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JOURNAL OF CELL BIOLOGY

Altered chemomechanical coupling causes impaired
motility of the kinesin-4 motors KIF27 and KIF7

Yang Yue,! T. Lynne Blasius,' Stephanie Zhang,? Shashank Jariwala,? Benjamin Walker,? Barry J. Grant,2
Jared C. Cochran,? and Kristen J. Verhey'

'Department of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, M
2Department of Computational Medicine and Bioinformatics, University of Michigan, Ann Arbor, M
3Department of Molecular and Cellular Biochemistry, Indiana University, Bloomington, IN

Kinesin-4 motors play important roles in cell division, microtubule organization, and signaling. Understanding how
motors perform their functions requires an understanding of their mechanochemical and motility properties. We demon-
strate that KIF27 can influence microtubule dynamics, suggesting a conserved function in microtubule organization
across the kinesin-4 family. However, kinesin-4 motors display dramatically different motility characteristics: KIF4 and
KIF21 motors are fast and processive, KIF7 and its Drosophila melanogaster homologue Costal2 (Cos2) are immotile,
and KIF27 is slow and processive. Neither KIF7 nor KIF27 can cooperate for fast processive transport when working in
teams. The mechanistic basis of immotile KIF7 behavior arises from an inability to release adenosine diphosphate in
response to microtubule binding, whereas slow processive KIF27 behavior arises from a slow adenosine triphosphatase
rate and a high affinity for both adenosine triphosphate and microtubules. We suggest that evolutionarily selected se-
quence differences enable immotile KIF7 and Cos2 motors to function not as transporters but as microtubule-based

tethers of signaling complexes.

Introduction

Microtubule-based motors of the kinesin superfamily play
essential roles in cell division, cell motility, intracellular traf-
ficking, control of microtubule dynamics, and ciliary function
(Hirokawa et al., 2009; Verhey and Hammond, 2009). Kinesins
are defined by the presence of a kinesin motor domain and use
divergent sequences outside of this domain for each motor’s
unique regulatory and functional outputs. However, recent
work demonstrated that sequence differences within the core
motor domain are also critical for the specific functions of each
kinesin motor. Indeed, substituting a kinesin’s motor domain
with one from a different family cannot replicate the functional
output of that kinesin (Kim et al., 2014; Ravindran et al., 2017).

Understanding how patterns of residue conservation
and divergence within protein families relate to the evolution
of distinct functional properties is of wide biological signifi-
cance. For actin-based motors of the myosin superfamily
(Richards and Cavalier-Smith, 2005), the core myosin motor
domain was thought to endow myosins with equivalent chemo-
mechanical properties to that of the “conventional” myosin-2,
with family-specific tail domains giving rise to specific cellular
functions. Yet recent work has demonstrated that sequence di-
vergence within the myosin motor domain itself dictates alter-
native functions as force sensors, tethers, and F-actin organizers
(Woolner and Bement, 2009).
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The kinesin-4 family of motors provides a unique op-
portunity to understand how sequence divergence of a core
domain leads to different functional outputs. The best-known
family members, mammalian KIF4 and Xenopus laevis Xklpl,
undergo typical kinesin-type processive motility and suppress
microtubule dynamics upon reaching the plus end (Bringmann
et al., 2004; Bieling et al., 2010; Subramanian et al., 2013).
The mammalian KIF21A and KIF21B kinesins also undergo
plus end—directed motion and suppress microtubule dynamics
(Huang and Banker, 2012; van der Vaart et al., 2013; Cheng et
al., 2014; Bianchi et al., 2016; Ghiretti et al., 2016; Mubhia et al.,
2016; van Riel et al., 2017). In contrast, the Arabidopsis thali-
ana motor FRA1 undergoes processive motility and mediates
trafficking of cell wall material along cortical microtubules but
does not alter plus end dynamics or microtubule organization
(Zhu and Dixit, 2011; Kong et al., 2015; Zhu et al., 2015; Gan-
guly et al., 2017), whereas the mammalian motor KIF7 displays
no microtubule-based motility but is able to suppress microtu-
bule dynamics (He et al., 2014). The Drosophila melanogaster
motor Costal2 (Cos2) has been suggested to be a homologue of
KIF7, and the mammalian motor KIF27 has been suggested to
be a paralog, but their motility properties and effects on micro-
tubule dynamics have not been determined.

© 2018 Yue et al. This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms/). After six months it is available under a Creative Commons
License (Attribution-Noncommercial-Share Alike 4.0 International license, as described at
https://creativecommons.org/licenses/by-nc-sa/4.0/).
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Figure 1. Members of the kinesin-4 family. (A) Phylogenetic tree of selected members of the kinesin-4 family. (B) Domain organization of the kinesin-4
motors analyzed in this study. Black, motor domain; blue, coiled-coil (CC); gray, neck coil (NC). The red zigzags indicate the position of truncation, and the
red numbers indicate the last aa in the truncated protein. The motility of the kinesin-1 motor RnKIF5C was used as control in this study. Rn, Rattus norvegicus;
Mm, Mus musculus; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans; At, Arabidopsis thaliana.

In this study, we systematically analyzed the motility
properties of members of the kinesin-4 family using in vitro
and cellular assays. We find that MmKIF27 is a slow processive
motor, whereas MmKIF7 and DmCos2 show no motility at the
single molecule level. Furthermore, we show that KIF27 and
KIF7 are not able to cooperate for enhanced motility in a mul-
timotor context. Unlike "conventional" kinesin motors, which
alter their microtubule binding in response to their nucleotide
state, KIF27 and KIF7 show tight microtubule binding regard-
less of nucleotide condition. The mechanistic basis of KIF27’s
slow processive motility is found in its slow ATPase rate and its
high affinity for both ATP and microtubules. The immotile be-
havior of KIF7 is explained by its defective chemomechanical
coupling: KIF7 is unable to release ADP in response to micro-
tubule binding. We suggest that differences in intrinsic catalytic
domain behavior (motility, kinetics, and chemomechanical cou-
pling) are derived from variances in catalytic domain sequence
and allow kinesin-4 motors to carry out distinct cellular func-
tions as transporters or tethers.

Results

The kinesin-4 family can be divided into
three subfamilies in mammals

We first set out to define the phylogenetic relationship between
members of the kinesin-4 family. We focused our analysis on
kinesin-4 motors in commonly studied genetic organisms (fly
and worm) and/or for which motility data exist (Figs. 1 A and
S1). This analysis suggests that the kinesin-4 family can be
divided into three subfamilies, referred to in this study by the
best-known mammalian member of each subfamily. The KIF7
subfamily contains two paralogous motors from the mamma-
lian genome (MmKIF7 and MmKIF27) and one motor in flies
(DmCos2). The KIF21 subfamily contains two paralogous mo-
tors from the mouse genome (MmKIF21A and MmKIF21B)
and one member each from the fly (DmKLP31E) and worm
(CeKLP12) genomes. The KIF4 subfamily contains one motor
each from mammalian (MmKIF4), fly (DmKLP3A), and
worm (CeKLP19) genomes and three motors in Arabidopsis
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(ArKN4A, also known as FRA1, ArfKN4B, and AtKN4C). Al-
though CeKLP19 and DmKLP3A are separated from the rest of
the KIF4 subfamily in our unrooted tree, we place these motors
in this subfamily based on the following points. Our analysis
used kinesin sequences trimmed to the core motor domain,
similar to the analysis of Wickstead et al. (2010), whereas a
previous phylogenetic analysis that included sequences of each
motor’s neck region placed CeKLP19 as most similar to KIF4
and DmKLP3A (Powers et al., 2004). In addition, a recent study
used a maximum likelihood coestimating algorithm that per-
forms multiple sequence alignment (MSA) and phylogeny cal-
culations in tandem and placed both CeKLP19 and DmKLP3A
in the KIF4 subfamily (Richard et al., 2016).

The KIF27 motor domain can regulate
microtubule growth

To investigate whether KIF27 is a kinesin-4 motor capable
of influencing microtubule dynamics, we purified a truncated
Flag-tagged version of KIF27 and compared its activity to that
of its closest relative, KIF7 (Fig. 1 B). For KIF27, we gener-
ated a truncated version containing the minimum neck coil
segment but found that this construct (aa 1-370; Fig. 1 B) was
not a stable dimer. We thus appended the leucine zipper (LZ)
of GCN4, similar to a previous strategy with kinesin-3 family
motors (Tomishige et al., 2002; Huckaba et al., 2011; Soppina
et al., 2014), resulting in the construct KIF27(1-370)-LZ-Flag.
For KIF7, we used a truncated version consisting of aa 1-558
(Fig. 1 B) based on previous work (He et al., 2014).

