A unique kinesin-8 surface loop provides
specificity for chromosome alignment
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ABSTRACT Microtubule length control is essential for the assembly and function of the mi-
totic spindle. Kinesin-like motor proteins that directly attenuate microtubule dynamics make
key contributions to this control, but the specificity of these motors for different subpopula-
tions of spindle microtubules is not understood. Kif18A (kinesin-8) localizes to the plus ends
of the relatively slowly growing kinetochore fibers (K-fibers) and attenuates their dynamics,
whereas Kif4A (kinesin-4) localizes to mitotic chromatin and suppresses the growth of highly
dynamic, nonkinetochore microtubules. Although Kif18A and Kif4A similarly suppress micro-
tubule growth in vitro, it remains unclear whether microtubule-attenuating motors control
the lengths of K-fibers and nonkinetochore microtubules through a common mechanism. To
address this question, we engineered chimeric kinesins that contain the Kif4A, Kif18B (kine-
sin-8), or Kif5B (kinesin-1) motor domain fused to the C-terminal tail of Kif18A. Each of these
chimeric kinesins localizes to K-fibers; however, K-fiber length control requires an activity
specific to kinesin-8s. Mutational studies of Kif18A indicate that this control depends on both
its C-terminus and a unique, positively charged surface loop, called loop2, within the motor
domain. These data support a model in which microtubule-attenuating kinesins are molecu-
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larly "tuned"” to control the dynamics of specific subsets of spindle microtubules.

INTRODUCTION

During cell division, microtubule length control is critical for mitotic
spindle positioning, spatial control of chromosome movements,
and cytokinesis. However, it remains unclear how cells regulate the
lengths of the different subpopulations of spindle microtubules nec-
essary for these functions. For example, astral and nonkinetochore
microtubules, which interact with the cell cortex and apply pushing
forces to chromosome arms, display short half-lives, as well as fast
polymerization and depolymerization rates (Zhai et al., 1995;
Tirnauer et al., 2002; Stumpff et al., 2012). In contrast, the microtu-
bules that bind to kinetochores—specialized protein structures that
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assemble at the centromeric regions of mitotic chromosomes—dis-
play relatively long half-lives with slower polymerization and depo-
lymerization rates (Rieder and Salmon, 1994; Zhai et al., 1995).
These kinetochore fibers (K-fibers) consist of 10-45 microtubules,
and changes in their length facilitate the movement and alignment
of chromosomes within the spindle (Rieder and Salmon, 1998).
Whether cells use specialized or generalized mechanisms to control
the lengths of dynamically diverse spindle microtubules is not
understood.

Molecular motors of the kinesin-4 (Kif4A), kinesin-8 (Kif18A and
Kif18B), and kinesin-13 (Kif2A, Kif2B, and MCAK) families play key
roles in regulating spindle microtubule length to facilitate cell divi-
sion in vertebrates (Kline-Smith and Walczak, 2002; Castoldi and
Vernos, 2006; Manning et al., 2007; Mayr et al., 2007; Stumpff et al.,
2008; Stout et al., 2011). The kinesin-13 motors function by induc-
ing microtubule depolymerization, whereas Kif4A and Kif18A di-
rectly attenuate microtubule dynamic instability (Desai et al., 1999;
Bringmann et al., 2004; Bieling et al., 2010; Du et al., 2010; Stumpff
etal.,, 2011, 2012). Whereas individual kinesin-13 motors localize to
and regulate both K-fibers and nonkinetochore microtubules, Kif4A,
Kif18A, and Kif18B display specificity for particular microtubule sub-
sets (Kline-Smith and Walczak, 2002; Moore et al., 2005; Lee et al.,
2010; Stout et al., 2011; Tanenbaum et al., 2011; Stumpff et al.,
2012; Wandke et al., 2012). Before anaphase, Kif4A localizes to
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mitotic chromatin, where it suppresses the lengths and growth rates
of nonkinetochore microtubules (Lee et al.,, 2001; Stumpff et al.,
2012; Wandke et al., 2012). In contrast, Kif18A localizes to and at-
tenuates the dynamics of K-fibers, whereas Kif18B primarily local-
izes to and regulates the lengths of astral microtubules (Mayr
et al., 2007; Stumpff et al., 2008; Lee et al., 2010; Stout et al., 2011;
Tanenbaum et al., 2011).

