 5, 7, 13] (Figures 1C, 1D, and S1D). The
INCENP E35/36/39/40R mutant was less efficient, and the Bor-
ealin R17/19, K20E mutant was deficient in precipitating
MKLP2 compared to their wild-type counterparts (Figures 1E
and 1F). Finally, glutathione S-transferase (GST)::MKLP2 513-
821 purified from bacteria, precipitated 6xHis::INCENP 1-100,
Borealin, and Survivin expressed in bacteria (Figures 1G and
1H). This strongly suggests that the interaction between the
non-enzymatic CPC core members and MKLP2 is direct.

INCENP 1-58, Borealin 10-109, and Survivin form a three-he-
lix bundle structure in vitro [13]. Based on this structure, the res-
idues of INCENP and Borealin involved in MKLP2 binding are
clustered on one side of the three-helix bundle (Figure 11). More-
over, aas 63-100 of INCENP would be oriented toward the N
terminus of Borealin, and together, they could form the interface
for binding MKLP2. Whether Survivin also makes direct contacts
with MKLP2 is currently unclear; it may contribute to MKLP2
binding by participating in the formation of the three-helix bundle
with INCENP and Borealin.

MKLP2 Is a Motile Kinesin that Becomes More
Processive in the Presence of the CPC

Next, we investigated whether MKLP2 can transport the CPC by
using in vitro reconstitution assays in combination with total in-
ternal reflection fluorescence (TIRF) microscopy. In these as-
says, dynamic microtubules were grown from GMPCPP-stabi-
lized microtubule seeds that are attached to a glass coverslip
[18, 19]. Imaging was performed using fluorescently labeled
proteins and (un)labeled tubulin [20]. Full-length GFP-tagged
human MKLP2 (MKLP2::GFP) was purified from HEK293T cells
using Strepll-tag affinity purification (Figure S2A). Fluorescence
intensity measurements of single MKLP2:GFP molecules
showed they were homodimers (Figure S2B). Mass spectrom-
etry analysis revealed MKLP2 as the main protein in the elution,
although some contaminants were present. Notably, a few
KIF4A peptides were detected, but intensity-based quantifica-
tion estimated the KIF4A abundance to be at least 9,000 times
less than that of MKLP2 (Figure S2C). We used a similar
approach to purify GFP::Strepll- or mCherry::Strepll-tagged
human CPC, but the complex containing full-length INCENP
was highly unstable. We therefore generated a recombinant
“coreCPC” consisting of full-length Survivin and Borealin with
INCENP(1-100)::GFP/mCherry (Figures 2A and S2D). In
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addition, we also generated a complex that contained full-length
Survivin, Borealin, and INCENP(1-100)-linker-INCENP(834-
918)::GFP/mCherry. Because INCENP(834-918) interacts with
Aurora B [21, 22], it could be loaded with a wild-type (WT) or ki-
nase-dead (KD) variant of Aurora B (Figures 2A, S2E, and S2F).
We refer to this complex as “miniCPC.” Aurora B kinase activity
in miniCPC containing WT Aurora B, but not the KD mutant, was
confirmed by an in vitro kinase assay (Figure S2G).

Single MKLP2::GFP molecules exhibited plus-end directed
movement on microtubules with an average run length of 1.1 +
1.2 um and a velocity of 0.15 + 0.05 um/s (Figures 2B-2D and
S2H-S2J). Importantly, this velocity differs from that of the
mouse (0.92 + 0.15 pum/s) and X. laevis (0.8 um/s) KIF4A
homologs [23, 24], making it highly unlikely that the observed
motility was caused by co-purified KIF4A. In fact, similar to
C. elegans MKLP1 (KIF23; ~0.2 pum/s), MKLP2 is relatively
slow compared to other processive kinesins (e.g., KIF1A,
KIF5B, and KIF21A/B), which all move at velocities higher than
0.5 um/s [20, 25-27]. In the presence of mCherry-tagged cor-
eCPC, MKLP2::GFP became more processive with an increased
run length of 1.5 + 1.6 um (Figures 2B, 2C, and S2I). This value
might be an underestimation because it is based on the analysis
of “complete” motor tracks, where both landing and dissociation
of the motor were observed, and does not include “incomplete”
tracks. In addition, coreCPC negatively affected the landing
frequency of MKLP2::GFP although velocities remained un-
changed (Figures 2B, 2D, and S2K).

Next, we assayed the influence of Aurora B on MKLP2::GFP
motility using mCherry-tagged miniCPC complexes, with either
WT or KD Aurora B. Although coreCPC caused a modest in-
crease of MKLP2::GFP processivity by 48.3%, the presence of
miniCPC made MKLP2::GFP motors hyperprocessive. For
most tracks, no start and/or end point could be detected, and
run length could thus not be determined (Figures 2E and 2F).
Furthermore, MKLP2::GFP velocity was decreased to 0.08 +
0.03 um/s by miniCPC(WT) and 0.10 + 0.04 um/s by min-
iCPC(KD), respectively (Figures 2E, 2G, and S2L). Importantly,
Aurora B kinase activity had no clear effect on any measured
motility parameter, as miniCPC(KD) showed similar effects as
miniCPC(WT) (Figures 2E-2G, S2L, and S2M). Thus, MKLP2 is
a motile kinesin that displays increased processivity in the
presence of CPC, irrespective of Aurora B kinase activity.

MKLP2 Transports the CPC along Microtubules In Vitro

In the absence of MKLP2, both core- and miniCPC showed
some binding and diffusive behavior on microtubules in vitro.
Because the microtubule binding SAH (single o helix) domain
of INCENP is not present in our recombinant complexes [15,
16, 28-30], their ability to interact with microtubules most likely
involves Borealin and the N terminus of INCENP, in line with
the fact that both co-pellet with microtubules in vitro [31, 32].
Interestingly, the miniCPC bound microtubules significantly bet-
ter than coreCPC (Figures 2H-2J), suggesting that the INCENP C

(H) Western blots of a pull-down with GST and GST-tagged MKLP2 513-821 probed with the indicated antibodies. Time points indicate inputs of bacterial lysates

before and after IPTG induction.

(I) Ribbon representation of the 3-helix-bundle structure of the CPC core complex, consisting of INCENP (aas 1-58), Borealin (aas 10-109), and Survivin (aas 1-
140) [13] with amino acid side chains E35/36/39/40 in INCENP and R17/19, K20 in Borealin indicated (PDB: 2QFA). The hypothetical location of the C-terminal aas
59-100 of INCENP and N-terminal aas 1-9 of Borealin is added to the crystal structure.
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Figure 2. MKLP2 Is a Motile Motor that Transports CPC Complexes In Vitro

(A) Cartoons of purified coreCPC and miniCPC complexes. FP, fluorescent protein (GFP or mCherry); SlI, Strepll-tag.

(B) Representative kymographs of MKLP2::GFP on dynamic microtubules. Image acquisition: 10 frames per second (fps).

(legend continued on next page)
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terminus together with Aurora B increases microtubule binding
affinity of the complex. Addition of MKLP2::mScarlet to both
core- and miniCPC induced processive plus-end directed
movement of CPC on microtubules (Figures 2H, 2K, and S2A).
CoreCPC movement was seen more frequently than that of
miniCPC, although Aurora B activity again did not seem to affect
motility (Figures 2H and 2K). In agreement with the observation
that miniCPC, but not coreCPC, slowed down MKLP2::GFP
(Figures 2D and 2G), miniCPC::GFP moved at a lower velocity
(WT: 0.07 = 0.03 um/s; KD: 0.08 + 0.03 um/s) compared
to coreCPC::GFP (0.11 + 0.03 um/s) in the presence of
MKLP2::mScarlet (Figures 2L and S2N). These data suggest
that the interaction of miniCPC with microtubules promotes
processivity of an MKLP2-CPC complex at the expense of veloc-
ity. Finally, using dual-color TIRF imaging, we confirmed that
MKLP2 tracks correspond to those of moving coreCPC on a
single microtubule (Figure 2M). In summary, we show that
MKLP?2 is a motile kinesin capable of transporting a CPC com-
plex along microtubules in vitro.