We measured the growth rates of dynamic microtubules in
an in vitro assay (Fig. 2 A). In the absence of motor, the mean
microtubule growth rate was 1.11 + 0.04 pm/min. Increasing
amounts of KIF7 resulted in inhibition of microtubule growth,
with mean rates of 0.40 + 0.04, 0.29 + 0.03, and 0.33 £ 0.04 um/
min at KIF7(1-558)-Flag concentrations of 20, 40, and 80 nM,
respectively (Fig. 2, E and F), similar to a previous study (He
et al., 2014). Increasing concentrations of KIF7(1-558)-Flag
also resulted in a decrease in the mean length of microtubule
growth before catastrophe, from 3.24 + 0.35 um in the absence
of motors to 1.01 = 0.13, 0.72 + 0.06, and 0.82 + 0.07 pm at
concentrations of 20, 40, and 80 nM (Fig. 2 G). In a similar
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Figure 2. KIF27 and KIF7 can inhibit microtubule growth in
vitro. (A) Schematic of the microtubule dynamics assay. Micro-
tubule seeds generated from biotintubulin and Hilyte647-tu-
bulin and polymerized in GMPCPP were attached to the slide,
and then microtubule polymerization was performed in the
presence of 10.7 pM tubulin and 1 mM GTP. (B and E) Rep-
resentative kymographs of microtubules polymerizing in the
absence (0O nM) or presence of indicated concentrations of
KIF27 (B) or KIF7 (E). Hilyte647 microtubule seeds are in red.
X-rhodamine dynamic microtubules are in green. Time is on the
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manner, increasing amounts of KIF27(1-370)-LZ-Flag resulted
in a decrease in the microtubule growth rate, with mean rates of
0.60 = 0.04 ym/min at 90 nM and 0.29 + 0.02 um/min at 180
nM KIF27(1-370)-LZ-Flag (Fig. 2, B and C) and a decrease in
the mean length of microtubule growth to 1.52 + 0.14 and 0.67
+ 0.07 um at concentrations of 90 and 180 nM KIF27(1-370)-
LZ-Flag, respectively (Fig. 2 D). Both motors caused a decrease
in the catastrophe frequency (Fig. S2 B), but this could largely
be explained by a concomitant decrease in the frequency of mi-
crotubule growth events (Fig. S2 A). The primary effect of KIF7
and KIF27 motors thus appears to be, like other members of the
kinesin-4 family, a suppression of microtubule growth rates as
measured in in vitro assays.

Comparative analysis of kinesin-4 motility
at the single molecule level

Some members of the kinesin-4 family have been shown to
undergo processive motility along the microtubule surface
and may therefore participate in cargo trafficking in cells. To
examine the motility properties of dimeric motors across the
kinesin-4 family, we generated constitutively active motors
by truncating their sequences after the neck coil or within the
subsequent coiled-coil segment (Fig. 1 B). Like MmKIF27, the

0nM 20nM 40nM 80 nM

minimal predicted neck coil sequence of CeKLP12 was not suf-
ficient for stable dimer formation and we thus appended the LZ
of GCN4 to the C terminus of the truncated motor. All motors
were tagged with the fluorescent protein mNeonGreen (mNG).
The well-studied kinesin-1 motor KIFSC(1-560) was examined
as control (Fig. 1 B and Table 1).

When expressed in COS-7 cells, KIF4(1-484)-mNG ac-
cumulated at the periphery of the cells, indicative of directed
motion to the plus ends of the microtubules (Fig. 3, A and B).
KIF21A(1-409)-mNG motors also accumulated at the periph-
ery, although a large fraction showed a diffuse localization
within the cytosol (Fig. 3, C and D). However, KIF27(1-370)-
LZ-mNG displayed a largely diffuse localization (Fig. 3, E and
F), suggesting that this motor may undergo infrequent and/or
minimally processive motility events, and KIF7(1-558)-mNG
displayed a strongly microtubule-bound state (Fig. 3, G and H)
similar to “rigor” versions of other kinesin motors (Nakata and
Hirokawa, 1995; Sturgill et al., 2016).

The motility properties of the truncated kinesin-4 motors
along microtubules were determined in single molecule motil-
ity assays (Fig. 4). Under standard imaging conditions (2 mM
ATP, room temperature, P12 buffer, and 10 Hz imaging; Norris
et al., 2015; Yildiz and Vale, 2015), KIF4(1-484)-mNG showed

The motility and kinetics of kinesin-4 motors * Yue et al.
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Figure 3.

Localization of truncated kinesin-4 motors expressed in COS-7 cells. (A-H) Representative images showing the localization of MmKIF4(1-484)

(A and B), MmKIF21A(1-409) (C and D), MmKIF27(1-370)-LZ (E and F), and MmKIF7(1-558) (G and H) tagged at their C termini with mNG at low (top)

and high (bottom) magnification. Bars, 10 pm.

kinesin-type motility with a mean velocity of 908 + 15 nm/s
(Fig. 4 B and Table 1). Given previous studies demonstrating
processive motility for the Xenopus Xklpl (Bringmann et al.,
2004; Bieling et al., 2010) and Arabidopsis AtKN4A (Zhu and
Dixit, 2011) homologues, we conclude that members of the
KIF4 subfamily are processive kinesin motors (Fig. 4 J). For
the KIF21 subfamily, we measured the motility properties of
mammalian KIF21A and the fly (DmKLP31E) and worm
(CeKLP12) homologues. All three motors showed characteris-
tic kinesin-like motility behavior with mean velocities of 391.3
+ 4.7 nm/s for KIF21A(1-409)-mNG (Fig. 4 C and Table 1),
375.3 £ 5.2 nm/s for DmKLP31E(1-409)-mNG (Fig. 4 D and
Table 1), and 623 + 13 nm/s for CeKLP12(1-393)-LZ-mNG
(Fig. 4 E and Table 1). We thus conclude that members of the
KIF21 subfamily are also processive kinesin motors (Fig. 4 J).
Unlike the characteristic kinesin-like motility observed
for members of the KIF4 and KIF21 subfamilies, very differ-
ent motility behavior was observed for members of the KIF7
subfamily. Under standard imaging conditions, all three motors

Table 1. Summary of motility behavior and kinetics of kinesin-4 motors

bound to microtubules and appeared largely immotile (Fig. 4,
F-H), although some diffusive movement was observed for Dm-
Cos2(1-743)-mNG (Fig. 4 H). The inability of KIF7 to undergo
processive stepping along the microtubule lattice is consistent
with a previous study (He et al., 2014). The inability of Cos2 to
demonstrate processive motility is likely caused by sequence
changes in key residues of the Cos2 motor domain (Fig. S1 A)
as noted previously (Sisson et al., 1997; Matthies et al., 2001).

We considered the possibility that the standard imaging
parameters of these single molecule motility assays were not
optimal for observing the behavior of KIF7 subfamily motors.
When we changed imaging conditions to acquire one frame
every 3 s, both KIF7(1-558)-mNG and Cos2(1-743)-mNG
continued to show only static binding to or diffuse movement
along the microtubule surface (Fig. 4 I). Strikingly, KIF27(1—
370)-LZ-mNG exhibited very slow motility, with a mean ve-
locity of 13.51 + 0.17 nm/s (Fig. 4 I and Table 1) under these
imaging conditions. These results indicate that members of the
KIF7 subfamily show dramatically different motility properties

Family Motor Single molecule assay Multimotor assay keat Ko.5,MT Km,ATP
(velocity)
Microtubule gliding assay  Cellular transport ability
(velocity)
nm/s nm/s s Isite”! wM M
Kinesin-1 KIF5Ce 664 + 10 7283 +6.4 Fast transport® 20 + 2¢ 0.3+0.1¢ 23 £ 9
Kinesin-4
KIF7 MmKIF27 13.51+0.17 10.8 + 0.4 Slow transport 2.5 0.04 0.6
MmKIF7 0 0 No transport 0.02 NA NA
DmCos2 0 ND ND ND ND ND
KIF21 MmKIF2TA 391.3+47 2242 + 43 Fast transport ND ND ND
DmKLP31E 3753 5.2 ND ND ND ND ND
CeKLP12 623 + 13 ND ND ND ND ND
KIF4 MmKIF4 908 + 15 836 £ 13 Fast transport ND ND ND

NA, not applicable (could not be determined due to low k,); ND, not determined.
cFor kinesin-1, the data in the table state motility behavior of RnKIF5C from this study.
bEngelke et al. (2016).