Although the biochemical activity of Kif18B has not been deter-
mined, Kif18A and Kif4A similarly attenuate microtubule dynamics
but display different motile behaviors. Kif18A and Kif4A are plus
end-directed motors that accumulate at microtubule ends, where
they suppress both polymerization and depolymerization
(Bringmann et al., 2004; Bieling et al., 2010; Stumpff et al., 2012;
Subramanian et al., 2013). Kif4A translocates along microtubules at
a relatively fast velocity, where it forms a steady-state concentration
at microtubule ends, indicating that individual Kif4A molecules
readily dissociate from the microtubule tip (Bringmann et al., 2004;
Bieling et al., 2010; Subramanian et al., 2013). In contrast, Kif18A is
a slow, highly processive motor that stably associates with microtu-
bule ends both in reconstituted systems and in mitotic cells (Du
etal., 2010; Mayr et al., 2011; Stumpff et al., 2011). Stable microtu-
bule end association is significantly reduced for Kif18A mutants
lacking the C-terminal tail. The tail contains microtubule-binding
domains that function to enhance the association of the protein
with microtubules (Mayr et al., 2011; Stumpff et al., 2011; Su et al.,
2011; Weaver et al., 2011). However, Kif18A truncation mutants still
display some capacity to stably associate with microtubule ends,
suggesting that regions within the Kif18A motor domain also con-
tribute to microtubule tip binding (Stumpff et al., 2011). These dif-
ferences in motor activity raise the question of whether Kif18A and
Kif4A control microtubule lengths through a common mechanism
or contain unique molecular attributes that facilitate their regulation
of particular microtubule subsets.

To address this question, we tested the ability of the Kif4A,
Kif18B, and Kif5B (kinesin-1) motor domains to functionally substi-
tute for Kif18A during mitotic chromosome alignment. The kinesin-8
motor Kif18B, but not Kif4A or Kif5B, was capable of controlling K-
fiber lengths to facilitate chromosome alignment, indicating that
KifdA and human kinesin-8 motors control microtubule lengths
through distinct mechanisms. Furthermore, a positively charged sur-
face loop within the motor domains of kinesin-8s, called loop2, is
required for stable association with K-fiber ends, chromosome align-
ment, and spindle length control. These data support a model in
which unique molecular structures within the motor domains of mi-
crotubule-attenuating kinesins facilitate their specific control of K-
fiber versus nonkinetochore microtubule dynamics.

RESULTS

The Kif18A tail is not sufficient to facilitate accumulation

of plus end-directed motors at K-fiber ends

The Kif18A C-terminal tail is necessary for the motor's accumulation
at K-fiber plus ends (Stumpff et al., 2011). To determine whether the
Kif18A tail is sufficient to facilitate the concentration of other plus
end-directed kinesins at K-fiber ends, we engineered chimeric kine-
sins consisting of the motor and neck-linker domains of Kif18B (kine-
sin-8), Kif4A (kinesin-4), and Kif5B (kinesin-1) fused to the Kif18A C-
terminus (Figure 1A). Chimeric kinesins were expressed as enhanced
green fluorescent protein (EGFP)-fusion proteins in Hela cells de-
pleted of endogenous Kif18A, and cells with similar GFP fluores-
cence levels were evaluated (Supplemental Figure S1). Kif18A small
interfering RNA (siRNA)-treated cells expressed 9.8 + 1.3% of the
Kif18A detected by Western blot in control-treated cells (Figure 1B).
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Whereas all of the chimeras localized to K-fibers, only wild-type
Kif18A and the Kif18B-18A chimera efficiently concentrated at K-fi-
ber ends (Figure 1, C and D). Of interest, the Kif4A-18A chimera
displayed accumulation at the ends of K-fibers on the spindle pe-
riphery but not at the ends of those on the spindle interior. In con-
trast, the Kif5B-18A chimera was uniformly distributed on the spin-
dle (Figure 1, C and D). These data indicate that the Kif18A-tail can
target plus end- directed kinesins to K-fibers; however, an element
common to the kinesin-8 motors Kif18A and Kif18B is additionally
required for efficient accumulation at K-fiber ends.

