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Tip-tracking of kinesin-14 motor proteins is believed to
be crucial for the assembly and maintenance of dynamic
microtubule arrays. However, in contrast to other mem-
bers of the kinesin-14 family, H. sapiens kinesin-14
HSET has so far never been observed to be prominently
located at microtubule plus ends. Here, using an in vitro
microtubule dynamics reconstitution assay we observe
tip-tracking of GFP-HSET in the presence of H. sapiens
EB1 (hsEB1). Tip-tracking depended on the SxIP-like
motif in HSET as well as on the EB homology domain
in hsEB1. D. melanogaster Ncd and S. pombe Klp2 tip-
tracking reconstitution assays accompanied by kinesin-
14 amino acid sequence comparisons suggest that SxIP-
like motif mediated tip-tracking dependent on EB fam-
ily proteins is conserved in the kinesin-14 family of
molecular motors. © 2013 Wiley Periodicals, Inc.
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Introduction

Members of the kinesin-14 family are homodimeric
motor proteins, which generate ATP-dependent,
nonprocessive movement toward the minus-ends of
microtubules. The human kinesin-14 HSET in vivo is
localized predominantly to microtubule lattices where it
cross-links microtubules and regulates spindle length
during mitosis by sliding microtubules relative to each
other [Cai et al., 2009]. In contrast to other members

Additional Supporting Information may be found in the online ver-

sion of this article.

"These authors contributed equally to this work.

*Address correspondence to: Stefan Diez; B CUBE — Center for Molec-
ular Bioengineering, Technische Universitit Dresden, Arnoldstrasse
18, Dresden 01307, Germany. E-mail: diez@bcube-dresden.de

Published online 3 October 2013 in Wiley Online Library

(wileyonlinelibrary.com).

of the kinesin-14 family, such as S. pombe kinesin-14
Klp2, D. melanogaster kinesin-14 Ncd, and A. thaliana
ATKS5 [Ambrose et al., 2005; Goshima et al., 2005;
Janson et al., 2007], HSET has not been observed to
track the tips of growing microtubules [Cai et al., 2009].
This is surprising because kinesin-14 tip-tracking on the
ends of dynamic microtubules is believed to be crucial for
a number of intracellular functions. For example, tip-
tracking of Klp2 and Ncd is proposed to be involved in
the stabilization of S. pombe interphase-microtubule-arrays
and the focusing of kinetochore-fibers at spindle poles in
D. melanogaster, respectively [Goshima et al., 2005; Janson
et al., 2007]. In vivo, it has been shown that Ned tip-
tracking is mediated by D. melanogaster EB1 [Goshima
et al., 2005], a member of the EB protein family known
to target a variety of proteins to microtubule tips [Akh-
manova and Steinmetz, 2008; Kumar and Wittmann,
2012]. One way of interacting with EBI1 is provided by
short SxIP-like polypeptide motifs present in the amino
acid sequence of many EB1-binding proteins [Fong et al.,
2009; Honnappa et al., 2009; Buey etal., 2012; Jiang et al.,
2012). It is not known, however, if EB1 dependent tip-
tracking, mediated by the SxIP-like motif, is a general mecha-
nism of kinesin-14 interaction with microtubules. Here we
investigate this issue using a dynamic-microtubule reconstitu-
tion assay based on dual-color total-internal reflection fluores-
cence (TIRF) microscopy.