<Kinetics of HsKIF5C from Cochran (2015).
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Figure 4. Single molecule motility properties of kinesin-4 motors. (A-H) Representative kymographs showing single molecule motility of truncated versions
of the kinesin-4 motors MmKIF4 (B), MmKIF21A (C), DmKLP31E (D), CeKLP12 (E), MmKIF27 (F), MmKIF7 (G), and DmCos2 (H) as compared with the
kinesin-1 motor KIF5C (A). All motors were tagged with mNG at their C termini, and videos were acquired at a fast imaging rate (10 frames per second).
Time is on the x axis (bar, 5 s), and distance is on the y axis (bar, 5 pm). Histograms of the velocities for each population of motors are plotted to the
right of the kymographs. (I) Representative kymographs of single molecule motility of truncated versions of the kinesin-4 motors MmKIF27, MmKIF7, and
DmCos2 imaged at a slow acquisition rate (1 frame/3 s). Time is on the x axis (bar, 1 min), and distance is on the y axis (bar, 5 pm). A histogram of
the velocities for the population of KIF27 motors is shown fo the right of the KIF27 kymograph. Motility data are described as means + SEM. N, number
of motility events analyzed across three independent experiments. (J) Motility of kinesin-4 motors based on the single molecule imaging results depicted

on the phylogenetic tree.

than the rest of the family (Fig. 4 J). Whereas members of the
KIF4 and KIF21 subfamilies across species show processive
motility characteristic of dimeric kinesin motors, Cos2 and
KIF7 members of the KIF7 subfamily are immotile, and KIF27
displays very slow motility. Thus, evolutionary changes to the
kinesin motor domain gave rise to dramatically different motil-
ity properties within the kinesin-4 family.

The motility of KIF7 subfamily motors is
not enhanced by working in teams

We sought to test whether immotile (KIF7 and Cos2) or slow
processive (KIF27) kinesin-4 motors could work together to
drive processive motility in a multimotor regime, as has been
suggested for nonprocessive kinesin-14 motors (Case et al.,
1997). We used two assays to test this possibility. First, we

The motility and kinetics of kinesin-4 motors * Yue et al.
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Figure 5.  Multimotor properties of kinesin-4 motors in microtubule gliding assays. (A) Schematic of microtubule gliding assay. Truncated dimeric kinesin-4
motors were tagged at their C termini with the AviTag and biotinylated by coexpression with the biotin ligase BirA. The biotinylated motors were bound
to the surface of a NeutrAvidin-coated flow cell, and fluorescent microtubules were added. (B-E) Representative kymographs show microtubule gliding
driven by the indicated motors (top). Time is on the x axis, and distance is on the y axis. The velocity of each microtubule gliding event was determined via
kymograph analysis and plotted as a histogram for each population (bottom). The curves were fit with a normal distribution. Gliding speeds are described
as means = SEM. N, number of motility events analyzed across three independent experiments.

performed microtubule gliding assays with kinesin-4 motors.
Truncated versions of the kinesin-4 members KIF4, KIF21A,
KIF27, and KIF7 were tagged at their C termini with an AviTag
sequence (Tirat et al., 2006) and biotinylated by coexpression
with the bacterial biotin ligase BirA (Fig. S3; Cull and Schatz,
2000). Biotinylated motors were immobilized on NeutrAvidin-
coated coverslips, and then taxol-stabilized microtubules were
added to the flow chamber (Fig. 5 A). Both KIF4(1-484)-
AviTag (836 = 13 nm/s) and KIF21A(1-409)-AviTag (224.2
+ 4.3 nm/s) motors were able to drive microtubule gliding at
speeds consistent with their single motor properties (Fig. 5, B
and C; and Table 1). For KIF27(1-370)-LZ-AviTag motors,
very slow microtubule gliding was observed (10.76 + 0.36
nm/s; Fig. 5 D and Table 1), whereas for KIF7(1-558)-AviTag
motors, no microtubule gliding activity was observed (Fig. 5 E
and Table 1). These results in multimotor assays are consistent
with the single-molecule motility properties of KIF27 and KIF7
(Table 1), suggesting that nonmotile and slowly processive
KIF7 subfamily motors do not cooperate to increase their mo-
tility properties when working in teams.

Second, we used a peroxisome dispersion assay to investi-
gate whether KIF7 subfamily motors can act as processive cargo
transporters in a cellular multimotor regime. The kinesin-4
family motors were tagged with mCitrine (mCit) and an FRB
domain, whereas the peroxisomes were labeled by express-
ing PEX3-mRFP-FKBP. Addition of rapamycin results in the

JCB » VOLUME 217 « NUMBER 4 « 2018

recruitment of kinesin motors to the peroxisome surface, and re-
cruitment of active motors drives the dispersion of peroxisomes
to the cell periphery (Fig. 6 A; Kapitein et al., 2010; Engelke
et al., 2016). COS-7 cells coexpressing kinesin-4 motor-mCit-
FRB and PEX3-mRFP-FKBP fusion constructs were observed
by live-cell imaging. Before rapamycin addition, most of the
peroxisomes exhibited a perinuclear distribution (Fig. 6, B-E,
top; and Fig. S4). After rapamycin addition, the peroxisomes in
cells expressing KIF4(1-484)-mCit-FRB or KIF21A(1-409)-
mCit-FRB motors displayed rapid and robust accumulation at
the cell periphery (Fig. 6, B and C; and Fig. S4). In contrast,
peroxisomes in cells expressing KIF27(1-370)-LZ-mCit-FRB
were moved only a short distance in the 25-min time period
(Figs. 6 D and S4), whereas peroxisomes in cells expressing
KIF7(1-558)-mCit-FRB remained in a perinuclear cluster
(Figs. 6 E and S4). Together with the in vitro microtubule glid-
ing results (Fig. 5), these findings indicate that KIF27 is capa-
ble of very slow motility both as single motors and in teams,
whereas KIF7 lacks detectable motility in both single- and mul-
timotor assays (Table 1).

KIF7 subfamily members KIF27 and KIF7 are
defective in their chemomechanical coupling

To determine the mechanisms that underlie the nonmotile asso-
ciation of KIF7 with microtubules and the very slow motility of
KIF27, we examined the chemomechanical coupling of these
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Figure 6. Multimotor properties of kinesin-4 motors in a cellular fransport assay. (A) Schematic of the inducible peroxisome redistribution assay. Truncated
dimeric kinesin motors tagged with the fluorescent protein mCit and FRB were coexpressed with the peroxisome-targeted PEX-mRFP-FKBP fusion protein in
COS-7 cells. Addition of rapamycin causes heterodimerization of FRB and FKBP and thereby recruits kinesin motors to the peroxisome surface. Recruitment
of active motors causes redistribution of peroxisomes to the cell periphery. (B-E) Representative images of peroxisome distribution in COS-7 cells expressing
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motors. For processive motors like kinesin-1, chemomechanical
coupling enables the motor to alter its affinity for the micro-
tubule in response to its nucleotide state (Crevel et al., 1996).
To assess the ability of kinesin-4 motors to respond to nucleo-
tide conditions with a change in microtubule affinity, we used a
fluorescence-based microtubule binding assay. The control ki-
nesin-1 motor KIF5C(1-560)-mNG showed weak microtubule
binding in the presence of ADP and strong microtubule binding
in the presence of either AMPPNP (a nonhydrolyzable ATP an-
alogue) or apyrase (which generates a no-nucleotide condition;
Fig. 7 A, left). Specifically, AMPPNP and apyrase resulted in

11-fold and 23-fold increases in KIF5C(1-560)’s interaction
with microtubules as compared with motors in the ADP state,
respectively (Fig. 7 B), consistent with previous data (Crevel
et al., 1996; Case et al., 1997; Pierce et al., 1999). Likewise,
the processive kinesin-4 motors KIF4 and KIF21A displayed
similar changes in their microtubule association in response to
their nucleotide state. For KIF4(1-484), microtubule associa-
tion was increased fourfold in the presence of AMPPNP and 49-
fold in the presence of apyrase when compared with the ADP
state (Fig. S5, A and B), and for KIF21A(1-409), microtubule
association was increased fivefold in the presence of AMPPNP
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and 78-fold in the presence of apyrase when compared with the
ADP state (Fig. S5, A and B).