A kinesin-8 motor domain specific activity facilitates stable
binding of motors at K-fiber ends
Given the ability of purified Kif4A to form a steady-state accumula-
tion at the ends of stable microtubules in vitro, the accumulation of
Kif4A-18A specifically at the ends of peripheral K-fibers could be
explained if peripheral and interior K-fibers display differences in
their dynamic instability (Subramanian et al., 2013). Consistent with
this, previous studies demonstrated significant reduction in the oscil-
latory movements of kinetochores, which are closely coupled to K-
fiber dynamic instability, on the periphery compared with those in
the interior of the spindle (Canman et al., 2002; Cimini et al., 2004;
Stumpff et al., 2008). Thus we hypothesized that peripheral K-fibers
provide a stable track that allows a steady-state accumulation of
Kif4A-18A. To test this idea, we briefly treated Kif18A-depleted
Hela cells expressing GFP-tagged chimeric kinesins with the micro-
tubule-stabilizing drug Taxol (10 uM) and then analyzed kinesin lo-
calization. Similar to the previously observed behavior of Kif18A-FL
in Taxol-treated cells, the concentration of each of the chimeric kine-
sins at the ends of K-fibers was increased after Taxol addition
(Figure 2, A and B; Stumpff et al., 2011). GFP-chimera signal accu-
mulated to K-fiber ends within 60-90 s of Taxol addition (Figure 2C).
Of importance, this rapid accumulation is consistent with efficient
plus end-directed movement of active motors to microtubule ends.

Although the localization of these chimeras was similar in Taxol-
treated cells, it was not clear whether their behavior at K-fiber ends
was comparable. To address this question, we used a fluorescence
recovery after photobleaching (FRAP) assay to examine the kinetics
of chimeric kinesins at K-fiber ends in Taxol-treated cells. For these
experiments, a small region of interest containing GFP-kinesin was
photobleached near a monomeric red fluorescent protein (mRFP)-
CENP-B labeled centromere, and fluorescence recovery was visual-
ized at 2-s intervals (Figure 3A). Wild-type Kif18A and the Kif18B-
18A chimera displayed only a small mobile fraction at K-fiber ends
under these conditions, consistent with previous studies of Kif18A
turnover (Stumpff et al., 2011; Figure 3B and Table 1). In contrast,
the Kif4A-18A and Kif5B-18A chimeras displayed significantly higher
mobile fractions at K-fiber ends (Figure 3B and Table 1). A Kif18A
truncation mutant (Kif18A-770) that lacks the microtubule-binding
regions at the C-terminal end of the tail accumulates at K-fibers
ends specifically in Taxol-treated cells (Supplemental Figure S2).
Kif18A-770 displays an increase in the mobile fraction at K-fiber
ends but does not fully recover (Figure 3B, Supplemental Figure S2,
and Table 1). These data indicate that Kif18A's stable association at
K-fiber ends requires both the C-terminal tail and a kinesin-8 motor-
specific element that is shared between Kif18A and Kif18B. Further-
more, the behavior of Kif4A-18A and Kif5B-18A at the ends of Taxol-
stabilized K-fibers is consistent with these motors forming a
steady-state accumulation, similar to that observed for purified
Kif4A (Subramanian et al., 2013).

The rates of fluorescence recovery in FRAP experiments,
measured as the half-time to max recovery (t,,) or the percentage
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The Kif18A C-terminus targets plus end—directed motors to K-fibers but is not sufficient for accumulation at
K-fiber ends. (A) Schematic of Kif18A-tail chimeras. Numbers in parentheses indicate the amino acids used in each fragment.
(B) Western blots of lysates transfected with the indicated siRNAs and GFP-tagged transgenes. Purified Kif18A-GFP (30 ng)
was included for comparison. Blots were probed with anti-Kif18A (top) and anti-GAPDH (bottom) antibodies. The amount of
Kif18A expressed in Kif18A siRNA-treated cells from three independent experiments is 9.8 + 1.3% relative to controls. Note
that Kif18A-770 does not contain the epitope recognized by the anti-Kif18A antibody. An anti-GFP blot of this sample is
included in Supplemental Figure S2. (C) Fluorescence micrographs of the indicated GFP-tagged kinesins (green) in
Kif18A-depleted HeLa cells immunostained with ACA (centromeres, red) and tubulin (blue). (D) Line scans of GFP-tagged
kinesin (green trace) relative to tubulin (blue trace) and ACA fluorescence (red trace) along peripheral K-fibers.
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of the indicated GFP-tagged kinesins (green) in Kif18A-depleted Hela cells after a 5-min incubation with 10 uM Taxol.
Cells were immunostained with ACA (centromeres, red) and tubulin (blue). (B) Line scans of GFP-tagged kinesins (green
trace) relative to tubulin (blue trace) and ACA (red trace) along K-fibers in 10 pM Taxol-treated cells. (C) Still images
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after the 0-s image was captured.
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A kinesin-8-specific activity is required for stable association with K-fiber ends. (A) Stills from FRAP assays
performed in live, Taxol-treated, Kif18A-depleted Hela cells expressing the indicated GFP-tagged kinesin. Fluorescence
intensity was measured before (-2 s) and after (0-60 s) a brief pulse with a 405-nm laser focused to the region indicated
by the green circle. (B) Plot of relative GFP fluorescence as a function of time after a bleaching event for the indicated
kinesins. Dashed lines are single-exponential fits to the data. Note that the Kif18B-18A and Kif18A-FL data did not fit a
single exponential. Quantified data from FRAP experiments are reported in Table 1. Representative images of
Kif18A-770 are included in Supplemental Figure S2.