MKLP2 and INCENP Display Directional Motility toward
the Midzone and Equatorial Cortex in Anaphase Cells

To investigate whether MKLP2 and CPC also show directional
motility in cells, we analyzed Hela cells stably expressing either
MKLP2::GFP or INCENP::GFP (Figures S3A-S3E) [29]. Live-cell
imaging during anaphase revealed the presence of discrete par-
ticles labeled with MKLP2::GFP or INCENP::GFP (Figures 3A
and 3B; Videos S1 and S2). In line with previous work [8], we
found that the majority of particles showed diffusive behavior
or remained static. However, motile events displaying clear
directionality were also observed (Figures 3A and 3B; Videos
S1 and S2). Quantification of unidirectional events with a dura-
tion >2.5 s and a velocity >0.05 pm/s revealed that the majority
of these events (59% for MKLP2::GFP; 54% for INCENP::GFP)
were oriented toward the equatorial cortex (magenta tracks).
Co-expression of B-tubulin::Halo showed that MKLP2:GFP
punctae were present on microtubules directed toward the
equatorial cortex (Figure 3C). Some of these punctae could
correspond to protein localization to growing microtubule ends
as described for D. melanogaster Aurora B [33]. Motile events
directed toward the spindle midzone (orange tracks) constituted
28% (MKLP2) and 33% (INCENP) of all directional tracks. This
may be an underestimation because molecular crowding in the
midzone area made it more difficult to discern motile events.

Current Biology

The remaining tracks showed no preferred direction (Figures
3A, 3B, 3D, and 3E; Videos S1 and S2). Strikingly, the directional
MKLP2 and INCENP events had similar velocities of 0.19 =
0.05 pum/s and 0.19 = 0.06 um/s, respectively (Figures 3F, S3F,
and S3G). The MKLP2 and INCENP velocities in cells were
slightly higher compared to those measured in vitro (Figures
2D, 2G, 2L, S2J, S2L, and S2N), possibly because our in vitro as-
says were performed at 30°C, whereas cell culture experiments
were carried out at 37°C. Furthermore, the influence of additional
cellular factors on velocity cannot be ruled out. In short, we show
that MKLP2 and INCENP show not only diffusive [8] but also
directional motility in cells during anaphase.

MKLP2 Motor Activity Specifies CPC Localization in
Anaphase

To test whether MKLP2-mediated transport is involved in CPC
localization in anaphase, we used two approaches to perturb
MKLP2 motor activity. First, we generated a P-loop mutation
(T167N), conserved among all kinesin families and described
to lock kinesin-1 in a strong microtubule-binding (“rigor”) state
[34] (Figures S4A and S4B). Second, we made use of Papro-
train, an MKLP2-specific non-competitive ATPase inhibitor,
which does not affect KIF4A and the two MKLP2-related
kinesin-6 motors, MKLP1 and MPP1 (KIF20B) [35]. MKLP2
in vitro motility on dynamic microtubules was blocked by the
T167N mutation and severely reduced by 50 uM Paprotrain
(Figure 4A). Although WT and T167N motors showed similar
microtubule-binding efficiencies, the addition of Paprotrain
reduced the number of motors landing on microtubules by
50% (Figure 4B). Moreover, MKLP2 dwell time was reduced
from 8.5 £+ 9.3 s (WT) t0 3.7 + 4.1 s (T167N) and 3.1 + 4.2 s
(Pap; Figures 4C and S4C). Thus, MKLP2 T167N does not
exhibit “rigor”-like, microtubule binding but is impaired in
movement with an increased off rate. Paprotrain showed a
dose-dependent effect on MKLP2 motility parameters; run
length, landing frequency, and velocity were reduced at
increasing Paprotrain concentrations (Figures S4D-S4H).
Furthermore, 47% of motors were static in the presence of
50 uM Paprotrain (Figures 4A, S4D, and S4l). The capacity of
T167N and Paprotrain-treated MKLP2::mScarlet motors to
recruit coreCPC::GFP complexes to microtubules in vitro
was reduced by 50% and 56%, respectively, compared to
WT MKLP2 (Figures 4D and 4E). Furthermore, most coreCPC
complexes were stalled in the presence of the T167N

(C) Histograms of MKLP2::GFP run length. Complete tracks: both landing and dissociation of the motor were observed. Incomplete tracks: tracks exceed the 90-
s acquisition time or partially took place outside the acquisition area. Average run length + standard deviation (SD) of complete tracks is indicated (Figure S2I); n =

1,145 and 1,137 kinesins from three experiments.
(D) Gaussian fits of MKLP2::GFP velocities. Histograms are in Figure S2J.

(E) Representative kymographs of MKLP2::GFP on dynamic microtubules in the presence of miniCPC::mCherry with active (WT) or inactive (kinase-dead [KD])

Aurora B. Image acquisition: 10 fps.

(F) Histograms of MKLP2::GFP run length in the presence of miniCPC::mCherry. n = 459 and 657 kinesins from two experiments.

(G) Gaussian fits of MKLP2::GFP velocities in the presence of miniCPC. Histograms are in Figure S2L.

(H) Kymographs of core- and miniCPC::GFP on dynamic microtubules + MKLP2::mScarlet. Image acquisition: 4 fps.

(I) Representative images showing core- or miniCPC on dynamic rhodamine-labeled microtubules.

(J) Quantification of core- and CPC::GFP intensities on dynamic microtubules. n = 20 microtubules/condition. **p < 0.001 (t test). Error bars denote SD.

(K) Quantification of processive CPC events per microtubule normalized for microtubule length, time of acquisition, and CPC concentration. n = 44, 48, 47, 40, 35,
and 37 microtubules from three experiments. ***p < 0.001 (Mann-Whitney U test). Error bars denote SD.

(L) Gaussian fits of core- and miniCPC::GFP velocities. Histograms are in Figure S2N.

(M) Kymographs of dual-color in vitro reconstitution experiments with MKLP2::mScarlet and coreCPC::GFP. Image acquisition: 2 fps.
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Figure 3. MKLP2 and INCENP Display Directional Motility in Cells

(A and B) Maximum intensity projections and corresponding zooms of Hela cells in anaphase expressing MKLP2::GFP (A; Video S1; Figures S3A and S3C) or
INCENP::GFP (B; Video S2; Figure S3B). A number of representative particles were traced and categorized as non-directional (diffusive or static, turquoise) or
directional toward the equatorial cortex (magenta) or the spindle midzone (orange). Blue dotted line in zoom indicates the cell cortex. Panels on the right (magenta
box in max. projection) are stills of different time points and corresponding kymograph of a directional event (magenta arrowheads) going toward the equatorial
cortex (blue arrowhead). Note that ectopically expressed INCENP::GFP was frequently detected on chromatin in anaphases of otherwise untreated cells. See
also [8].

(C) Representative stills and corresponding zooms of a Hela cell in anaphase expressing MKLP2::GFP and co-transfected with B-tubulin::Halo. Microtubules
were visualized by fluorescent TMR ligand. Zooms show a microtubule close to the cell cortex (solid arrowheads) positive for MKLP2::GFP (open arrowheads).
(D) Cartoon of an anaphase cell with spindle midzone and equatorial cortex in black and arrows displaying the two main orientations of directional MKLP2::GFP
and INCENP::GFP motility events: toward the equatorial cortex (magenta) and midzone (orange).

(E) Quantification of MKLP2::GFP and INCENP::GFP particle directionality. n = 107 events from 32 cells (MKLP2) and n = 94 events from 19 cells (INCENP).

(F) Gaussian fits of MKLP2::GFP (black) and INCENP::GFP (green) velocities. Histograms are shown in Figures S3F and S3G.

mutant (Figures 4F and 4G), whereas the addition of 50 uM
Paprotrain reduced the number of transport events as well as
the velocity of moving coreCPC complexes (Figures 4F, 4G,
S4J, and S4K).