In contrast, we observed that the slow processive kine-
sin-4 motor KIF27 and the immotile kinesin-4 motor KIF7
uniformly decorated microtubules regardless of nucleotide
condition (Figs. 7 A and S5 C). For KIF27(1-370)-LZ, addi-
tion of AMPPNP and apyrase resulted in levels of microtubule
association (0.69-fold and 0.54-fold), respectively, compara-
ble with the ADP state (Fig. 7, A and B; and Fig. S5 D). For
KIF7(1-558), addition of AMPPNP and apyrase resulted in
levels of microtubule association (0.83-fold and 1.29-fold),
respectively, comparable with the ADP state (Fig. 7, A and B;
and Fig. S5 D). When compared with kinesin-1, both KIF27
and KIF7 showed a higher microtubule affinity in the ADP
state; the microtubule association of KIF27 was fivefold
higher than kinesin-1, and that of KIF7 was sevenfold higher
(Fig. 7 C). Collectively, these results indicate the KIF7 sub-
family members are defective in their chemomechanical cou-
pling. Their inability to respond to the nucleotide state with a
change in microtubule affinity is likely the underlying expla-
nation for their defective motility.

To further explore whether defective chemomechanical cou-
pling of KIF7 and KIF27 can explain the observed motility de-
fects, we performed a series of kinetic assays. We first measured
each motor’s ATPase activity in the absence and presence of
microtubules. For processive motors like kinesin-1, microtubule
binding causes a >1,000-fold increase in ATPase activity over
the basal level (Ma and Taylor, 1995). For the slow processive
KIF27 motor, we found that the addition of microtubules re-
sulted in a 25-50-fold increase in ATPase activity (Fig. 8 A),
which was comparable to other slow processive kinesins such
as human kinesin-5 (Cochran, 2015). Under steady-state kinet-
ics conditions, KIF27 displayed a k., = 2.5 s~'site™! with a high
affinity for both ATP (K, 47p = 0.6 uM; Fig. 8 B and Table 1) and
microtubules (Kj 5,7 = 0.04 uM; Fig. 8 C and Table 1). These

pling of the kinesin-4 motors KIF27 and KIF7.
(A-C) Truncated dimeric motors versions of
the kinesin-1 KIF5C(1-560) or the kinesin-4s
KIF27(1-370)-LZ or KIF7(1-558) were tagged
at their C termini with 3xmCit. Cell lysates ex-
pressing equivalent amounts of motors were
added to flow cells containing taxol-stabilized
microtubules in the presence of the indicated
nucleotides. (A) Representative images of
motor (green) binding fo microtubules in the
presence of ADP, AMPPNP, or apyrase. Bar, 5
pm. (B) The fluorescence intensity of each motor
along microtubules was quantified for each
nucleotide condition. The mean fluorescence

M kinesin-1 KIF5C
[ kinesin-4 KIF27
[ kinesin-4 KIF7

8 ok intensity of each motor in AMPPNP and apy-
— rase was normalized to the mean fluorescence
5 intensity in the ADP state. ***, P < 0.001 as

compared with the ADP state (two-tailed ttest).
(C) The fluorescence intensity of each motor
4 in the presence of ADP was compared with
that of the kinesin-1 KIF5C. ***, P < 0.001 as
compared with KIF5C (two-ailed t test). Data
2 indicate means + SEM of more than five mi-
crotubules from one representative experiment.

Relative fluorescence intensity

ADP

constants represent the tightest ATP affinity for a dimeric kine-
sin motor measured to date (Klumpp et al., 2004; Auerbach and
Johnson, 2005; Krzysiak and Gilbert, 2006; Pan et al., 2006;
Albracht et al., 2014). These results were surprising as proces-
sive kinesins typically have a reciprocal relationship between
ATP binding and microtubule binding such that tight ATP bind-
ing correlates with weak microtubule binding and vice versa
(Albracht et al., 2014).

For immotile KIF7, very little microtubule-dependent
stimulation of ATPase activity was observed. Even at a high
microtubule concentration (25 uM) rate, the ATPase rate (k,,
= 0.02 s~'site”!; Fig. 8, D and E; Table 1) did not exceed the
basal activity of most other kinesins studied to date (Cochran,
2015) and reflected only a fivefold enhancement of KIF7’s
basal ATPase rate (Fig. 8, D and E). The low levels of basal
and microtubule-stimulated ATPase activity for KIF7 could be
caused by an inability of the motor to release ADP in response
to microtubule binding or an inability to hydrolyze ATP. To dis-
tinguish these possibilities, we measured the microtubule-stim-
ulated ADP release for KIF7 using a mant-ADP release assay.
When bound in the nucleotide pocket of a kinesin motor, mant-
ADP displays a higher fluorescence than when free in solution
(Cochran et al., 2013), and the microtubule-stimulated mant-
ADP release rate can thus be measured as a decrease in fluo-
rescence (Nitta et al., 2008; Cochran et al., 2013; Chen et al.,
2017). We found that KIF7 was capable of binding to mant-
ADP as the initial fluorescence intensity was higher in the pres-
ence of KIF7 (Fig. 8 F, blue trace) than in the absence of KIF7
(Fig. 8 F, black trace). However, KIF7 was incapable of micro-
tubule-stimulated ADP release as the addition of microtubules
did not result in a decrease in mant-ADP fluorescence intensity
over time (Fig. 8 F, red trace). We verified that mant-ADP could
be released from the KIF7 motor domain in a control reaction
(Fig. 8 F, green trace) where EDTA chelates the free Mg?* from
solution (Nitta et al., 2008). These results indicate that the un-
derlying mechanism for the immotile behavior of the KIF7
motor is an inability to stimulate ADP release from the nucleo-
tide pocket in response to microtubule binding.
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Figure 8. The kinetic properties of KIF27 and KIF7 are consistent with their motility defects. (A) ATPase activity of purified KIF27(1-370)-LZ-Flag was
measured in the absence and presence of microtubules (MTs) using the NADH-coupled assay. Final conditions: 0.01 pM KIF27, 0 or 0.5 pM microtubules,
20 pM taxol, and 1T mM ATP. (B) ATP-dependent ATPase activity of KIF27 in the presence of excess microtubules. Final conditions: 0.01 pM KIF27, 2 pM
microtubules, 20 pM taxol, and 0.5-1000 pM ATP. Fit to the Michaelis-Menten equation yields: k., = 2.5 + 0.1 s~'site=" and K, s = 0.6 = 0.1 pM.
(C) Microtubule-dependent ATPase activity in the presence of excess ATP. Final conditions: 0.01 yM KIF27, 0-16 pM microtubules, 20 pM taxol, and
100 pM ATP. Fit to the quadratic equation yields: k., = 2.4 + 0.1 s='site™!, Ky 5 47 = 0.04 £ 0.01 pM, and ke, = 0.08 + 0.05 5. (D) ATPase activity of
purified KIF7(1-558)-Flag was measured in the absence and presence of microtubules using the NADH-coupled assay. Final conditions: T yM KIF7, O or
25 pM microtubules, 40 pM taxol, and 1,000 yM ATP. (E) ATPase rates from D indicating means + SEM from three independent experiments. (F) Mant-ADP
release kinetics for KIF7 in the absence and presence of microtubules. Final conditions: 0.25 pM mant-ADP, 0.5 pM KIF7, 2 pM microtubules, 10 pM taxol,

500 yM ATP, and 5 mM EDTA.

Discussion

Sequence divergence within the kinesin superfamily resulted
in motors with distinct mechanochemical properties matched
to their functions during intracellular trafficking, microtubule
organization, and cell division. In this study, we used sin-
gle-molecule, cellular, and kinetic assays to characterize motil-
ity properties of motors across the kinesin-4 family to elucidate
a molecular understanding of their cellular roles. We show that
although all kinesin-4 motors examined to date are capable of
influencing microtubule dynamics, these motors showed large
variations in their ability to undergo processive motility. We de-
scribe the kinetic basis for the immotile behavior of mammalian
KIF7 and suggest that this motor and its Drosophila homologue
Cos2 function not as transporters but as tethers for signaling
complexes in the Hedgehog pathway. These findings support the
idea that sequence divergence has led to a diversity of mechano-
chemical and motility properties within the kinesin superfamily.