Fraction recovered 30 s

GFP-kinesin tq/2 (s) Mobile fraction (%) after bleach (%) Number of cells
Kif18A-FL 45.0+£20.0 18.6 +8.8 6.6+4.0 8
Kif18B-18A 19.5+£5.0%* 20.9+£8.2 12.2+4.9 4
Kif4A-18A 10.4 £ 3.3** 43.2 £ 21.5%* 40.4 £ 20.7** 9
Kif5B-18A 8.3 £2.9** 57.5+£16.3** 51.9 £ 14.3** 6
Kif18A-770 20.4 £ 8.0** 39.1+17.0** 23.5+£10.5** 9
Kif18A-L2-K6A 16.2 £5.7** 37.6 £17.0** 29.4 + 14.9%* 10
Kif18A-AL2 13.7 £8.4** 30.8 £10.7* 22.9 £ 9.9%* 6
Kif4A-L2-18A 18.7 £ 9.9%*# 25.9 £5.0%# 16.9 £ 6.1**# 9

*p <0.05 compared with Kif18A-FL, **p < 0.01 compared with Kif18A-FL, p < 0.05 compared with Kif4A-18A.

FRAP measurements of kinesin behavior at K-fiber ends in Taxol-treated cells.
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of recovery after 30 s, also differed among the kinesins tested.
The three kinesin-8 motor—containing constructs displayed rela-
tively slow rates of recovery compared with the Kif4A-18A and
Kif5B-18A chimeras (Figure 3B and Table 1). The rates of recov-
ery correlate with the previously reported plus end-directed ve-
locities measured for single molecules of full-length kinesin-8
(75-199 nm/s for Kif18A), tailless Kif18A (210-299 nm/s),
kinesin-4 (800 nm/s for Xklp1), and Kif5B (780 nm/s for Kif5B-560),
consistent with fluorescence recovery being facilitated by direc-
tional movement of motors into the bleached region (Lakamper
etal., 2003; Bieling et al., 2010; Mayr et al., 2011; Stumpff et al.,
2011).

Kif18A loop2 is required for its accumulation and stable
binding at K-fiber ends

To understand the molecular basis of the differences in K-fiber
end association displayed by kinesin-8 motors compared with
Kif4A and Kif5B, we compared the sequences of these proteins to
look for candidate structures in the kinesin-8s that might explain
their ability to stably bind microtubule ends. This analysis re-
vealed that Kif18A and Kif18B contain an extended loop2 region
compared with Kif4A and Kif5B (Figure 4A). Kif18A loop2 con-
tains six lysine residues, four of which are conserved in Kif18B
(Figure 4A). Structural studies indicate that this positively charged
extension in Kif18A directly contacts the negatively charged sur-
face of o-tubulin (Peters et al., 2010). Furthermore, a similar loop2
structure is necessary for the microtubule depolymerization activ-
ity of kinesin-13 motors (Ogawa et al., 2004; Shipley et al., 2004).
To test whether this unique surface loop contributes to kinesin-
8-specific K-fiber end-binding activity, we engineered Kif18A
mutants that contain a truncated loop2 (Kif18A-L2A) or alanine
substitutions at each of the six lysine residues in loop2 (Kif18A-
L2-K6A; Figure 4A).

When expressed in mitotic cells depleted of endogenous Kif18A
(Figure 4B), neither Kif18A-L2A nor Kif18A-L2-K6A efficiently accu-
mulated at K-fiber plus ends (Figure 4, C and D). However, both
loop2 mutants accumulated at K-fiber ends in cells briefly treated
with 10 pM Taxol (Figure 5, A and B). The accumulation of Kif18A-
L2-K6A occurred with similar kinetics to those displayed by the chi-
meric kinesins tested in this study; however, the Kif18A-L2A mutant
accumulated more slowly and to a lesser extent, primarily on periph-
eral K-fibers (Figure 5C). FRAP studies revealed that both loop2 mu-
tants displayed an increased mobile fraction at K-fiber ends in Taxol-
treated cells compared with wild-type Kif18A (Figure 5D and Table
1). These data indicate that loop2 is necessary for Kif18As stable
association with K-fiber ends.