We subsequently knocked down endogenous MKLP2 by
small interfering RNA (siRNA) in HelLa cell lines expressing
MKLP2(T167N)::GFP or WT MKLP2::GFP (Figures 4H, S3A,
and S3C). Similar to WT MKLP2::GFP, MKLP2(T167N)::GFP
was cytosolic in metaphase (Figure S3H). However, in
anaphase, MKLP2(T167N)::GFP decorated the entire
anaphase spindle instead of localizing to the spindle midzone
and equatorial cortex (Figure 4H). Endogenous CPC (detected
by immunofluorescence [IF] for Aurora B) followed the alterna-
tive localization of MKLP2(T167N)::GFP in anaphase (Fig-
ure 4H). MKLP2(T167N)::GFP thus allows the relocation of
the CPC from chromosomes to anaphase spindle microtu-
bules, but in the absence of motor activity, the CPC fails to
concentrate at the spindle midzone and equatorial cortex.

Addition of 50 uM Paprotrain 50 min after release from a
Cdk1 inhibitor block also allowed the relocation of either
MKLP2 and CPC from the chromosomes to the anaphase
spindle (Figures 41, upper panel, and 4J). However, MKLP2
and CPC were absent from the equatorial cortex, visualized

by staining for Anillin (Figures 4l, middle panel, and 4J), and
their localization on the spindle midzone, visualized by stain-
ing for PRC1, was reduced and more dispersed (Figures 4l
and 4J). Similarly, live-cell imaging of INCENP::GFP revealed
that, in the majority of the Paprotrain-treated cells, the mid-
zone pool of INCENP::GFP was detectable but somewhat
more dispersed (Figures 4K and S3I; Videos S3 and S4),
whereas the cortical pool of INCENP::GFP was hardly detect-
able (Figures 4K, 4L, and S3l). Importantly, localization of the
microtubule crosslinker PRC1, which concentrates on the
antiparallel microtubule overlaps in the anaphase spindle mid-
zone [24, 36-38], was unchanged (Figure 41, lower panel). This
most likely explains why Paprotrain addition at this time point
did not impair cleavage furrow ingression (Figures S3I and
S3J; Videos S3 and S4) and hardly affected the completion
of cytokinesis (Figure S3K), as spindle midzone-derived sig-
nals can induce cytokinesis even when MKLP2 is absent or
Aurora B inhibited [2, 39, 40]. Taken together, strong suppres-
sion of MKLP2-dependent CPC motility with the T167N
mutant perturbs CPC accumulation at both the spindle mid-
zone and equatorial cortex, whereas a weaker inhibition of
MKLP2 motor using Paprotrain mainly affects CPC localiza-
tion to the equatorial cortex.
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Figure 4. Inhibition of MKLP2 Activity Perturbs CPC Localization in Anaphase
(A) Representative kymographs of WT, T167N, and 50 uM Paprotrain-treated MKLP2::GFP on dynamic microtubules. Image acquisition: 10 fps. Quantifications

of different motor properties are in Figures S4D-S41.
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Conclusions

Our combined in vitro and cell-based experiments indicate that
MKLP2 functions as a processive motor that focuses the CPC
at the antiparallel microtubule overlaps of the anaphase spindle
midzone and transports the CPC along microtubules toward
the equatorial cortex. The MKLP2-CPC complex might subse-
quently dock at the cell cortex through interactions with myosin
Il and actin [4, 8]. Despite the fact that the motor domain of
MKLP2 has an atypical structure and mechanochemistry [9],
full-length MKLP2 can move processively along microtubules.
Furthermore, our in vitro reconstitution experiments suggest
that the interaction with the CPC promotes processivity of
MKLP2 at the expense of its velocity and independently of
Aurora B kinase activity. This property is likely caused by direct
interactions of different CPC components with microtubules
[15, 16, 28, 29, 31, 32], although some effects on the conforma-
tion of the MKLP2 molecule may also be involved. Because
miniCPC, used in our experiments, lacks the microtubule bind-
ing SAH domain of INCENP, we cannot exclude that, in the
presence of full-length INCENP, motor velocity is further
reduced. However, we deem it unlikely that MKLP2 is stalled
by binding to full-length CPC in cells, as both MKLP2 and IN-
CENP exhibit directional motility with similar velocities in cells.
Because of the differences in ionic strength, temperature, and
molecular crowding in cells versus the in vitro conditions, it is
possible that MKLP2 by itself would move in cells faster than
in our in vitro assays and that the CPC slows it down in cells,
similar to what we observed in vitro. Why only a subset of
MKLP2-CPC complexes moves directionally in cells is currently
unclear. Post-translational modification of MKLP2, the CPC, or
microtubules or the presence of specific microtubule-associ-
ated proteins may control the motility of MKLP2-CPC com-
plexes or their preference for specific microtubule tracks. Over-
all, our data provide a mechanistic basis for the anaphase-
specific CPC accumulation at the spindle midzone and equato-
rial cortex.
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(B) Quantification of MKLP2::GFP landing frequency normalized for microtubule length, time of acquisition, and kinesin concentration. n = 29, 26, and 20 mi-

crotubules from two or three experiments. Error bars denote SD.

(
(

C) Cumulative frequency plot of dwell times. n = 845 (WT), 929 (T167N), and 336 (WT+Paprotrain) kinesins from two or three experiments.
D) Representative images showing coreCPC::GFP on dynamic rhodamine-labeled microtubules in vitro.

(E) Quantification of coreCPC::GFP intensities on dynamic microtubules. n = 42, 42, 47, and 45 microtubules from two experiments.Error bars denote SD.

(F) Representative kymographs of coreCPC::GFP on dynamic microtubules. Image acquisition: 4 fps.

(G) Quantification of processive coreCPC events per microtubule normalized for microtubule length, time of acquisition, and coreCPC concentration. n = 58, 40,
58, and 38 microtubules from two or three experiments. Error bars denote SD. Data points for MKLP2 WT correspond to Figure 2K.

(H) Representative IF images of HelL a cells expressing MKLP2::GFP or MKLP2 (T167N)::GFP (Figures S3A and S3C). Endogenous MKLP2 was depleted by siRNA
(Figures S3D and S3E). Anaphase cells were stained for GFP and Aurora B, DNA by DAPI. Dotted box and line in DAPI indicates respectively zoom area and
position of the line scan shown on the right. MKLP2::GFP (green), Aurora B (red), and DAPI (blue) are shown.

(I) Representative IF images of anaphase Hel a cells minus (DMSO) or plus 50 uM Paprotrain (10 min treatment; fixation 60 min after Cdk1 inhibitor release). Dotted
box and line in DAPI indicates, respectively, zoom area and position of the line scan shown on the right for, respectively, MKLP2, Anillin, and PRC1 (green) with

Aurora B (red).

(J) Quantification of Aurora B intensity levels on the equatorial cortex, the spindle midzone, and on chromatin in anaphase cells treated with either DMSO or 50 uM

Paprotrain. n, number of cells analyzed. Red bars represent mean values.

(K) Representative stills (corresponds to 02:30 [DMSO] and 03:00 [Paprotrain] of Figure S3I and Videos S3 and S4) with zooms of Hela cells expressing IN-
CENP::GFP. Paprotrain (50 M) or DMSO was added after Cdk1 inhibitor release. Arrowhead indicates cortical localization.
(L) Percentage of living cells showing spindle midzone (Sm) or Sm plus cortical localization of INCENP::GFP.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-MKLP2 Bethyl (ITK) Cat# A300-879A; RRID: AB_2779522
rabbit anti-Aurora B Abcam Cat# 2254-100; RRID: AB_302923

rabbit anti-Borealin
rabbit anti-Survivin
mouse anti-INCENP
rabbit anti-pH3S10
mouse anti-GFP
rabbit anti-PRC1
rabbit anti-Anillin
mouse anti-Aurora B

kind gift from Dr. S. Wheatley
R&D Systems

Invitrogen

Upstate

Roche

Santa Cruz

kind gift from Dr. M. Glotzer
BD Transduction labs

N/A

Cat# AF886; RRID: AB_355684

Cat# 39-2800; RRID: AB_2533405
Cat# 06-570; RRID: AB_310177

Cat# 11814460001; RRID: AB_390913
Cat# sc-8356; RRID: AB_2169665
N/A

Cat# 611083; RRID: AB_398396

goat anti-mouse HRP Bio-Rad Cat# 170-6516; RRID: AB_11125547
Goat anti-rabbit HRP Bio-Rad Cat# 170-6515; RRID: AB_11125142
Goat anti-mouse 1gG Alexa488 Invitrogen Cat# a11029; RRID: AB_2534088
Goat anti-rabbit IgG Alexa488 Invitrogen Cat# a11034; RRID: AB_2576217
Goat anti-rabbit IgG Alexa568 Invitrogen Cati# a11036; RRID: AB_10563566
Goat anti-mouse IgG Alexa568 Invitrogen Cat# a11031; RRID: AB_144696
mouse anti-GST B14 Tebu Cati# sc-138; RRID: AB_627677
Mouse anti-penta-His QIAGEN Cat# 34660; RRID: AB_2619735
GFP Booster ATTO-488 Chromotek Cat# GBA488; RRID: AB_2631386
Alexa 568 Phalloidin Life Technology Cat# A12380