Kinesin-4 motors share the ability to
influence microtubule dynamics but differ
dramatically in their motility properties
Several members of the kinesin-4 family have been shown to
regulate microtubule dynamics in in vitro assays, including the
KIF4 subfamily members human KIF4, Xenopus Xklpl, and
Physcomitrella patens Kind-Ic (Bieling et al., 2010; Hu et al.,
2011; Subramanian et al., 2013; de Keijzer et al., 2017), the
KIF21 subfamily members KIF21A and KIF21B (van der Vaart
et al., 2013; Ghiretti et al., 2016; Muhia et al., 2016; van Riel
et al., 2017), and the KIF7 subfamily member KIF7 (He et
al., 2014). We show that the kinesin-4 family member KIF27

reduces microtubule growth rates and the length of microtubule
growth before catastrophe. It thus appears that the ability to regu-
late microtubule dynamics is shared across the kinesin-4 family.

In contrast, members of the kinesin-4 family display dra-
matically different motility properties. We found that individual
dimeric KIF4 motors are processive motors, similar to previous
work on members of this subfamily (Bieling et al., 2010; Zhu and
Dixit, 2011; Subramanian et al., 2013) and consistent with their
proposed roles in intracellular transport (Peretti et al., 2000; Zhu
and Jiang, 2005; Martinez et al., 2008; Bisbal et al., 2009; Kong
et al., 2015; Zhu et al., 2015). We also found that KIF21 sub-
family motors across species (MmKIF21A, DmKLP31E, and
CeKLP12) are processive motors and that this is likely a critical
feature for their participation in intracellular transport events
(Lee et al., 2012; Labonté et al., 2014; Ghiretti et al., 2016;
Muhia et al., 2016). In contrast, we found very different motil-
ity behaviors for members of the KIF7 subfamily: DmCos2 is
immotile and shows both static and diffusive interactions with
the microtubule, MmKIF7 is immotile, and MmKIF27 is a slow
processive motor. This variation highlights the diversity of ways
that the core kinesin motor domain can be adapted for different
functional outputs even within a kinesin family.

The immotile (DmCos2 and MmKIF7) or slowly motile
(MmKIF27) behavior in single molecule assays does not a pri-
ori preclude the ability of these motors to drive intracellular traf-
ficking events. One possibility is that KIF7 subfamily motors
drive processive motion when working in teams. This has pre-
viously been demonstrated for nonprocessive kinesin-14 family
motors, which undergo only short runs or diffusive movement
as individual dimeric motors but drive processive motion when
working in teams (Case et al., 1997; Furuta et al., 2013; Jonsson
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et al., 2015; Walter et al., 2015). However, we find that KIF7
and KIF27 are unable to drive processive motion when working
as a team in a classic multimotor microtubule gliding assay or
when transporting an exogenous cargo in cells (Table 1).

Our data provide strong support for the finding that a
motor’s ability to influence polymerization dynamics at mi-
crotubule ends is not linked to its ability to undergo proces-
sive motion to the end of the microtubule. This was first noted
for the kinesin-13 motor mitotic centromere-associated kinesin
(MCAK), which diffuses along the microtubule lattice to reach
both ends of a microtubule, where it promotes depolymerization
(Hunter et al., 2003; Helenius et al., 2006). The ability to influ-
ence microtubule dynamics also does not require ATP hydro-
lysis, at least for the kinesin-8 motor Kip3p (Arellano-Santoyo
et al., 2017) and the mammalian kinesin-4 motor KIF7 (this
study). Rather, the ability to influence microtubule polymeriza-
tion appears to be related to a motor’s ability to stabilize the
curvature of tubulin subunits at the plus end of the microtubule.
For the kinesin-8 motors Kip3 and KIF19A and the kinesin-13
motor MCAK, binding to curved tubulin at the microtubule end
promotes microtubule depolymerization (Asenjo et al., 2013;
Wang et al., 2016, 2017; Arellano-Santoyo et al., 2017).

The underlying mechanisms of

impaired motility

DmCos2 motors bind microtubules in a stationary manner with
along dwell time regardless of nucleotide condition. The defect
in chemomechanical coupling may arise from deletions of key
surface loops of the motor domain, e.g., loops 8, 9, and 11 and/
or mutation of the invariant kinesin switch-1 motif (SSRSH)
to SPLAH (Fig. S1 A). The immotile behavior of Cos2 is con-
sistent with previous work demonstrating an ATP-independent
interaction of Cos2 with microtubules (Sisson et al., 1997) but
is in contrast with a recent study suggesting that Cos2 functions
as a transport motor (Farzan et al., 2008). Although GFP-Cos2
localized to mobile punctate structures in S2 cells in the latter
study, the motility of these structures was not consistent with
kinesin-driven movement as it was spatially limited, not direc-
tional, and similar for full-length Cos2 and a construct lacking
the motor domain (Farzan et al., 2008). We thus believe that the
immotile behavior in single-molecule assays and the mutation
of key motility residues preclude this motor’s participation in
intracellular transport events.

MmKIF7 motors also bind microtubules in a stationary
manner with a long dwell time regardless of nucleotide con-
dition. An analysis of the kinetics revealed that KIF7 is defec-
tive in the first step in the kinesin chemomechanical cycle as
it fails to release ADP from the nucleotide pocket in response
to microtubule binding. Although the kinesin-13 motor MCAK
(KIF2C) shows little ADP release in response to binding of the
microtubule lattice, ADP release is stimulated >20-fold by the
ends of the microtubule (Hunter et al., 2003; Friel and Howard,
2011; Patel et al., 2016). KIF7 is thus to our knowledge the
only motor that fails to release nucleotides upon microtubule
interaction. The mechanism by which KIF7 is unable to couple
microtubule binding to changes in nucleotide state is not appar-
ent at this time. MmKIF7 contains the necessary residues for
ATP and microtubule binding (Fig. S1), and a crystal structure
of the KIF7 motor domain is superimposable on that of kine-
sin-1 (Klejnot and Kozielski, 2012). In addition, human KIF7
shares an overall sequence identity of 44% with KIF27 and a
higher sequence identity of 61% within the core motor domain
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(Klejnot and Kozielski, 2012). Thus, a molecular explanation
for the defective chemomechanical coupling and immotile be-
havior of KIF7 requires further exploration.

Although MmKIF27 appeared at first glance to also be an
immotile kinesin, imaging at a slower acquisition rate demon-
strated that KIF27 is a slow motor that moves directionally
with a long dwell time. Analysis of the kinetic cycle of KIF27
revealed a low k., of 2.5 s7! in a steady-state ATPase assay
(Table 1). The correlation between a low ATPase rate and slow
processive motility measured in single molecule and/or micro-
tubule gliding assays has been noted for members of the kine-
sin-5 family (100 nm/s and k., = 0.48 s~'; Krzysiak and Gilbert,
2006; Valentine and Gilbert, 2007), kinesin-7 family (11 nm/s
and k,,, = 0.9 s71; Sardar et al., 2010; Sardar and Gilbert, 2012),
and kinesin-14 family (97 nm/s and k., = 1.6 s~!; Furuta and
Toyoshima, 2008). Surprisingly, however, KIF27 showed very
high affinity for both microtubules (K 5,7 = 0.04 uM; Table 1)
and ATP (K, s7p = 0.6 uM; Table 1). Most kinesin motors have a
reciprocal relationship between microtubule and ATP binding,
including the slow processive kinesin-5 (Eg5; K57 = 1.8 uM
and K, 4,7» = 7.9 pM; Krzysiak and Gilbert, 2006; Valentine
and Gilbert, 2007) and kinesin-7 (CENP-E; K5, = 1.5 uM
and K, 47, = 18.3 uM; Sardar et al., 2010; Sardar and Gilbert,
2012; Gudimchuk et al., 2013) motors. This is the highest ATP
binding affinity for a dimeric kinesin motor to date and sug-
gests that KIF27’s motility is tuned differently from the other
slow processive motors.

KIF7 and KIF27 motility properties are
tuned for their cellular functions

Collectively, these results provide key insights into the basic
motility properties of the kinesin-4 motors DmCos2, MmKIF7,
and MmKIF27. We propose that sequence changes were evo-
lutionarily selected to provide these motors with distinct prop-
erties for their cellular functions. All three motors have been
implicated in the proper formation of cilia and/or in the proper
function of signaling pathways that use the cilium for com-
partmentalization. KIF27 localizes to the base of motile cilia
in mouse tracheal epithelial cells and interacts with Fused for
assembly of the central pair of microtubules in 9+2 motile cilia
(Wilson et al., 2009; Vogel et al., 2011; Nozawa et al., 2013).
Whether KIF27’s slow motility and/or ability to regulate micro-
tubule dynamics are critical for proper formation and/or func-
tion of motile cilia requires further analysis.