To determine whether loop2 and the C-terminal tail of Kif18A
are sufficient for the stable association of plus end-directed mo-
tors with K-fiber ends, we inserted the loop2 region of Kif18A into
the Kif4A-18A chimera (Kif4A-L2-18A; Figure 4A). Kif4A-L2-18A
failed to accumulate at K-fiber ends in cells with dynamic microtu-
bules (Figure 4, C and D) but did concentrate efficiently at ends in
Taxol-treated cells (Figure 5, A-C). In FRAP assays, Kif4A-L2-18A
displayed a significantly reduced mobile fraction and a slower re-
covery rate compared with the Kif4A-18A chimera (Figure 5E and
Table 1). Although the rate of recovery and mobile fraction for
Kif4A-L2-18A were also significantly different from those mea-
sured for Kif18A-FL, they were comparable to the values obtained
from FRAP analyses of Kif18B-18A. These data indicate that Ki-
f18A's loop2 and C-terminal tail underlie the majority of the stable
microtubule-end binding activity displayed by the two kinesin-8
motors.
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The Kif4A motor domain cannot functionally substitute for
Kif18A to control chromosome alignment and spindle length
To determine whether loop2 is required for Kif18A's regulation of
K-fiber lengths during mitosis, we assayed the ability of our chimeric
kinesins and loop2 mutants to facilitate chromosome alignment and
regulate spindle length in cells depleted of endogenous Kif18A.
Cells depleted of Kif18A were transfected with GFP-tagged kinesins
and then treated ~18 h later with MG132 (20 pM), which prevents
anaphase entry (Figure 6A). Cells were then fixed and immunofluo-
rescently stained with antibodies against centromeric (ACA) and
centrosomal (y-tubulin) proteins. Under these conditions, the major-
ity of cells transfected with scrambled control siRNAs and a GFP
control plasmid had well-aligned kinetochores. In contrast, cells
transfected with Kif18A siRNAs and a GFP control plasmid displayed
unaligned kinetochores (Figure 6A).

Chromosome alignment was quantified in cells with similar GFP
expression levels (Supplemental Figure S1) by measuring the distri-
bution of ACA fluorescence along the pole-to-pole axis and com-
puting the full-width at half-maximum of a Gaussian fit to the distri-
bution (Figure 6B). Spindle length was measured as the distance
between the two centrosomes. Kif18A-FL and the Kif18B-18A chi-
meras were able to facilitate chromosome alignment and reduce
spindle length in the absence of endogenous Kif18A (Figure 6, C
and D). In contrast, the Kif4A-18A, Kif4A-L2-18A, and Kif5B-18A chi-
meras were not capable of aligning chromosomes or reducing spin-
dle length compared with GFP-expressing cells depleted of Kif18A
(Figure 6, C and D). Similarly, the Kif18A-L2A and Kif18A-L2-K6A
mutants failed to align chromosomes or reduce spindle length in the
absence of endogenous Kif18A (Figure 6, C and D). These data in-
dicate that loop2 provides an essential activity for Kif18As function
in regulating K-fiber lengths to align mitotic chromosomes. How-
ever, the inability of Kif4A-L2-18A to rescue chromosome alignment
and spindle length in Kif18A-depleted cells suggests that these re-
gions are not sufficient for Kif18A's mitotic functions.

DISCUSSION

The molecular control of microtubule dynamics is essential for di-
verse cellular processes, such as division, migration, and morpho-
genesis. Although microtubules are intrinsically dynamic, their
growth and shortening are modulated in cells by polymerizers, de-
polymerizers, and attenuators. This regulation is complex within
structures that comprise closely packed microtubule subpopulations
with dramatically different dynamic properties, such as the mitotic
spindle. The data presented here indicate that the Kif4A and Kif18A
motor domains are not functionally equivalent for spindle microtu-
bule length control and likely attenuate microtubule dynamics
through distinct mechanisms. Furthermore, Kif18A's specific ability
to control K-fiber lengths requires a unique, positively charged
loop2 region common to kinesin-8 motors. This implies that the dif-
ferential control of K-fibers and nonkinetochore microtubules relies
in part on the specialized activities of microtubule-attenuating
kinesins.