Bacterial and Virus Strains

E. coli BL21(DEJ) Agilent Cat# 200131

E. coli Rosetta2(DE3) Novagen Cat# 71400

Chemicals, Peptides, and Recombinant Proteins

purified MKLP2-GFP-Strepll protein This study N/A

purified INCENP 1-100+linker+834-918-GFP- This study N/A

Strepll,Aurora B, Borealin, Survivin protein

purified INCENP 1-100+linker+834-918-GFP- This study N/A

Strepll,Aurora B kinase dead, Borealin,

Survivin protein

purified MKLP2-mScarlet-Strepll protein This study N/A

StrepTactin Sepharose High Performance GE Healthcare Cat# GE28-9355-99

InstantBlue Expedeon Cat# SKU: ISB1L

HiPerfect Transfection Reagent QIAGEN Cat# 301705

X-tremeGENE 9 DNA Transfection Reagent Roche Cat# 06 365 809 001

Neutravidin Invitrogen Cat# A-2666

k-casein Sigma Cat# C0406

PLL-PEG-Biotin

dithiothreitol

Catalase

Glucose oxidase

GTP

GMPCPP

Tubulin Porcine Biotin

Susos AG, Switzerland

Sigma

Sigma

Sigma

Sigma

Jena Biosciences
Cytoskeleton

el Current Biology 30, 2628-2637.e1-€9, July 6, 2020

Cat# PLL(20)-g[3.5]- PEG(2)/
PEG(3.4)- biotin(50%)
Cat# R0861
Cat# C9322
Cat# G7141
Cat# G8877
Cat# NU-405L
Cat# T333P
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tubulin Porcine TRITC Cytoskeleton Cat# TL590M
Tubulin Porcine Cytoskeleton Cat# T240-C
cOmplete , EDTA-free Protease Inhibitor Cocktail Roche Cat# 4693116001
Polyethyleneimine Polysciences Cat# 24765-2
RNase Sigma Cat# R6513

MNase Sigma Cat# n5386-500un
GFP-Trap beads agarose Chromotek Cat# gta-20
ultraglutamine lonza Cat# LO BE17-605E/U1
penicillin and streptomycin Sigma Cat# P0781-100ML
Blasticidin InvivoGen Cat# Ant-bl-5
Hygromycin B Roche Cat# 10843555001
doxycycline free FCS, Hyclone GE Healthcare Cat# SH30070.03T
Doxycycline Sigma Cat# D9891-1G
Thymidine Sigma Cat# T1895-25G
STLC Tocris Bioscience Cat# 2191/50
Okaidic acid Roche Cat# 11355554001
NP-40 Merck Cat# 492016-100ML
sodium deoxycholate Sial Cat# D6750-25G
glycerol phosphoate Sigma Cat# G9422-10G
NaF Sigma Cat# S6776-100G
NavO3 Sigma Cat# S6508-10G
NaCl Sigma Cat# 71376-1KG
Triton X-100 Sigma Cat# T9284

HEPES Sigma Cat# H3375-25G
Destiobiotin IBA Cat# 2-1000-002
ATP Thermo Cat# R0141
ZM447439 Tocris - R&D Systems Cat# 2458/10
Histon H3 Roche Diagnostics Cat# 11034758001
RO-3306 Calbiochem Cat# 217699

TCEP Sigma-Aldrich Cat# 646547-10X1ml
Urea Ambion Cat# AM9902
ammonium bicarbonate Sigma Cat# 09830-1kg
Lys/C protease Promega Cat# V5117

purified INCENP 1-100+linker+834-918-mCherry- This study N/A

Strepll, Aurora B, Borealin, Survivin protein

purified INCENP 1-100+linker+834-918-mCherry- This study N/A

Strepll, Aurora B kinase dead, Borealin,

Survivin protein

purified INCENP 1-100-GFP-Strepll, Borealin, This study N/A

Survivin protein

purified INCENP 1-100-mCherry-Strepll, Borealin, This study N/A

Survivin protein

Paprotrain Millipore Cat# 512533-25MG
Tween-20 VWR International Cat# 8.22184.0500

ECL-HRP detection kit
ProLong anitfade

DMSO

purified GST

purified GST-MKLP2 513-821

Advanstra
Molecular Probes
Sigma

This study

This study

Cat# K-12045-D20
Cat# P36961
Cat# D5879-1L
N/A
N/A
(Continued on next page)
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purified 6xHis-INCENP 1-100, Aurora B, This study N/A

Borealin, Survivin
Glutathione Sepharose

GE Healthcare

Cat# 17-5132-01

Ni-NTA agarose QIAGEN Cat# 30230
Tris Sigma-Aldrich Cat# T1503
Glycerol VWR Chemicals Catit 44448513
phenylmethanesulfonyl fluoride Sigma-Aldrich Cat# 78830
ZnCP? Merck Cat# 8816.0250
D-(+)-Glucose Sigma-Aldrich Cat# G7528-1kg
Imidazole Merck Cat# 1.04716.1000
Isopropyl B-D-1-thiogalactopyranoside Thermo Scientific Cat# R0393
purified mCherry-EB3 [41] N/A
purified T167N MKLP2-mScarlet-Strepl| protein This study N/A
purified T167N MKLP2-GFP-Strepll protein This study N/A
HaloTag TMR ligand Promega Cat# 8252
Deposited Data
The mass spectrometry proteomics data ProteomeXchange Consortium PXD014665

via the PRIDE partner repository
Experimental Models: Cell Lines
HEK239T ATCC N/A
HelLa FRT/TO Kind gift from Dr. G. Kops N/A
Oligonucleotides
N/A See Table S1 for oligonucleotides N/A
Recombinant DNA
plasmid pTT5 N1 eGFP Strepll Novopro labs Cat# V001466
plasmid pcDNAS5/FRT/TO Thermo Scientific Cat# V652020
Plasmid pEGFP-N1 Clontech Cat# 6085-1
pCR3 Invitrogen N/A, discontinued
pOG044 Invitrogen Cat# V600520
Plasmid pGEX-6P-1 GE Healthcare Cat# 28-9546-48
Plasmid TUBB5-Halo Addgene Plasmid #64691
tri-cistronic pET28a vector containing 6xHis- [32] N/A
INCENP 1-58, Aurora B, Borealin, Survivin
Software and Algorithms
Graphpad Prism Graphpad https://www.graphpad.com/scientific-

software/prism/

Fiji (ImageJ) ImageJ https://imagej.nih.gov/ij/
Metamorph Molecular Devices https://www.moleculardevices.com/

KymoResliceWide plugin

DoM_Utrecht plugin

MaxQuant 1.6.3.4
Perseus
Clustal Omega

Eugene Katrukha

Eugene Katrukha

Max-Planck-Institute of Biochemistry
Max-Planck-Institute of Biochemistry

Conway Institute, University
College Dublin

products/cellular-imaging-systems/
acquisition-and-analysis-software/
metamorph-microscopy

https://www.graphpad.com/scientific-
software/prism/

https://github.com/ekatrukha/
KymoResliceWide

https://github.com/ekatrukha/
DoM_Utrecht

https://maxquant.org
https://maxquant.org/perseus/
http://www.clustal.org/omega/
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RESOURCE AVAILABILITY

Lead Contact
Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, S.M.A. Lens (S.M.
A.Lens@umcutrecht.nl).