Although KIF27 and KIF7 are orthologues of Cos2,
KIF7 is thought to be the mammalian homologue as Cos2 can
functionally replace KIF7 in the zebrafish embryo (Maurya et
al., 2013) and KIF7 can replace some aspects of Cos2 func-
tion in flies (Marks and Kalderon, 2011). Both Cos2 and KIF7
have been shown to complex with transcription factors of the
Hedgehog pathway (Cubitus interruptus [Ci] and Gli proteins,
respectively) and regulate their proteolytic processing to a re-
pressor form. Pathway activation by Hedgehog ligand results
in the release of full-length Ci/Gli and transcriptional activation
(Aikin et al., 2008; Ingham et al., 2011; Lee et al., 2016). Cos2
and KIF7 can also localize to cilia and influence the ciliary lo-
calization of transmembrane signaling proteins (Maurya et al.,
2013; He et al., 2014; Kuzhandaivel et al., 2014; Sanchez et al.,
2016). Given our results, it seems likely Cos2 and KIF7 use
a static interaction with the microtubule lattice to regulate the
proteolytic processing of Ci/Gli and the localization of recep-
tors and other pathway components to the cilium. In contrast,



KIF7’s ability to influence microtubule dynamics is likely re-
quired for its proposed role in regulating cilium tip structure
(He et al., 2014). We thus propose that Cos2 and KIF7 function
not as conventional transport kinesin motors in cells but rather
as microtubule-based tethers. In this regard, it is interesting to
note a parallel situation in the myosin superfamily where my-
osin-18A has very low enzymatic activity and binds actin fila-
ments regardless of nucleotide conditions (Guzik-Lendrum et
al., 2013). It thus appears that during the evolutionary selec-
tion of both the kinesin and myosin superfamilies, motor se-
quences with uncoupled filament and nucleotide binding were
selected to provide a mechanism for tethering components to
the underlying cytoskeleton.

Materials and methods

Plasmids

The constitutively active kinesin-1 constructs rat KIFSC(1-560) fused
to mNG or 3xmCit have been described previously (Cai et al., 2009;
Norris et al., 2015). Full-length MmKIF4 expression plasmid (Mor-
ris et al., 2014) was a gift from G. Gundersen (Columbia University,
New York, NY). Full-length KIF21A expression plasmid (Huang and
Banker, 2012) was a gift from G. Banker (Oregon Health Sciences,
Portland, OR). Full-length DmCos2 was purchased from the Dro-
sophila Genome Resource Center. For truncated MmKIF4(aa 1-484),
MmKIF21A(aa 1-409), MmKIF27(aa 1-370), MmKIF7(aa 1-558),
DmKLP31E(aa 1-409), and CeKLP12(aa 1-393), the coiled-coil
regions were identified by prediction software (MARCOIL), and se-
quences encoding dimeric truncated motors were amplified by PCR
or synthesized by GeneArt (Invitrogen) and subcloned into mNG-N1
or 3xmCit-N1 vectors (based on Takara Bio Inc.’s EYFP-N1 vectors).
The dimeric state of each 3xmCit-tagged motor was tested by photo-
bleaching analysis (Hammond et al., 2009, 2010; Soppina et al., 2014).
Although MmKIF4(aa 1-484), MmKIF21A(aa 1-409), MmKIF7(aa
1-558), and DmKLP31E(aa 1-409) displayed characteristics of a
stable dimer state, the motors MmKIF27(aa 1-370) and CeKLP12(aa
1-393) were largely monomeric. To ensure analysis of dimeric motors,
the LZ sequence of GCN4 (the aa sequence KQLEDKVEELASKNY
HLENEVARLKKLYV) was appended to the C termini of MmKIF27(aa
1-370) and CeKLP12(aa 1-393) as described previously (Tomishige et
al., 2002; Huckaba et al., 2011; Soppina et al., 2014).

For expression in S2 cells, pMT-DmKLP31E(1-409)-mNG
and pMT-CeKLP12(1-393)-mNG were generated by using appro-
priate restriction digestion to insert motor sequences into pMT-mNG
vector. For protein expression and purification from insect cells, trun-
cated KIF27 and KIF7 motors fused with Flag tag were generated by
restriction digestion and subcloning into the pFastBacl vector. For
microtubule gliding assays, KIF5C(1-560)-AviTag was generated
by synthesizing AviTag to replace mNG tag of KIF5C(1-560)-mNG.
The other motors were subcloned to replace KIF5C using appropri-
ate restriction digestion or PCR amplification. HA-BirA and the per-
oxisome targeting construct PEX3-mRFP-2xFKBP (Kapitein et al.,
2010), denoted in this study PEX3-mRFP-FKBP for simplicity, were
gifts from C. Hoogenraad (Utrecht University, Utrecht, Netherlands).
KIF5C (1-560)-mCit-FRB has been described previously (Engelke et
al., 2016). All plasmids were verified by DNA sequencing.

Phylogenetic tree

Sequences of select members of the kinesin-4 family were collected
from the UniProtKB database (Fig. S1 B) with a total of 14 sequences.
Mouse sequences over human homologues were selected where appli-

cable. The sequences were trimmed to the minimal motor domain using
Pfam seed alignment (Kull et al., 1996; Finn et al., 2014) with the pro-
tein family ID PF00225. The sequence of the prototypical human ki-
nesin-1 motor KIF5B was added to permit rooted phylogeny analysis.
An MSA was performed with Bio3D (2.3; Skj@rven et al., 2014) using
default MUSCLE parameters for proteins (Edgar, 2004). Both rooted
and unrooted phylogenetic trees were calculated with this MSA using
BioNJ (Gascuel, 1997) and Kimura protein distance as the distance
metric (Kimura, 1983). Bootstrapping was performed using Seaview
(4.4.2; Gouy et al., 2010) with 1,000 iterations using a single central
processing unit. Phylogenies were annotated and plotted with the R
packages ggtree (Yu et al., 2017) and APE (Paradis et al., 2004). The
alignment annotation of kinesin-4 family motor domain was generated
by STRAP (Gille and Frommel, 2001).

Cell culture, transfection, and lysis

Drosophila S2-DRGC cells obtained from the Drosophila Genome Re-
source Center (RRID: CVCL_Z232) were cultured at 25°C in Schnei-
der’s Drosophila medium (Gibco) supplemented with 10% (vol/vol)
FBS (HyClone). Plasmids for expression of truncated DmKLP3I1E,
DmCos2, or CeKLP12 motors in the pMT vector were transfected into
S2 cells using Cellfectin II (Invitrogen). Protein expression was in-
duced by adding 1 mM CuSO, to the medium 4-5 h after transfection.
The cells were harvested after 48 h.

COS-7 (monkey kidney fibroblast) cells obtained from ATCC
(RRID: CVCL_0224) were cultured in DMEM (Gibco) with 10% (vol/
vol) Fetal Clone IIT (HyClone) and GlutaMAX (Gibco) at 37°C with
5% CO,. For single molecule assays, plasmids for expression of trun-
cated MmKIF4, MmKIF21A, MmKIF27, MmKIF7, or RnKIF5C motors
tagged with mNG or 3xmCit were transfected into cells using Trans-IT
LT1 (Mirus). The cells were harvested after ~16 h. For microtubule
gliding assays, plasmids for expression of the indicated motors fused
with AviTag were cotransfected with a plasmid for expression of HA-
BirA at a ratio of 1:1 into using Trans-IT LT1 (Mirus). The cells were
harvested or fixed after ~16 h. For the inducible peroxisome dispersion
assay, plasmids for expression of the indicated motors tagged with mCit
and FRB were cotransfected with a plasmid for expression of PEX3-
mRFP-FKBP at a ratio of 15:1 using Lipofectamine 2000 (Thermo
Fisher Scientific), and the cells were imaged after ~16 h. All trans-
fections were performed according to the manufacturer’s instructions.

To prepare cell lysates, COS-7 cells 16 h after transfection or
S2 cells 48 h after transfection were harvested and centrifuged at low
speed at 4°C. The cell pellet was washed with PBS and resuspended in
ice-cold lysis buffer (25 mM Hepes/KOH, pH 7.4, 115 mM potassium
acetate, 5 mM sodium acetate, 5 mM MgCl,, 0.5 mM EGTA, and 1%
[vol/vol] Triton X-100) freshly supplemented with 1 mM ATP, 1 mM
PMSF, and protease inhibitor cocktail (P8340; Sigma-Aldrich). | mM
DTT and 10% glycerol were added for S2 cell lysates. After clarifying
the lysate by centrifugation for 10 min at 20,000 g at 4°C, aliquots were
snap frozen in liquid nitrogen and stored at —80°C until further use.