Material and Methods

In Vitro Microtubule Dynamics Assay

Microtubule seeds were polymerized in the presence of 0.5
mM GMP-CPP (Jena Bioscience) at 37°C for 30 min
using a mixture of biotinylated, rhodamine labeled and
unlabeled pig brain tubulin (1:2:47, final concentration 4
mg/ml). Flow chambers with hydrophobic glass surfaces
were prepared as described previously [Fink et al., 2009].
Antibiotin antibodies (Sigma) 1% in PBS were incubated
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for 5-10 min followed by 15 min incubation of 1% Plur-
onic F127 (Sigma) in PBS. Biotinylated microtubule seeds
in BRB80 (80 mM PipessKOH pH 6.9, 1 mM MgCl,,
1 mM EGTA) were allowed to bind to the surface-attached
antibodies for 5 min. Channels were rinsed once with
BRB80 and then once with assay buffer (see below). In the
next step, GFP-HSET, EB1 proteins and 22 pM pig brain
tubulin (16% fluorescently labeled with rhodamine) in
assay buffer (20 mM HEPES at pH 7.2, 150 mM KCl, 2
mM MgCl,, 1 mM EGTA, 1 mM GTP 1 mM ATP or 1
mM ADP, 10 mM dithiothreitol, 0.5 mg ml™! casein,
0.1% Tween, 0.1% w/v methylcellulose, 20 mM D-
glucose, 220 pg ml ™" glucose oxidase and 20 pg ml ™" cata-
lase) were flushed into the flow cell at final assay concentra-
tions as indicated in the figure legends and imaging was
started. All experiments were performed at 24°C.

Imaging

Rhodamine-labeled microtubules and GFP-labeled HSET
were visualized sequentially by switching between TRITC
(tetramethyl rhodamine isothiocyanate) and GFP channels:
solid-state laser 532 nm (Cobolt), TRITC filter cube
(Chroma Technology) and solid-state laser 488 nm (Vor-
tran Stradus), GFP filter cube (Chroma Technology).
Images were acquired by the MetaMorph software package
(Universal Imaging) using a EMCCD camera (Ixon DV
897, Andor) mounted on a inverted fluorescence micro-
scope (Axiovert 200M, Zeiss) equipped with an Alpha
Plan-Apochromat 64X oil 1.46 NA DIC objective (Zeiss),
a TIRF-slider (Zeiss) and an autofocus (Zeiss) at an acquisi-
tion rate of 1 frame per 3 sec.

Protein Expression and Purification

N-terminal hexa-histidine-tagged GFP-HSET and GFP-
HSET-SQNN (generated using the Quickchange Lightning
Kit, Quiagen) were expressed in Drosophila SF9 insect cells
using the Bac-to-Bac Expression System (Invitrogen). Har-
vested cells were resuspended in buffer A (50 mM sodium
phosphate buffer pH 7.5, 1 mM MgCl2, 10 mM 2-
mercaptoethanol, 300 mM NaCl, 0.1% Tween20 w/vol,
10% glycerol w/vol, 30 mM imidazole and EDTA-free pro-
tease inhibitors (Roche). Crude lysate was centrifuged at
20,000¢ at 4°C and loaded on NiNTA resin (Qiagen). The
resin was washed with buffer A containing 60 mM imidaz-
ole. Proteins were eluted in buffer A containing 300 mM
imidazole. The recombinant C-terminal hexa-histidine
tagged fusion proteins hsEB1, dmEB1, Mal3, GFP-Ncd,
GFP-Ncd-1-349, GFP-Klp2 and GFP-Klp2-SHNN-
SNNN (generated using the Quickchange Lightning
Kit, Quiagen) were expressed in E. coli BL21-
CodonPlus®(DE3)-RIPL (Stratagene) induced with 0.5
mM IPTG for 16 h at 15°C. Harvested cells were resus-
pended in buffer A, lysed using an EmulsiFlex high pressure
homogenizer (Avestin) at 4°C, and hexa-histidine-tag puri-

fied as described above. All proteins were snap-frozen in lig-
uid nitrogen and stored at —80°C.

Results and Discussion

To reconstitute kinesin-14 interaction with dynamic micro-
tubules iz vitro we initiated microtubule growth from fluo-
rescently labeled microtubule seeds immobilized on
passivated surfaces. GFP-labeled HSET, unlabeled EBI,
and rhodamine-labeled tubulin in presence of 1 mM ATP
and 1 mM GTP (see Methods for details) were flushed into
the flow-chamber. HSET localization and microtubule
dynamics were visualized by TIRF microscopy (Fig. 1A).
H. sapiens EB1 (hsEB1) has previously been described to
autonomously track the tips of growing microtubules in
vitro [Bieling et al., 2008]. We here found that GFP-HSET
tip-tracks in presence of unlabeled hsEB1 (Fig. 1B). ATPase
activity of the motor was not necessary for the tip-tracking
as we also observed GFP-HSET tp-tracking when ATP
was replaced by ADP (Supporting Information Fig. 1).
GFP-HSET also interacted with the microtubule lattice
(Fig. 1B), namely in a diffusive manner as evidenced by
experiments performed at lower GFP-HSET concentration
(Supporting Information Fig. 2).