Kif4A controls the lengths and dynamics of nonkinetochore mi-
crotubules within the spindle to regulate polar ejection forces and
spindle length (Stumpff et al., 2012; Wandke et al., 2012). Although
Kif4A displays a similar attenuation of microtubule dynamics to
Kif18A, it does not have an extended loop2 region or stably associ-
ate with microtubule ends (Bringmann et al., 2004; Bieling et al.,
2010; Stumpff et al., 2012; Subramanian et al., 2013). Consistent
with loop2 and stable end binding being required for K-fiber length
control, the Kif4A-18A chimera was unable to regulate chromo-
some alignment or spindle length. These data suggest that Kif4A
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and Kif18A attenuate microtubule dynamics through distinct
mechanisms. We speculate that Kif4A's fast velocity facilitates its
steady-state accumulation at the ends of fast-growing nonkineto-
chore microtubules within the spindle. This concentration of motor
could in turn inhibit addition and loss of tubulin. On the assump-
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tion that a threshold of motor accumulation is necessary to attenu-
ate microtubule dynamics, such a mechanism could efficiently con-
trol the lengths of individual microtubules, but stable association
with microtubule tips, as exhibited by the Kif18A and Kif18B motor
domains, may be required to reach the motor concentrations
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necessary to attenuate the dynamics of the 15-20 microtubules in
a Hela cell K-fiber (McEwen et al., 2001).

Kif18A controls K-fiber lengths to spatially confine the move-
ments of mitotic chromosomes to the spindle equator (Stumpff
et al.,, 2008, 2012). This function depends on Kif18A's highly pro-
cessive plus end-directed motility, stable association with micro-
tubule ends, and direct suppression of microtubule dynamics
(Mayr et al., 2011; Stumpff et al., 2011). Microtubule-binding re-
gions found in the C-terminal tails of kinesin-8s promote targeting
of these motors to the ends of microtubules by increasing motor
processivity (Mayr et al., 2011; Stumpff et al., 2011; Su et al., 2011;
Weaver et al., 2011). However, Kif18A's tail does not account for
all of the motor’s microtubule end-specific functions. For exam-
ple, the ability of a Kif18A-truncation mutant lacking the tail to
dwell at microtubule ends and suppress their dynamics is attenu-
ated but not ablated, indicating that these properties are intrinsic
to the Kif18A motor domain (Stumpff et al., 2011). Our data indi-
cate that the loop2 region of kinesin-8s underlies these unique
motor activities.

The contribution of Kif18A's loop2 to its function in controlling
K-fiber lengths is particularly intriguing because an analogous re-
gion is required for kinesin-13-dependent microtubule depolymer-
ization. Kinesin-13 loop2 forms an antiparallel B-sheet structure that
ends with a KVD finger, which is essential for microtubule depo-
lymerization activity but not microtubule binding (Ogawa et al.,
2004; Shipley et al., 2004). These data suggest that kinesin-13 loop2
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has a microtubule end-specific function. Consistent with this, loop2
is necessary for kinesin-13s to induce curvature between o-tubulin
and B-tubulin subunits, an activity predicted to facilitate microtubule
disassembly (Desai et al., 1999; Moores et al., 2002; Tan et al., 2008;
Asenjo et al., 2013).

Our data suggest that, similar to kinesin-13 loop2, Kif18A's loop2
promotes microtubule tip association and functions in the regula-
tion of K-fiber dynamics. However, in contrast to kinesin-13s, loop2
in Kif18A is longer, conformationally dynamic, and lacks a KVD fin-
ger (Peters et al., 2010). Cryo—-electron microscopy studies indicate
that the positively charged Kif18A loop2 directly associates with the
negatively charged surface of a-tubulin (Peters et al., 2010). We
speculate that the structural differences between the loop2 regions
of kinesin-13s and Kif18A could explain the different effects of these
motors on microtubule dynamics. Kif18A's loop2 could analogously
modify the conformation of tubulin at microtubule tips in such a way
that it inhibits loss or gain of tubulin dimers from the end rather than
inducing terminal tubulin removal. Furthermore, stable association
with microtubule tips may perturb the ability of other microtubule
regulators to access microtubule ends. Our analyses of the Kif4A-L2-
18A chimera indicate that although loop2 and the Kif18A tail facili-
tate Kif4A's stable association with K-fiber ends, they are not suffi-
cient for K-fiber length control. Thus other, yet-to-be-identified
differences between the structure and activity of the Kif4A and
Kif18A motors likely contribute to the functional specificity of these
kinesins.
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Kif18B controls the lengths of astral microtubules during mitosis,
but whether it functions as a microtubule attenuator or depolymer-
izer is unresolved (Stout et al., 2011; Tanenbaum et al., 2011). The
similarity between the loop2 regions of Kif18A and Kif18B and the
ability of the Kif18B-18A chimera to functionally substitute for Kif18A
during chromosome alignment in our studies suggest that Kif18B
attenuates microtubule dynamic instability similar to Kif18A. This
implies that differentially localized kinesin-8s may use similar mecha-
nisms to regulate distinct subsets of spindle microtubules. Although
all kinesin-8 motors appear to have an extended loop2, the depo-
lymerizing kinesin-8, Kip3p, has a longer (38 amino acids) and diver-
gent loop2 compared with Kif18A and Kif18B (Gupta et al., 2006;
Varga et al., 2006; Peters et al., 2010). Perhaps differences in the
interactions of kinesin-8 loop2 structures with tubulin at the ends of
microtubules can explain the diversity of effects on microtubule dy-
namics observed for kinesin-8 family members (Gupta et al., 2006;
Varga et al., 2006; Du et al., 2010; Stumpff et al., 2011; Erent et al.,
2012; Niwa et al., 2012).