Materials Availability
Plasmids and cell lines generated in this study can be obtained through the Lead Contact.

Data and Code Availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [42] partner re-
pository with the dataset identifier PXD014665.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture

HelLa Flp-In T-Rex (female) and human embryonic kidney 239T (HEK293T, female) cells were cultured in Dulbecco’s modified Eagle’s
Medium (DMEM, Sigma-Aldrich) supplemented with 6% Fetal Calf Serum (FCS, Sigma-Aldrich), 2 mM UltraGlutamine (Lonza), 100
units/ml penicillin and 100 pg/ml Streptomycin (Sigma-Aldrich). HeLa Flp-In T-Rex cells were additionally supplemented with 4 ug/ml
Blasticidin (PAA Laboratories). Cell lines were cultured at 37°C with 5% CO,. Polyclonal HeLa Fip-In T-Rex cells with stable integra-
tion of GFP-tagged INCENP, GFP-tagged Borealin and GFP-tagged MKLP2 were cultured in the presence of 800 ng/ml Hygromycin
B (Sigma-Aldrich) and 6% Tet-approved HyClone Fetal Bovine Serum (GE Healthcare). Protein expression was induced with 1 ug/ml
of doxycycline (Sigma-Aldrich) for minimal 12 hr.

METHOD DETAILS

Plasmids

Full length MKLP2 (aa 1-890) was obtained by PCR from a human thymus cDNA library and was subsequently cloned into a
pEGFP-N1 vector to generate MKLP2::GFP. This plasmid was used to generate the T167N MKLP2 mutant by site-directed mutagen-
esis, and to create the deletion mutants aa 1-513, aa 513-890, aa 513-821, aa 513-765 and aa 765-890 by PCR and restriction cloning
into pEGFP-N1. MKLP2 deletion mutant aa 513-821, used for protein purification from E. coli, was inserted into a pGEX-6P-1 vector
by PCR and restriction cloning. MKLP2 WT/T167N::GFP was cloned into a cDNA5/FRT/TO-hygromycin B vector (Invitrogen) for
stable cell line production. Full length MKLP2 cDNA was also cloned into a pTT5 vector (Novopro labs) containing a C-terminal
GFP::Strepll- or mScarlet::Strepll-tag used for protein purification. B-tubulin::Halo (TUBB5-Halo) was a gift from Yasushi Okada
(Addgene plasmid # 64691; http://n2t.net/addgene:64691; RRID:Addgene_64691) [43].

Full length VSV-tagged INCENP, INCENP 49-918 (delta CEN-box) and INCENP d539-747 (deletion of single alpha helix, SAH) con-
structs were made as previously described [17, 29, 44]. Full length INCENP cDNA was used to generate the following INCENP frag-
ments: aa 1-63, 1-100, 1-200 by PCR and restriction enzyme-based cloning into pEGFP-N1. Site directed mutagenesis was used to
generate the INCENP mutant R35/36/39/40E. INCENP WT and INCENP R35/36/39/40E were subsequently cloned into a pcDNA5/
FRT/TO-hygromycin B vector (Invitrogen) for stable cell line generation. INCENP (aa 1-100) and INCENP (aa 1-100) linker (GGGGS)
INCENP (aa 834-918) were also cloned into a pTT5 vector (Novoprolabs) with a C-terminal GFP::Strepll- or mCherry::Strepll-tag for
protein purification. A plasmid encoding full length Borealin (oCR3; Invitrogen), and previously described [17], was used as a template
for site directed mutagenesis to generate the GFP::Borealin mutant R17/19E, K20E. The N-terminally GFP-tagged Borealin WT
and Borealin R17/19E, K20E were subsequently cloned into a pcDNA5/FRT/TO-hygromycin B vector (Invitrogen) for stable cell
line production. Full length Borealin, Survivin and Aurora B were amplified by PCR from previously described plasmids [17, 44,
45] and cloned into a pTT5 vector lacking GFP and Strepll coding DNA (Novoprolabs) and these were used for protein purification
together with INCENP. The Aurora B (K106R), kinase dead, mutant was generated by site directed mutagenesis of pTT5-Aurora B.
All newly generated plasmids were checked by DNA sequencing. Due to a point mutation in the stop codon of Aurora B K106R the
protein has a short extension of 15 amino acids which is visible by western blot in Figure S2F. Finally, a tri-cistronic pET28a vector
expressing 6xHis::INCENP1-58-Survivin-Borealin (gift from PT Stukenberg) was used for bacterial expression of the coreCPC
after replacement of INCENP 1-58 for INCENP 1-100.

siRNA and plasmid transfection

Hela Flp-In T-Rex cells were transfected with siRNAs for either INCENP (Dharmacon/3’'UTR; GGCUUGGCCAGGUGUAUAUdTAT),
MKLP2 (Dharmacon/3'UTR; CCACCUAUGUAAUCUCAUGATAT) or Borealin (Dharmacon/3'-UTR; AGGUAGAGCUGUCUUCAJTAT)
using HiPerfect Transfection Reagent (#301705; QIAGEN) and a standard HiPerfect transfection protocol with a 1:3 ratio for siRNA:-
HiPerfect (37°C for 20 min) in Opti-MEM culture medium. The final concentration of siRNAs was 20 nM for siINCENP and siBorealin,
and 40 nM for siMKLP2. Cells were analyzed 48 hr after siRNA transfection. Transient transfection of plasmids was performed
with X-tremeGENE 9 DNA Transfection Reagent (Roche) according the manufacturer’s protocol. To generate stable cell lines with
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doxycyclin-inducible expression of wild-type (WT) or E35/36/39/40R INCENP::GFP; WT or R17/19E, K20E GFP::Borealin; or WT or
T167N MKLP2::GFP, HelLa Flp-In T-Rex cells were co-transfected with pOG44 (Invitrogen) and pcDNA5/FRT/TO-hygromycin B
plasmids encoding the indicated proteins. After transfection, cells were selected in medium supplemented with 800 pug/ml hygrom-
ycin B and 4 pg/ml blasticidin (Invitrogen). Polyclonal cell lines expressing the indicated GFP-tagged proteins were used
for analysis. HEK293T cells were transfected with pTT5 plasmids using Polyethylenimine (PEI, Polysciences) with a 1:3 ratio for plas-
mid:PEl. Alternatively, HEK293T were transfected with pEGFP-N1 plasmids using a standard Calcium Phosphate transfection
protocol.

Immunoprecipitation (IP)

HelLa Flp-In T-Rex cells were plated in 2.5 mM thymidine (Sigma-Aldrich) for 24 hr and released into 20 uM of the Eg5 inhibitor
S-Trityl-L-Cysteine (STLC, Tocris Bioscience) [46] for 16 hr. Where indicated, doxycycline (1 pg/ml, Sigma-Aldrich) was added
together with STLC to induce protein expression. HelLa Flp-In T-Rex cells or HEK293T cells transfected with plasmids encoding
GFP-tagged MKLP2, INCENP and Borealin constructs were collected and washed twice in ice-cold PBS. Since endogenous
CPC proteins and MKLP2 are poorly expressed in interphase [47-50], we enriched for mitotic cells by the addition of STLC. Cell pel-
lets were lysed in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 0.5% NP-40, 0.1% sodium deoxycholate, 40 mM glycerol phosphate,
10mM NaF, 0.3 mM NaVOg, 100 uM ATP, 100 uM MgCl,, 100 nM okaidic acid and supplemented with protease inhibitors (Roche))
with 4 U/ml MNase (New England Biolabs) and 30 ng/ml RNase (Sigma-Aldrich). After clearing debris by centrifugation, a standard
Bradford assay was performed to measure protein concentration, and cell lysates were incubated with 15 ul of GFP-Trap beads
(Chromotek) for 2 hr at 4°C while rotating. Beads were washed three times with washing buffer (50 mM Tris-HCI, 400 mM NaCl,
0.5% NP-40, 0.1% sodium deoxycholate, 40 mM glycerol phosphate, 10 mM NaF, 0.3 mM NaVOg3, 100 uM ATP, 100 uM MgCl,,
100 nM okaidic acid and supplemented with protease inhibitors (Roche)). Proteins were eluted by adding 20 pl of standard SDS
sample buffer and by boiling the samples for 5 min. Samples were stored at —20°C until SDS-PAGE and western blotting.