Three lines of evidence support the idea that HSET tip-
tracking is dependent on its interaction with hsEBI: (i)
Using GFP-HSET in absence of hsEB1 we did not observe
any tip-tracking while GFP-HSET interaction with the
microtubule lattice prevailed (Fig. 1C). (ii) Examining the
HSET amino acid sequence we found that HSET contains
the SxIP-like motif SQLP. When we mutated the SQLP
motif to SQNN to prevent its interaction with hsEBI
[Fong et al.,, 2009; Honnappa et al., 2009; Buey et al,,
2012] the GFP-HSET-SQNN did not tip-track in presence
of hsEB1, while the interaction with the microtubule lattice
prevailed (Fig. 1D). (iii) We truncated the EB homology
(EBH) domain of hsEB1 by removing 20 amino acids from
the C-terminus (hsEB1AC), resulting in a construct, which
is predicted to not interact with SxIP-like motifs [Hon-
nappa et al., 2005, 2009; Montenegro Gouveia et al,
2010]. Again, we did not observe any tip-tracking, while
GFP-HSET interaction with the microtubule lattice predo-
minated (Fig. 1E). To confirm that the interaction between
hsEB1 and HSET was not hsEB1 specific — but mediated
by the conserved SxIP-like motif interaction with the EBH
domain present in EB family proteins—we demonstrated
GFP-HSET tip-tracking in presence of D. melanogaster
EBI (dmEB1) and S. pombe EB1 (Mal3) (Fig. 2).

To test whether the SxIP-like motif is indispensable for
the tip-tracking of other kinesins-14 we in vitro reconsti-
tuted tip tracking of D. melanogaster Ncd and S. pombe
Klp2 (Figs. 3A and 4A), two kinesin-14s which—in con-
trast to HSET—have been previously shown to tip-track iz
vivo, [Goshima et al., 2005; Janson et al., 2007]. Ncd in its
N-terminus possesses the motif SRLE, which is expected to
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Fig. 1. H. sapiens kinesin-14 HSET microtubule tip-tracking is mediated by hsEB1. (A) Schematic of the iz vitro GFP-kinesin-
14 tp-tracking assay. (B-E) Typical multichannel kymographs showing GFP-kinesin-14 microtubule tip-tracking dependent on
hsEB1: (B) GFP-HSET (15 nM) in presence of hsEB1 (22 nM), (C) GFP-HSET (15 nM) in absence of hsEB1 (D) GFP-HSET-
SQNN (15 nM) in presence of hsEB1 (22 nM) (E) GFP-HSET (15 nM) in presence of hsEBIAC (1.3 pM). Microtubules are ori-
ented with their plus-ends (identified as the faster growing microtubule ends) toward the right. Scale bars: horizontal, 5 pm; vertical,
1 min. All figures are scaled for optimal contrast, thus the intensities are not directly comparable.

interact with EB1. Consistent with this notion, we observed
tip-tracking using a truncated Ned construct (amino acids
1-349) containing the N-terminal SRLP motif but missing
the C-terminal motor domain, showing that the motor
domain was not necessary for Ned tip-tracking (Supporting
Information Fig. 3). Moreover, in accordance with the pre-
dictions of Buey et al., in vitro Ned tip-tracking depended
on the presence of the SRLP motif (Fig. 3C). GFP-Klp2
which possesses SHLP and SNIP, two motifs that are not
expected to interact with EB1 [Buey et al., 2012], surpris-
ingly tip-tracked dependent on Mal3, the EB1 homolog in
S. pombe (Figs. 4A and 4B). By contrast to Ncd, the muta-
tion of both SxIP-like motifs in Klp2 reduced but not abol-
ished tip-tracking (Fig. 4C). Thus, the two SxIP-like motifs

in the Klp2 N-terminal domain are not essential to mediate
Mal3-dependent tip-tracking, which is in agreement with
the recent finding that in vivo the simultaneous mutation
of both motifs significantly reduces, but does not abrogate
Klp2 tdp-tracking [Mana-Capelli et al., 2012]. Our data
show that for both Ned and Klp2 the presence of EBI is
sufficient to induce tip-tracking.