MATERIALS AND METHODS

Plasmids and siRNAs

Chimeric kinesins were constructed from the codons indicated in
Figures 1A and 4A by overlap extension PCR. Site-directed muta-
genesis was used to make Kif18A-L2A and introduce silent muta-
tions within the motor domains of Kif18A-FL and all Kif18A mutants
to facilitate siRNA resistance (forward primer sequence, 5-CGTC-
CGGAAAACACTAAAGAAAAAGCAGCaGGcTTcCACAAAGTGGT-
TCATGTTGTGG-3'). The Kif18A-L2-K6A construct was synthesized
(Life Technologies, Carlsbad, CA). Construction of mRFP-CENP-B
was previously described (Stumpff et al., 2008). The scrambled con-
trol (Silencer Negative Control #1, Life Technologies) and validated
Silencer Kif18A siRNAs (5-GCUGGAUUUCAUAAAGUGG-3’; Life
Technologies) used were also described previously (Stumpff et al.,
2008, 2012).

Cell culture and transfections

Hela cells were cultured at 37°C and 5% CO; in MEM-alpha (Life
Technologies) containing 10% fetal bovine serum (FBS; Life Tech-
nologies) plus antibiotics. For siRNA transfections, (5-6.5) x 10°
cells were plated in 60-mm? dishes. Approximately 16 h later, cells
were treated with 300 pmol of siRNA complexed with 12 pl of
RNAiMax (Life Technologies) following the manufacturer’s instruc-
tions. After 8 h, cells were trypsinized, pooled, and transfected with
plasmid DNA using a Nucleofector 4D system (Lonza, Walkersville,
MD). Electroporated cells were then plated on 12-mm glass cover-
slips (Electron Microscopy Sciences, Hatfield, PA) for fixed-cell as-
says or poly-L-lysine—coated, 35-mm? glass-bottom dishes (MatTek,
Ashland, MA) for live-cell studies. Cells were treated with 10 uM
Taxol or 20 pM MG132 at 5 min or 2 h before fixation, respectively,
as indicated in the text.

Western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1% NP-40, and 0.1% SDS) 20 h after DNA trans-
fection and 28 h after siRNA addition. Lysates were extracted on ice
for 10 min. An equal volume of 2x Laemmli buffer was then added,
and lysates were boiled for 10 min. Recombinant Kif18A-GFP was
purified as previously described (Stumpff et al., 2011). Lysates and
purified proteins were separated by electrophoresis on 4-15% Tris-
glycine polyacrylamide gels (Bio-Rad, Hercules, CA) and transferred
to polyvinylidene fluoride membrane (Bio-Rad). Membranes were
blocked in Odyssey blocking buffer (1:1 ratio of Tris-buffered saline
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[TBS; 50 mM Tris-Cl, pH 7.4, and 150 mM NaCl] and Odyssey block-
ing reagent [Li-COR, Lincoln, NE]). Blocked membranes were
probed with 1 ug/ml rabbit anti-Kif18A antibodies (Bethyl Laborato-
ries, Burlington, ON, Canada), 4 pg/ml rabbit anti-GFP antibodies
(Life Technologies), or 0.5 pug/ml mouse anti- glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies (Millipore, Billerica,
MA) diluted in Odyssey blocking buffer with 0.1% Tween-20.
Secondary Dylight 800 anti-rabbit immunoglobulin G (IgG) and
DyLight 680 anti-mouse IgG antibodies (Thermo Scientific, Waltham,
MA) were diluted to 0.03 pg/ml in Odyssey blocking buffer with
0.1% Tween-20 and 0.01% SDS. Secondary antibody fluorescence
was detected with an Odyssey CLx (Li-COR). Kif18A knockdown was
quantified from three independent experiments by densitometry
using ImageJ software (National Institutes of Health, Bethesda, MD).
The amount of Kif18A remaining in each Kif18A siRNA treated lysate
was determined by comparing the Kif18A band density to that in
the matched control lysate and correcting for protein load relative to
the GAPDH signal.