Protein expression and pulldown from E. coli

For protein expression and purification from E. coli, BL21(DE3) cells were transformed with the respective GST-tagged constructs:
GST control and GST::MKLP2(513-821). Bacteria were grown to an OD600 of 0.6-0.8 at 37°C, after which protein expression was
induced with 0.1 mM Isopropyl $-d-1-thiogalactopyranoside (IPTG) for 20 hr at 25°C. Bacteria were spun down and subjected to
one freeze-thaw cycle using liquid nitrogen to stimulate proper lysis. Bacteria were resuspended and sonicated on ice in cold
lysis buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 5% glycerol, 0.5 mM DTT, 0.5 mM PMSF and Complete protease inhibitor
cocktail (Roche). Lysates were centrifuged at ~18.000 g for 60 min, and the supernatants were incubated with Glutathione
Sepharose beads (GE Healthcare) for 4 hr at 4°C, followed by extensive washes on column with a wash buffer containing 50 mM
Tris pH 7.5, 300 mM NaCl, 5% glycerol and 0.5 mM DTT. The glutathione beads containing GST (control) or GST::MKLP2(513-
821) bound proteins were stored at 4°C and used for pulldown assay the same day.

For protein expression of CPC components from E. coli, Rosetta2(DE3) (Novagen) cells were transformed with a tricistronic
pET28a vector containing 6 x His::INCENP 1-100 Survivin and Borealin. Bacteria were grown to an OD600 of ~0.8 at at 37°C in
LB supplemented with 60 mg I=! ZnCl, and 0.2% glucose, after which protein expression was induced with 0.45 mM IPTG for
20 hr at 18°C. Bacteria were spun down and subjected to one freeze-thaw cycle using liquid nitrogen to stimulate proper lysis. Bac-
teria were resuspended and sonicated on ice in cold lysis buffer containing 50 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 5 mM
imidazole, 0.5 mM DTT, 0.5 mM PMSF and Complete protease inhibitor cocktail (Roche). Lysates were centrifuged at ~18.000 g
for 60 min and the supernatant was kept for the subsequent pulldown assay. The stored glutathione beads containing the GST-
tagged proteins were incubated with the bacterial lysates containing the CPC components overnight at 4°C. The beads were
washed with a wash buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 5% glycerol and 0.5 mM DTT. To visualize CPC components
on Coomassie-stained SDS-PAGE gels, part of the CPC-containing supernatant was incubated with Ni-NTa beads (QIAGEN) for 2 hr
at 4°C, followed by extensive washes on column with a wash buffer containing 50 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 25 mM
imidazole and 0.5 mM DTT. All pulldown beads and samples were supplemented with Laemmli sample buffer, boiled, and
analyzed by SDS-PAGE and western blotting.

Protein purification and Aurora B kinase assay

HEK293T cells transfected with single (WT or T167N MKLP2::GFP::Strepll or WT or T167N MKLP2::mScarlett::Strepll) or multiple
(coreCPC or miniCPC::GFP::Strepll or mCherry::Strepll, see Figure 2A) pTT5 plasmids were collected and washed twice in ice-
cold PBS. Cells were lysed in ice-cold lysis buffer (50 mM HEPES, 300 mM NacCl, 0.5% Triton X-100, pH 7.4) supplemented with
protease inhibitors (Roche). After clearing debris by centrifugation at 4°C, cell lysates were incubated with StrepTactin beads (Strep-
Tactin Sepharose High Performance, GE Healthcare) for one hour at 4°C. Beads were washed three times with ice cold washing
buffer (50 mM HEPES, 150 mM NaCl, 0.01% Triton X-100). For MKLP2 proteins, beads were washed an additional time with a
high salt wash buffer (1M NaCl). The proteins were subsequently eluted in elution buffer (50 mM HEPES, 150 mM NaCl, 0.01% Triton
X-100 and 2.5 mM desthiobiotin) for 10 min. Protein concentration was determined by SDS-PAGE and Coomassie Blue staining using
InstantBlue (Expedeon), using purified BSA titration as a reference. Purified proteins were snap-frozen and stored at —80°C. A kinase
assay was performed by adding 5 ug of purified miniCPC with either Aurora B WT or KD, into a reaction mixture containing
kinase buffer (10 mM MgCl,, 25 mM HEPES pH 7.5, 25 mM B-glycerophosphate, 0.5 mM DTT, 0.5 mM vanadate, 100 uM ATP),
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and 0.2 mg/ml Histone H3 as substrate (Roche Diagnostics). Either DMSO or 2 uM Aurora B inhibitor (ZM447439, Tocris) was
added to the reaction as well. After 30 min incubation at 30°C, the reaction was stopped by the addition of sample buffer. Samples
were analyzed by western blot using a primary antibody specific for phosphorylated Serine 10 in Histone H3 (H3S10ph).

Western blotting

Mitotic HelLa or transfected HEK293T cells were collected and lysed in standard Laemmli buffer. Protein concentration was
determined using a Lowry assay. Protein samples of either whole cell extracts, bacterial lysates or IP’s were separated by SDS-
PAGE and transferred to nitrocellulose membranes. Membranes were blocked in 4% milk in Tris-buffered saline containing 0.5%
Tween-20 (TBST) and subsequently incubated with a primary antibody for 2 hr. Primary antibodies used were rabbit anti-MKLP2
(Bethyl (ITK) A300-879A), rabbit anti-Aurora B (Abcam 2254-100), rabbit anti-Borealin (gift from Dr. S. Wheatley), rabbit anti-Survivin
(R&D Systems AF886), mouse anti-INCENP (Invitrogen 39-2800), rabbit anti-H3S10ph (Upstate 06-570), mouse anti-a-tubulin
(Sigma, T5168), mouse anti-GFP (Roche 11814460001), mouse anti-GST B14 (Tebu SC-138), and mouse anti-penta-His (QIAGEN
34660). Membranes were washed three times with TBST, and subsequently incubated with goat anti-mouse or anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad). An ECL chemiluminescence detection kit (GE Health-
care) was used to visualize the protein-antibody complex.

Mass spectrometry

Eluted MKLP2::GFP::Strepll or GFP::Strepll samples (three technical replicates of each) were first denatured and alkylated by
adding alkylation buffer (10 mM tris(2-carboxyethyl)phosphine (TCEP), 40 mM 2-chloroacetamide (CAA), 8 M urea, 1 M ammonium
bicarbonate. After 30 min of incubation the samples were diluted fourfold with 1 M ammonium bicarbonate and 250 ng Trypsin/Lys-C
protease (Promega) was added and followed by overnight digestion at 37°C on a shaker. The samples were then cleaned up using
homemade C18 stagetips [51], and a quarter was used for the analysis with LC-MS (Thermo Easy-nLC 1000, Thermo Orbitrap Fusion
Tribrid) running a 140 min gradient (300 nl/min, 30 cm, 1.9 um C18 column) with 240k (at 200 m/z) full MS resolution and a 1 s MS2
duty cycle (top speed, highest to low intensity, HCD fragmentation). Raw files were analyzed with Maxquant software, version 1.6.3.4.
For identification, the Human Uniprot database was searched with oxidation of and carbamidomethylation of cysteine set as fixed
modification, while peptide and protein false discovery rates were set to 1%. The median intensity of the iBAQ values was then
plotted as Log?2 transformed values with a red line (x = 0) and a green line (x+5) added as visual aid.