Sequence comparison shows that the presence of an
SxIP-like motif within the first 70 amino acids from the N-
terminus is a common feature in kinesin-14 family proteins
(Table I). The position of the motif at the very beginning
of the amino acid chain, distal of the flexible kinesin-14
tail-domain, provides ideal accessibility for protein—protein
interaction. The motif SRLE which is prominent within
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Fig. 2. H. sapiens kinesin-14 HSET microtubule tip-tracking in presence of D. melanogaster EB1 and S. pombe Mal3. Typical
multichannel kymographs showing 15 nM GFP-HSET microtubule tip-tracking in presence of (A) 8 nM dmEBI and (B) 6 nM
Mal3. Microtubules are oriented with their plus-ends toward the right. Scale bars: horizontal, 5 pm; vertical, 1 min.

the kinesin-14 family, is an EB1 binding variant of the  sesses the sequence SQLP, in other primates the sequence
SxIP-like motif [Buey et al., 2012]. While human and its SRLP is conserved (Table I). The finding that the SRLP
closest relative chimpanzee (2 troglodytes) kinesin-14 pos- motif is highly conserved in kinesin-14s indicates that the

A GFP-Ncd (green) B GFP-Ncd (green) C GFP-Ncd-GSGS (green)
in presence of dmEB1 in absence of dmEB1 in presence of dmEB1

&

Rhodamine tubulin (red) Rhodamine tubulin (red) Rhodamine tubulin (red)

Fig. 3. D. melanogaster kinesin-14 Ncd in vitro tip-tracking is dependent on D. melanogaster EB1. This process requires the
SRLP motif present in Ned. Typical multichannel kymographs showing microtubule dynamics in presence of GFP-Ned: (A) GFP-
Necd (10 nM) in presence of dmEB1 (8 nM), (B) GFP-Ncd (10 nM) in absence of EB1, (C) GFP-Ncd-GSGS (3 nM) in presence
of dmEB1 (8 nM). Microtubules are oriented with their plus-ends toward the right. Scale bars: horizontal, 5 pm; vertical, 1 min.

A GFP-KlIp2 (green) B GFP-KIp2 (green) C GFP-KIp2-SHNN-SNNN
in presence of Mal3 in absence of Mal3 (green) in presence of Mal3

5
1]
=
=
-
o
=
2
[}
£
£
o
o
o
<=
o

Fig. 4. S. pombe Klp2 tip-tracking is dependent on the S. pombe EB1 homolog Mal3. Typical multichannel kymographs of (A)
18 nM GFP-Klp2 tip-tracking dependent on 6 nM Mal3 and (B) 18 nM GFP-Klp2 in absence of Mal3. (C) GFP-Klp2-SHNN-
SNNN (18 nM) in presence of Mal3 (6 nM). Microtubule plus-tips are oriented toward the right. Scale bars: horizontal, 5 pm; ver-

tical, 1 min.
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preservation of the kinesin-14 tip-tracking ability is under
high evolutionary pressure. The SRLP to SQLP mutation
in human and chimpanzee does not contradict this finding,
as the R to Q murtation preserves the tip-tracking ability.