Immunofluorescence microscopy

Cells were fixed on coverslips for 10 min in 1% paraformaldehyde
(Electron Microscopy Sciences)/—20° C methanol, washed in 1x TBS,
and blocked in 20% goat serum in antibody-diluting solution (1x
TBS, 2% bovine serum albumin, 0.1% azide, 0.1% Triton-X 100) for
1 h. Cells were labeled with the following primary antibodies:
2.5 pg/ml human anti-centromere serum (Antibodies Incorporated,
Davis, CA), 1 pg/ml mouse anti—o-tubulin (Sigma-Aldrich, St. Louis,
MO), and 1 pg/ml mouse anti—y-tubulin (Sigma-Aldrich). Cells were
labeled with goat anti-human Alexa Fluor 594 or goat anti-mouse
Alexa Fluor 647 secondary antibodies at 1 pg/ml (Life Technolo-
gies). Coverslips were mounted on glass slides in Prolong Gold an-
tifade reagent plus 4’,6-diamidino-2-phenylindole (Life Technolo-
gies). Cells were imaged on a Nikon Ti-E inverted microscope
controlled by NIS Elements software (Nikon Instruments, Melville,
NY) with APO 100x/1.49 numerical aperture (NA) and Plan APO
60x/1.42 NA oil immersion objectives (Nikon Instruments), Spectra-
X light engine (Lumencore, Beaverton, OR), and Clara cooled
charge-coupled device (CCD) camera (Andor, South Windsor, CT).
Optical sections were collected at 200-nm intervals through each
spindle. Representative images are maximum intensity projections
of five optical slices centered on the pole-to-pole axis. Brightness
and contrast were adjusted using Photoshop CS6 (Adobe, San Jose,
CA). Two-dimensional linear protein mapping was performed within
single focal planes using the linescan tool in NIS Elements.

FRAP studies

Kif18A-depleted Hela cells transfected with mRFP-CENP-B and
GFP-tagged kinesin constructs were switched into CO,-independent
medium containing 10% FBS (Life Technologies) just before imag-
ing. For analyses of kinesin redistribution after Taxol addition, mitotic
cells were imaged for 20 s at 10-s intervals, and then an equal vol-
ume of 37°C CO,-independent medium containing Taxol was added
so the final Taxol concentration was 10 uM. Cells were then imaged
at 10-s intervals for 10 min. For FRAP assays, GFP-expressing cells
were imaged at 2-s intervals for 10 s before bleaching. GFP foci near
mRFP-CENP-B foci were then photobleached using a point-focused
405-nm laser, and GFP imaging was continued at 2-s intervals. GFP
fluorescence was quantified in the bleached zone before and after
laser activation using NIS Elements software. Fluorescence data
were analyzed and plotted using Igor Pro (Wavemetrics, Portland,
OR), and statistical comparisons were performed using a Student’s
two-tailed t test. Fluorescence intensities were normalized such that
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the prebleach value is set to 1 and the postbleach value is 0. Imaging
was performed on the Nikon Ti-E inverted microscope described
earlier, but images were captured with an iXon X3 electron-multiply-
ing CCD camera (Andor) to minimize exposure times and
photobleaching.

Quantification of chromosome alignment

Single focal plane images of MG132-arrested cells where both cen-
trosomes were in the same focal plane were captured and rotated
such that the pole-to-pole axis was horizontal. The Plot Profile com-
mand in ImageJ was used to measure the distribution of ACA fluo-
rescence within a rectangular region of interest (ROI) with a length
defined by the distance between the centrosomes and a set height
of 17.5 pm. The average normalized ACA fluorescence in each pixel
column within the ROl was plotted as a function of position along
the pole-to-pole axis and fitted with a Gaussian in Igor Pro. The full-
width at half-maximum of the Gaussian was calculated as a metric
for chromosome alignment in a single cell. Statistical comparisons
were performed using a Student’s two-tailed t test.
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