Immunofluorescence microscopy

For immunofluorescence (IF) of anaphase cells, HeLa Flp-In T-Rex cells were plated in 2.5 mM thymidine (Sigma-Aldrich) for 24 hrin
24 well plates containing 12 mm High Precision coverslips (Superior-Marienfeld GmbH & Co) and subsequently released into medium
containing 5 M Cdk1 inhibitor RO3306 (Calbiochem) for another 16 hr to synchronize cells in G2. Where indicated, doxycycline
(1 pg/ml, Sigma-Aldrich) was added together with RO3306 to induce protein expression. Cells were released from the RO3306-
induced G2 block by washing three times with warm medium. Where indicated, 50 M Paprotrain (Millipore) was added 50 min after
the release from the Cdk1 inhibitor. After 10 min, cells were processed for IF. To identify binucleates, cells were released from Cdk1
inhibitor, Paprotrain was added 50 min after the release and cells were fixed 24 hr after release. Cells were fixed with 4% PFA in PBS
for 7 min and permeabilized in 0.25% Triton X-100 in PBS for 5 min. Cells were blocked in PBS containing 3% BSA and 0.1% Tween-
20. Primary antibodies used were: rabbit anti-MKLP2 (Bethyl (ITK) A300-878A), rabbit anti-PRC1 (Santa Cruz sc-8356), mouse
anti-Aurora B (BD Transduction labs 611083), rabbit anti-Anillin (a kind gift from Michael Glotzer) and mouse anti-GFP (Roche 11-
814-460-001) or GFP booster ATTO-488 (Chromotec GBA488). Secondary antibodies used were: goat anti-mouse or goat anti-rabbit
IgG-Alexa 488, goat anti-mouse or goat anti-rabbit IgG-Alexa 568 (Invitrogen). 4’,6-Diamidino-2-Phenylindole (DAPI, Sigma-Aldrich)
was used for DNA staining. Phalloidin-Alexa 568 (Invitrogen, A12380) was used to visualize F-actin to facilitate scoring of binucleates.
Coverslips were mounted in ProLong Antifade (Molecular Probes). Images were taken with a Personal DeltaVision system (Applied
Precision) equipped with a 100x / NA 1.40 UPLS Apo-UIS2 objective (Olympus) and a CoolSNAP HQ CCD camera (Photometrics).
Images were deconvolved in Softworx. For each experiment, all images were acquired with identical illumination settings. Images
are projections of deconvolved Z stacks, unless stated otherwise.

In vitro microtubule dynamics assays

Doubly cycled GMPCPP microtubule seeds were prepared as described before [19], by incubating a tubulin mix containing 70%
unlabeled porcine brain tubulin (Cytoskeleton), 18% biotin-tubulin (Cytoskeleton) and 12% rhodamine-tubulin (Cytoskeleton) at a to-
tal final tubulin concentration of 20 uM with 1 mM GMPCPP (Jena Biosciences) at 37°C for 30 min. Microtubules were pelleted
by centrifugation in an Airfuge for 5 min at 119,000 x g and then depolymerized on ice for 20 min. This was followed by a second
round of polymerization at 37°C with 1 mM GMPCPP. microtubule seeds were then pelleted as above and diluted in MRB80 buffer
containing 10% glycerol, snap frozen in liquid nitrogen and stored at —80°C.

Flow chambers, assembled from sticking plasma-cleaned glass coverslips onto microscopic slides with a double sided tape
were functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG, Switzerland) and 1 mg/ml NeutrAvidin (In-
vitrogen) in MRB80 buffer (80 mM piperazine-N,N[prime]-bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4 mM MgCl,, and
1 mM EGTA. microtubule seeds were attached to the coverslip through biotin-NeutrAvidin interactions. Flow chambers were
further blocked with 1 mg/ml k-casein (Sigma-Aldrich). The in vitro reaction mixture consisted of 18 uM tubulin, 50 mM KCl, 0.1%
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methylcellulose, 0.5 mg/ml k-casein, 1 mM GTP, an oxygen scavenging system (20 mM glucose, 200 pg/ml catalase, 400 pg/ml
glucose-oxidase, and 4 mM DTT), 2 mM ATP, MKLP2 motors at indicated concentrations (concentrations were calculated for mono-
meric proteins), and CPC protein complexes at indicated concentrations. After centrifugation in an Airfuge for 5 min at 119,000 x g,
the reaction mixture was added to the flow chamber containing the microtubule seeds and sealed with vacuum grease. The exper-
iments were conducted at 30°C, and data were collected using total internal reflection fluorescence (TIRF) microscopy. For most
experiments, the reaction mixture was composed of 17.5 uM tubulin supplemented with 0.5 uM rhodamine-labeled tubulin to prop-
erly visualize microtubules in the assay. For assays where we labeled growing microtubule ends, bacterial purified mCherry::EB3 [41]
was added to the assay at a concentration of 20 nM. All tubulin products were purchased from Cytoskeleton Inc.

TIRF Microscopy

In vitro reconstitution assays were imaged on a TIRF microscope setup as described previously [19] or on an ILAS-2 TIRF setup. The
former system consisted of an inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus system (Nikon), equip-
ped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon) and controlled with MetaMorph 7.7.5 software (Molecular Devices).
The microscope was equipped with TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Cu-
rie. To keep the in vitro samples at 30°C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. For excitation, 491 nm
100 mW Calypso (Cobolt) and 561 nm 100 mW Jive (Cobolt) lasers were used. We used ET-GFP 49002 filter set (Chroma) for
imaging of proteins tagged with GFP or ET-mCherry 49008 filter set (Chroma) for imaging of rhodamine-labeled tubulin or proteins
tagged with mScarlet or mCherry. For simultaneous imaging of green and red fluorescence, we used an Evolve512 EMCCD camera
(Photometrics) and ET-GFP/mCherry filter cube (59022; Chroma) together with an Optosplit Ill beamsplitter (Cairn Research Ltd)
equipped with double-emission filter cube configured with ET525/50 m, ET9630/75 m and T585Iprx (Chroma). Fluorescence was
detected using an EMCCD Evolve 512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adaptor 2.5X).
The final magnification using EMCCD camera was 0.063 um/pixel.

ILAS-2 system (Roper Scientific, Evry, France) is a dual laser illuminator for azimuthal spinning TIRF (or Hilo) illumination and with a
custom modification for targeted photomanipulation. This system was installed on Nikon Ti microscope (with the perfect focus sys-
tem, Nikon), equipped with 150 mW 488 nm laser and 100 mW 561 nm laser, 49002 and 49008 Chroma filter sets. For simultaneous
imaging of green and red fluorescence, we used an Evolve512 EMCCD camera (Photometrics) and ET-GFP/mCherry filter cube
(59022; Chroma) together with an Optosplit Il beamsplitter (Cairn Research Ltd) equipped with double-emission filter cube config-
ured with ET525/50 m, ET9630/75 m and T585Iprx (Chroma). Fluorescence was detected using an EMCCD Evolve mono FW DELTA
512x512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adaptor 2.5X). The setup was controlled with
MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro samples at 30°C, a stage top incubator model INUBG2E-ZILCS
(Tokai Hit) was used. The final resolution using EMCCD camera was 0.065 um/pixel.

Single-molecule intensity analysis

Sample preparation for the fluorescence intensity analysis was performed by immobilizing diluted GFP or MKLP2::GFP full length
proteins non-specifically to the plasma cleaned glass coverslips in flow chambers. After protein addition, the flow chambers were
washed with MRB80 buffer, sealed with vacuum grease and immediately imaged with a TIRF microscope. Approximately 10 images
of previously unexposed coverslip areas were acquired. GFP and MKLP2::GFP full length proteins were located in different
chambers of the same coverslip, so identical imaging conditions could be preserved. All acquisitions were obtained under identical
laser power, exposure time and TIRF angle.

Live cell microscopy

Imaging of MKLP2::GFP and INCENP::GFP in HeLa Flp-In T-Rex cells was done in Lab-tek (8 well, Chambered Coverglass W/Cover
#1.5 Borosilicate Sterile, Thermo Fisher Scientific). Cells were blocked in late G2 by overnight Cdk1 inhibition (RO-3306) and released
prior to imaging by 3x washing with Leibovitz’s medium (Sigma-Aldrich). DMSO or Paprotrain was added 20 min after release from
the Cdk1 inhibition. To visualize microtubules, MKLP2::GFP expressing Hela cells were transfected with a B-tubulin::Halo construct.
To label the expressed B-tubulin::Halo, the imaging medium was supplemented with cell-permeable HaloTag TMR Ligand (Promega)
30 min prior to imaging. Medium was changed to Leibovitz’s medium (Sigma-Aldrich) supplemented with 10% FCS (FBS, Sigma-
Aldrich), 2 mM UltraGlutamine (Lonza) and 100 units/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich).