It has been speculated that, analogous to D. melanogaster
Ncd [Goshima et al., 2005], A. thaliana ATKS tip-tracking
observed i vivo could depend on EB1 [Ambrose et al.,
2005]. ATK5 possesses an SxIP-like motif, which is pre-
dicted not to interact with EB1 (Table I). As in the case of
Klp2 (Fig. 4C), this does not necessarily exclude a depend-
ency of tip-tracking on EB1. ATK5 and Klp2 may recog-
nize EB1 family proteins by interacting with a motif
independent of SxIP. It is also conceivable that EBI interac-
tions with SxIP-like motifs permit a greater sequence vari-
ability compared to the canonical ‘SxIP’ than described in
the recent literature [Buey et al., 2012; Jiang et al., 2012].
Therefore Klp2, ATK5 and other kinesin-14s might recog-
nize clusters of amino acids that are currently not detectable
in the protein sequences.

Here, we showed that EB1 promotes tip-tracking of
GFP-HSET and GFP-Klp2. Why, in contrast to Klp2, has
HSET tip-tracking not been observed in vivo [Cai et al.,
2009]? When comparing the affinities of GFP-HSET and
GFP-Klp2 for EB1 we did not observe any significant dif-
ference (Fig. 5). However, in our experiments we found
that GFP-HSET interacted more strongly than GFP-Klp2
with the microtubule lattice (compare Figs. 1B and 4A).
Under certain conditions, e.g., when the concentration of
GFP-HSET was higher than presented in Fig. 1, the strong

3.0+

254

fraction bound [AU]

— T T T T T T
0 1 2 3 4 5 6 7 8

GFP-HSET (green) and GFP-KIp2 (red) concentration [nm]

Fig. 5. HSET and Klp2 affinity for hsEB1. Dissociation con-
stants of GFP-HSET and GFP-Klp2 binding to hsEB1
Kp™E'=4+1 nM and Kp¥P?=3 =1 nM) are estimated
from the fit assuming a noncooperative binding model. Arbi-
trary units (AU) on the y-axis represent background-subtracted
fluorescence intensities of GFP-HSET (green) and GFP-Klp2
(red) binding to hsEB1, unspecifically adsorbed to a glass cover-
slip. The fluorescence signal from a 10 pm x 10 pm coverslip
area was measured by TIRF microscopy. Data are presented as
an average value of 10 measurements with error bars indicating
the standard deviation.

A GFP-HSET (green)
in presence of hsEB1

B GFP-KIp2 (green)
in presence of Mal3

Fig. 6. H. sapiens kinesin-14 HSET tip-tracking is obscured
by its interaction with the microtubule lattice at high HSET
concentration. (A) Typical multichannel kymograph showing
75 nM GFP-HSET (green) microtubule (red) tip-tracking in
presence of 22 nM hsEB1. GFP-HSET is 5 times more concen-
trated compared to Figure 1, while hsEB1 concentration is the
same. (B) Typical multichannel kymograph showing 100 nM
GFP-Klp2 (green) microtubule (red) tip-tracking in presence of
6 nM Mal3. All figures are scaled for optimal contrast, thus the
intensities are not directly comparable. Microtubules are
oriented with their plus-ends toward the right. Scale bars:
horizontal, 2 pm; vertical, 1 min.

lattice interaction did indeed completely obscure tip-
tracking of GFP-HSET (Fig. 6A). Under similar condi-
tions, tip-tracking of GFP-Klp2 was still clearly observable
(Fig. 6B). We thus argue that HSET tip-tracking in vivo
might be obscured by the pronounced interaction of HSET
with the microtubule lattice. In consequence, EBI-
dependent microtubule tip-tracking of HSET may also be
present in vivo and may have functional effects. Mutating
the SxIP-like motif of HSET in vivo, such that its specific
interaction with hsEB1 is inhibited, would open up a route
to explicitly study the role of tip-associated HSET while
keeping microtubule bundling and sliding conferred by
HSET-interaction with the microtubule lattice intact.

In summary, we here demonstrate microtubule tip-
tracking of human kinesin-14 HSET and show that EB1 is
sufficient to induce this dynamic microtubule end localiza-
tion. Furthermore, we provide evidence that SxIP-like motif
SRLP is conserved in the N-terminal region of molecular
motors of the kinesin-14 family. It is likely that kinesin-14
tip-tracking dependent on EB family proteins is conserved,
potentially playing important functional roles yet to be elu-
cidated in various species including human.
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