Protein expression and purification

Sf9 cells obtained from Thermo Fisher Scientific were cultured in
suspension with serum-free sf900 II SFM medium (Thermo Fisher
Scientific) supplemented with antibiotic antimycotic (Gibco) in flasks
at 28°C in a non-CO, nonhumidified incubator with an orbital shaker
platform set at 130 rpm. The cells were infected with baculovirus
generated according to the Bac-to-Bac system (Invitrogen). In brief,
plasmids encoding truncated Flag-tagged motors in the pFastBacl
vector were transformed into DH10Bac Escherichia coli to generate
recombinant bacmids. Bacmid DNA was isolated with the HiPure Plas-
mid DNA miniprep kit (Invitrogen) and confirmed by PCR analysis.
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Recombinant bacmid DNA was transfected into Sf9 cells using Cell-
fectin IT (Invitrogen) to produce the P1 recombinant baculovirus. 4 or
5 d after transfection, the supernatant containing P1 baculovirus was
collected by centrifugation at 3,000 rpm for 3 min at 4°C. The bacu-
lovirus was amplified by successive infection of Sf9 cells to generate
P2 and P3 baculoviruses. Baculovirus-containing supernatants were
stored at 4°C in the dark.

For protein purification, Sf9 cells were infected with 10% P3
baculovirus (vol/vol). 1-2 d after infection, the cells were harvested by
centrifugation for 3 min at 3,000 rpm at 4°C. The pellet was washed
once with PBS and resuspended in ice-cold lysis buffer (200 mM NaCl,
4 mM MgCl,, 0.5 mM EDTA, 1 mM EGTA, 0.5% igepal, 7% sucrose,
and 20 mM imidazole-HCI, pH 7.5) supplemented with 2 mM ATP,
1 mM PMSEF, 5 mM DTT, and protease inhibitor cocktail. After 30 min
incubation on ice, the lysates were clarified by ultracentrifugation for
30 min at 60,000 rpm in TLA-100.3 rotor (Beckman Coulter), and the
supernatants were incubated with anti-FLAG M2 agarose (Sigma-Al-
drich) for 1.5 h at 4°C with rotation. Bound proteins were washed with
wash buffer (150 mM KCl, 25 mM imidazole-HCI, pH 7.5, 5 mM
MgCl,, 1 mM EDTA, and 1 mM EGTA) supplemented with 1 mM
PMSEF, 3 mM DTT, 3 mM ATP, and protease inhibitor cocktail and
wash buffer supplemented with | mM PMSF, 3 mM DTT, and protease
inhibitor cocktail, subsequently. Bound proteins were eluted by incu-
bation with elution buffer (25 mM KCI, 25 mM imidazole-HCI, pH
7.5,5 mM EGTA, 2 mM MgCl, 2 mM DTT, and 0.1 mM ATP) supple-
mented with 0.15 mg/ml 3xFLAG peptide (Sigma-Aldrich) overnight at
4°C. Supernatants were collected by centrifugation, and aliquots were
snap frozen in liquid nitrogen and stored in —80°C until further use.

Imaging of live or fixed cells

Cells were rinsed with PBS and fixed in 3.7% (vol/vol) paraformalde-
hyde (Thermo Fisher Scientific) in PBS for 10 min at room tempera-
ture. Cells were imaged after mounting in Prolong Gold (Invitrogen) or
were further processed for immunostaining. Fixed cells were permea-
bilized in 0.2% Triton X-100 in PBS for 5 min and blocked with 0.2%
fish skin gelatin in PBS for 5 min. Primary (rabbit anti-HA; 1:500;
Sigma-Aldrich) and secondary (594 nm anti—rabbit or 488 nm strepta-
vidin; 1:500; Jackson ImmunoResearch Laboratories, Inc.) antibodies
were applied in blocking buffer for 1 h at room temperature in the dark.
The coverslips were mounted using Prolong Gold (Invitrogen). Images
were acquired on an inverted epifluorescence microscope (TE2000E;
Nikon) with a 40x 0.75 NA objective or a 100x 1.40 NA objective and
a CoolSnap HQ camera (Photometrics). The fluorescence images were
analyzed using ImageJ (National Institutes of Health).

For the inducible peroxisome dispersion assays, COS-7 cells
were seeded onto glass-bottomed dishes (MatTek Corporation) and
cotransfected with the indicated motor-mCit-FRB and PEX3-mRFP-
FKBP plasmids. After ~16 h, the cells were washed once and then
incubated in Leibovitz’s L-15 medium (Gibco) and imaged at 37°C in
a temperature-controlled and humidified live-imaging chamber (Tokai
Hit). Live-cell imaging was performed on an inverted total internal
reflection fluorescence (TIRF) microscope Ti-E/B (Nikon) equipped
with the perfect focus system, a 100x 1.49 NA oil immersion TIRF
objective (Nikon), three 20-mW diode lasers (488 nm, 561 nm, and
640 nm), and an electron-multiplying charge-coupled device detector
(iXon X3DU897; Andor). The angle of illumination was adjusted
for maximum penetration of the evanescent field into the cell. Image
acquisition was controlled with Elements software (Nikon). Images
were acquired in both 488- and 561-nm channels every 30 s for the
first 5 min. Then, rapamycin (EMD Millipore) was added to a final
concentration of 44 nM, and the cells were imaged every 30 s for
the next 25 min. Images were analyzed with a custom MATLAB
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(MathWorks) script described by Engelke et al. (2016). In brief, first
peroxisome objects were detected in each image in the 561-nm channel
by a local adaptive thresholding algorithm (Guanglei Xiong; Tsinghua
University;  http://www.mathworks.com/matlabcentral/fileexchange
/8647-local-adaptive-thresholding). Subsequently, the mean distance
of all peroxisome object pixels from a manually determined cell center
was reported for each frame to monitor peroxisome movement over
time. Graphs were generated by Origin (OriginLab).

In vitro fluorescence microscopy assays

Allin vitro imaging assays were performed on an inverted Ti-E/B TIRF
microscope equipped with a perfect focus system, a 100x 1.49 NA oil
immersion TIRF objective, three 20-mW diode lasers (488 nm, 561
nm, and 640 nm) and an electron-multiplying charge-coupled device
detector. Image acquisition was controlled with Elements software.

Microtubule dynamics assay. A flow cell (~10 ul volume) was
assembled by attaching a clean #1.5 coverslip (Thermo Fisher Scien-
tific) to a glass slide (Thermo Fisher Scientific) with two stripes of dou-
ble-sided tape. Microtubules were assembled as previously described
(Norris et al., 2015). Microtubule seeds containing 10% HiLyte647-
and 10% biotin-labeled tubulin (Cytoskeleton Inc.) were generated by
polymerization in the presence of the nonhydrolyzable GTP analogue
GMPCPP (Jena Bioscience) and then immobilized on coverslips in-
cubated sequentially with the following solutions: (A) 1 mg/ml BSA-
biotin (A8549; Sigma-Aldrich), (B) blocking buffer (I mg/ml BSA in
BRBS80 [80 mM Pipes/KOH, pH 6.8, 1 mM MgCl,, and | mM EGTA]),
(C) 0.5 mg/ml NeutrAvidin (31000; Thermo Fisher), (D) blocking buf-
fer, (E) short GMPCPP-stabilized microtubule seeds, and (F) blocking
buffer. Microtubule growth was then initiated by flowing in 10.7 pM tu-
bulin containing 7% X-rhodamine—labeled tubulin (Cytoskeleton Inc.)
together with motor proteins at the indicated concentrations in the reac-
tion buffer (I mM GTP, 2.5 mM ATP, 0.1 mg/ml BSA, 1 mg/ml casein,
1 mM MgCl,, and 0.1% methylcellulose [Sigma-Aldrich] and oxygen
scavenging [1 mM DTT, 10 mM glucose, 0.1 mg/ml glucose oxidase,
and 0.08 mg/ml catalase] in BRB80). The flow cells were sealed with
molten paraffin wax and imaged by TIRF microscopy. Time-lapse im-
ages were acquired in both 561-nm and 640-nm channels at a rate of
every 5 s for 15 min. The temperature was set at 37°C in a tempera-
ture-controlled chamber (Tokai Hit). To determine of the growth rate
and growth length of microtubule plus ends, maximum-intensity pro-
jections were generated, and kymographs (width = 3 pixels) were gen-
erated using ImageJ and displayed with time on the x axis and distance
on the y axis. The growth length was defined as the vertical component
of the kymograph between adjacent catastrophe events. The growth rate
was defined as the growth length divided by the time (horizontal com-
ponent) between adjacent catastrophe events.