Spinning disk microscopy was performed on inverted research microscope Nikon Eclipse Ti-E (Nikon), equipped with the perfect
focus system (Nikon), Plan Apo VC 100x N.A. 1.40 oil objective (Nikon), spinning disk Yokogawa CSU-X1-A1 with 405-491-561-642
quad-band mirror (Yokogawa). The system was also equipped with ASI motorized stage with the piezo plate MS-2000-XYZ (ASI),
Back-llluminated Evolve 512 EMCCD camera (Photometrics) or Back-llluminated Prime BSI sCMOS camera (Photometrics) and
controlled by the MetaMorph 7.10 software (Molecular Devices). 491nm 100mW Calypso (Cobolt), 561nm 100mW Jive (Cobolt)
and 642 nm 110 mW Stradus (Vortran) lasers were used as the light sources. ET-GFP filter set (49002, Chroma) was used for imaging
of proteins tagged with green fluorescent marker; ET-mCherry filter set (49008, Chroma) was used for imaging of proteins tagged
with red fluorescent marker, ET-Cy5 filter set (49006, Chroma) was used for imaging of proteins tagged with far-red fluorescent
marker. For simultaneous imaging of green and red fluorescence we used ET-GFP/mCherry filter set (59022, Chroma) together
with DualView DV2 beam splitter (Photometrics). 16-bit images were projected onto the Evolve 512 EMCCD camera with interme-
diate lens 2.0X (Edmund Optics) at a magnification of 0.066 pm/pixel or onto Prime BSI sCMOS camera with no intermediate
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lens at a magnification of 0.063 um/pixel. To keep cells at 37°C we used stage top incubator (model INUBG2E-ZILCS, Tokai Hit).
Imaging of INCENP::GFP in HeLa FIp-In T-Rex cells with or without Paprotrain (50 M) was performed on a Spinning Disk Microscope
consisting of an inverted research microscope Eclipse Ti2-E (Nikon), equipped with the Perfect Focus System (Nikon), CFl Plan Apo
TIRF 60X oil objective (Nikon), spinning disk Yokogawa CSU-W1-T2. The system was also equipped with a Ti2-S-SE-E motorized
stage (Nikon) and the piezo insert NANO Z200-N2 (Mad City Labs), environmental chamber for temperature (37°C) and CO, control
(OkoLab) and fully controlled with NIS-Elements-AR_v5.20 software (Nikon). Using the 405-488-568-647quad-band Ex mirror
(Yokogawa) in combination with the 561nm 100mW (Oxxius) laser as the light source, the Em-filter 525/50 nm BrightLine (FF03-
525/50-25, Semrock) and the Zyla 4.2 Plus sCMOS camera (Andor) we were able to detect INCENP::GFP.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single molecule GFP counting assays

Imaged plugin Comdet v.0.3.61 and DoM_Utrecht v1.1.1.5 (https://github.com/ekatrukha/DoM_Utrecht) were used for detection and
fitting of single molecule fluorescent spots as described previously [52]. With this method, individual spots were fitted with 2D
Gaussian, and the amplitude of the fitted Gaussian function was used as a measure of the fluorescence intensity value of an individual
spot. These fitted peak intensity values were used to build fluorescence intensity histograms which could be fitted to a Gaussian
curve using GraphPad Prism 7.

Analysis of in vitro reconstitution data

Images and videos were processed and analyzed with Fiji image processing software (ImagedJ). Maximum intensity projections were
made using z projection. Kinesin velocities, run lengths and landing frequencies were obtained from kymograph analysis using Im-
aged plugin KymoReslideWide v.0.4 (https://github.com/ekatrukha/KymoResliceWide). Kinesin parameters were quantified for
processive events that last > 1 s. Static events were not included in velocity and run length quantifications. Quantification of landing
frequencies was corrected for microtubule length, time of acquisition and kinesin concentration. Processive events were quantified
and subdivided into “complete” and “incomplete” tracks. Tracks where both kinesin landing and detachment were observed were
defined as complete, whereas incomplete tracks were tracks that exceeded the 90 s acquisition time or partially took place outside of
the acquisition area. In cases of hyperprocessive events (imaging of miniCPC::GFP, or MKLP2::GFP in the presence of miniCPC) with
many incomplete tracks, the observed event frequency per microtubule was quantified instead of landing frequency. Again, these
data were corrected for microtubule length, time of acquisition and kinesin or CPC concentration. To distinguish directional and proc-
essive CPC events from diffusively behaving particles, only unidirectional events with a duration > 2.5 s were quantified. CPC::GFP
labeling intensities on in vitro polymerized dynamic microtubules were measured from 2 pixel wide line scans along microtubules. An
adjacent line scan 10 pixels away from the same microtubule was used as a background intensity measurement. microtubule labeling
intensity was corrected by subtraction of this background intensity measurement. Imaging conditions were kept identical for all
samples in the same experiment.

For in vitro experiments with Paprotrain or the T167N mutant motor, kinesin dwell time and landing frequency were quantified for
all events that last > 1 s. For the in vitro experiments with Paprotrain, runs with a velocity < 0.025 um/s were classified as static events.
The percentage of static events per microtubule was quantified as a percentage of all kinesin events per microtubule. In the exper-
iments with Paprotrain, non-motile (static) events were included in velocity and run length quantifications. Kinesins running on
GMPCPP microtubule seeds were excluded as much as possible from the analysis.

Analysis of live cell imaging data

Image analysis was performed with Fiji image processing software (Imaged). MKLP2 and INCENP velocities were obtained from
kymograph analysis using Imaged plugin KymoReslideWide v.0.4 (https://github.com/ekatrukha/KymoResliceWide). To distinguish
directional MKLP2::GFP and INCENP::GFP events in cells from diffusive or statically behaving particles, only unidirectional events
with a relatively constant velocity > 0.05 um/s and a duration > 2.5 s were quantified. In addition, only events that could be measured
using a kymograph were quantified in these experiments.

Quantification of immunofluorescence

Images were deconvolved in Softworx (Applied Precision). For each experiment, all images were acquired with identical illumination
settings. Images are projections of deconvolved z stacks. Image analysis was performed with Fiji image processing software (Im-
aged). To quantify and compare the mean fluorescence intensities (MFIs) of Aurora B on the equatorial cortex (marked by Anillin),
the spindle midzone (marked by PRC1), and on chromatin (DAPI), a regions of interest (ROIls) were made on the basis of Anillin,
PRC1 or DAPI localization. A random region of the cytoplasm was used as background measurement, and background intensity
per cell was subtracted from the fluorescence intensity measured in the indicated ROls. Line plots were performed with Fiji image
processing software (ImageJ) and visualized in Graphpad Prism 7 software.

Protein sequence alignment
Protein sequences from several kinesin families were retrieved from Uniprot: kinesin-1, KIF5B (UniProt: P33176); kinesin-2, KIF17
(UniProt: Q9P2E2); kinesin-3, KIF1A (UniProt: Q12756); kinesin-4, KIF4A (UniProt: 095239); kinesin-5, KIF11 (Eg5)
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(UniProt: P52732); kinesin-6, KIF20A (MKLP2) (UniProt: 095235); kinesin-6, KIF20B (MPP-1) (UniProt: Q96Q89); kinesin-6, KIF23
(MKLP1) (UniProt: Q02241). These sequences were aligned and analyzed online using ClustalOmega software.

Statistical analysis

Statistical significance was analyzed either using the Mann-Whitney U test, or t test, as indicated in the figure legends. For the t tests,
data distribution was checked for normal distribution of the data. Kinesin and CPC velocities are represented using frequency dis-
tributions and Gaussian curve fits. For this fitting, data distributions were assumed to be normal, but this was not formally tested.
Statistical analysis was performed with Graphpad Prism 7 or Prism 8 software.
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