Single molecule motility assays. A flow cell was prepared, and
microtubules were assembled as described in the previous section.
Polymerized microtubules were diluted in P12 buffer (12 mM Pipes/
KOH, pH 6.8, 2 mM MgCl,, and 1 mM EGTA) containing 10 uM taxol
and then were infused into flow cells and incubated for 5 min at room
temperature for nonspecific adsorption to the coverslips. Sequentially,
the flow cells were incubated with (A) blocking buffer (15 mg/ml BSA
in P12 with 10 uM taxol) and then (B) kinesin motors in the motility
mixture (0.5—1 pl cell lysate, 2 mM ATP, 6 mg/ml BSA, 0.5 mg/ml ca-
sein, 10 uM taxol, I mM MgCl,, and oxygen scavenging in P12). The
flow cells were sealed with molten paraffin wax and imaged by TIRF
microscopy. The fast imaging rate was set for continuous acquisition of
one frame every 0.1 s for 30 s. The slow imaging rate was one frame
every 3 s for 3 min. Maximum-intensity projections were generated,
and kymographs were produced by drawing along these tracks (width
=5 pixels) using Elements software. The velocity was defined as the
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distance on the y axis of the kymograph divided by the time on the x
axis of the kymograph.

Fluorescence-based microtubule affinity. The amount of motors
across COS-7 lysates was determined by Western Blot using an an-
ti-GFP antibody (ProteinTech). Digital images of the blots were ana-
lyzed by ImageJ. Equal amounts of motors in the final motility mixture
(6 mg/ml BSA, 0.5 mg/ml casein, 10 uM taxol, 1 mM MgCl,, and ox-
ygen scavenging in P12) supplemented with either 5 U/ml apyrase or
2 mM AMPPNP or 2 U/ml hexokinase with 2 mM ADP were added to
flow cells containing polymerized microtubules. The coverslips were
sealed and imaged at room temperature by TIRF microscopy. All the
images were acquired and analyzed using the same conditions. For
each motor in each nucleotide condition, the fluorescence intensities
along the microtubules were measured using ImageJ, and the fluores-
cence intensity of an adjacent region was subtracted as background.
The experiment was repeated two times for each motor with similar
results. The data from two experiments are shown separately in Figs. 7
and S5 because the different protein expression levels between the two
independent experiments made it difficult to pool all the data.

Microtubule gliding assays. A flow cell was prepared, and mi-
crotubules were assembled as described in the Microtubule dynamics
assay section. Biotinylated motors were generated by coexpression of
motors tagged with the 15-aa AviTag and the bacterial biotin ligase
BirA fused with HA tag (HA-BirA) in COS-7 cells. Biotinylated mo-
tors were attached to the coverslip surface by sequential incubation of
flow cells with (A) 1 mg/ml BSA-biotin, (B) blocking buffer (0.5 mg/
ml casein and 10 pM taxol in BRB80), (C) 0.5 mg/ml NeutrAvidin, (D)
blocking buffer, and (E) cell lysates with 2 mM ATP and 0.5 mg/ml
casein in BRB80 and blocking buffer. Taxol-stabilized HiLyte 647—la-
beled microtubules in motility mixture (2 mM ATP, 10 uM taxol, 2 mM
MgCl,, and oxygen scavenging in BRB80) were then added, and the
flow cells were sealed with molten paraffin wax and imaged by TIRF
microscopy. For KIF27 and KIF7, images were acquired at one frame
every 3 s for 3 min. For KIF4 and KIF21A, images were acquired con-
tinuously at 50 ms per frame for 15 s. Maximum-intensity projections
were generated, and the kymographs were produced by drawing along
these tracks (width = 3 pixels) using ImagelJ. Stalled events were ig-
nored. Velocity was defined as the distance on the y axis of the kymo-
graph divided by the time on the x axis of the kymograph.

Statistical tests
Statistical analysis and plots were generated by Origin or Prism (Graph-
Pad Software). The error bars indicate SEM.

Kinetic assays

Kinetic experiments were conducted at 298 K in ATPase buffer
(10 mM Hepes, pH 7.2, using sodium hydroxide, 2 mM magnesium
chloride, 10 mM potassium chloride, and 5% [vol/vol] glycerol)
unless otherwise noted.

Steady-state ATPase measurements. The basal and microtu-
bule-stimulated ATPase activities of KIF27 and KIF7 were measured
by the NADH-coupled assay (Hass et al., 1961; Imamura et al., 1966;
Trentham et al., 1972; Furch et al., 1998; De La Cruz et al., 2000). In
brief, KIF only or microtubule * KIF was diluted to 2x final concentra-
tion in ATPase buffer. ATP was also diluted to 2x final concentration
in ATPase buffer plus 2x NADH cocktail (final concentrations: 1 mM
phosphoenolpyruvate, 0.8 mM NADH, 10 U/ml rabbit pyruvate kinase
[Roche], and 10 U/ml lactic dehydrogenase [Sigma-Aldrich]). To initi-
ate the reaction, equal volumes (80 ul) of KIF only or microtubule * KIF
complex as well as ATP and NADH cocktail were thoroughly mixed
by pipetting, and 150 ul of each reaction was transferred to a 96-
well microplate for absorbance reading at 340 nm using a microplate

spectrophotometer (BioTek). A standard curve from 0-800 uM NADH
was used to convert A340 to ADP product concentration.

Two control reactions were performed: control 1, no kinesin
with all the components of the assay at high microtubule concentration
(10 uM) and high ATP concentration (1 mM); and control 2, no kinesin
and no ATP with all the components of the assay. Both control reactions
gave similar results, and the mean observed velocity was subtracted
from the velocities of the KIF27 reactions in Fig. 8 (B and C).

For ATP-dependent experiments, the initial ATPase velocity
was plotted against the ATP concentration, and the data were fit to the
Michaelis-Menten equation:

[Eo] k.o [ATP]
Voo = K, upt [ATPD

where [E,] is the total concentration of KIF, k,, is the maximum rate
of ATP turnover per KIF active site at infinite [ATP], and K,, s is the
Michaelis constant, which is defined as the [ATP] that yields 1/2 [E,]
k...~ For microtubule-dependent experiments, the initial ATPase veloc-
ity was plotted against the microtubule (MT) concentration, and the
data were fit to the quadratic equation:

Vo=
{ ([Eo] + Kn.iMTJr [MT]) - \/([Eo] + K().S.MT+ [MT])Z - 4[E0] [MT] }
cat 2 ?
+ kbusul

where [E,] is the total KIF concentration, k,, is the maximum rate of
ATP turnover per KIF active site at infinite [MT], K s, is the [MT]
that yields 1/2 [E k., and k;,,, is the experimentally determined basal
rate of ATP turnover at zero [MT]. The basal rate was determined using
NADH-coupled and malachite green assays; both assays gave simi-
lar rates, and this data point (i.e., zero [MT]) was included with the
fit as the y intercept.

Presteady-state kinetic experiments. Stopped-flow measure-
ments were performed at 298 K using a SF-300X stopped-flow appa-
ratus (KinTek Corp.) equipped with a Xenon arc lamp (Hamamatsu
Photonics). Kinetics of the interaction of mant-ADP with KIF7 was
measured by equilibrating the KIF7 mant-ADP (0.5 uM:0.25 uM) com-
plex followed by rapid mixing with 500 uM ATP to chase the mant-
ADP from the active site and with or without 2 uM microtubules or
with or without 5 mM EDTA as described previously (Woodward et
al., 1991). Mant fluorescence was monitored over time, A, ., equaled
356 nm, and A, ., €qualed 448 nm (400 nm long-pass filter). Each
averaged transient was fit to a single exponential equation.

Online supplemental material

Fig. S1 shows sequence alignment and rooted phylogenetic tree of
the motor domains of kinesin-4 family motors. Fig. S2 shows plots
of the effects of KIF27 and KIF7 on the frequencies of microtubule
growth and catastrophe in the in vitro microtubule dynamics assay.
Fig. S3 shows biotinylation of AviTag motors in COS-7 cells. Fig. S4
shows the localization of kinesin-4 motors and peroxisomes before
and after addition of rapamycin in COS-7 cells. Fig. S5 shows flu-
orescence-based microtubule affinity across kinesin-4 motors in dif-
ferent nucleotide states.
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