Discrete regions of the kinesin-8 Kip3 tail
differentially mediate astral microtubule
stability and spindle disassembly
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ABSTRACT To function in diverse cellular processes, the dynamic properties of microtubules
must be tightly regulated. Cellular microtubules are influenced by a multitude of regulatory
proteins, but how their activities are spatiotemporally coordinated within the cell, or on spe-
cific microtubules, remains mostly obscure. The conserved kinesin-8 motor proteins are im-
portant microtubule regulators, and family members from diverse species combine directed
motility with the ability to modify microtubule dynamics. Yet how kinesin-8 activities are
appropriately deployed in the cellular context is largely unknown. Here we reveal the impor-
tance of the nonmotor tail in differentially controlling the physiological functions of the bud-
ding yeast kinesin-8, Kip3. We demonstrate that the tailless Kip3 motor domain adequately
governs microtubule dynamics at the bud tip to allow spindle positioning in early mitosis.
Notably, discrete regions of the tail mediate specific functions of Kip3 on astral and spindle
microtubules. The region proximal to the motor domain operates to spatially regulate astral
microtubule stability, while the distal tail serves a previously unrecognized role to control the
timing of mitotic spindle disassembly. These findings provide insights into how nonmotor tail
domains differentially control kinesin functions in cells and the mechanisms that spatiotempo-
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rally control the stability of cellular microtubules.

INTRODUCTION

Microtubules (MTs) are essential cytoskeletal filaments, composed
of polymerized tubulin, that play organizational and dynamic roles
in eukaryotic cells (Nogales, 2000). MTs are intrinsically dynamic,
and stochastically transition between extended periods of polymer-
ization and depolymerization. When a MT switches into the depoly-

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E18-03-0199) on June 6, 2018.

The authors declare no competing financial or other conflicts of interests.
*Address correspondence to: Mohan L. Gupta (mgupta@iastate.edu).
Abbreviations used: CBZ, carbendazim; CFP, cyan fluorescent protein; DAPI,
4’ 6-diamidino-2-phenylindole; GFP, green fluorescent protein; MT, microtubule;
SPB, spindle pole body; YFP, yellow fluorescent protein.

© 2018 Dave et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available
to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,"” “The American Society for Cell Biology®,"” and “Molecular Biology of
the Cell®"” are registered trademarks of The American Society for Cell Biology.

1866 | S.Dave etal.

merizing state, the transition is termed “catastrophe,” and the tran-
sition out of depolymerization is called a “rescue” (Mitchison and
Kirschner, 1984). They are polar filaments with the “minus end”
typically associated with the MT organizing center, or centrosome,
and the more dynamic “plus end” extending outward toward the
cell periphery. MT-based structures can be complex and long lived
yet also highly dynamic. Thus, cells must control the behavior of
MTs to build networks that are mechanically robust while maintain-
ing sufficient dynamicity and flexibility. For instance, the mitotic
spindle persists throughout mitosis and undergoes dramatic mor-
phological transitions that are essential for cell viability (Goshima
and Scholey, 2010). In early mitosis, anti-parallel MTs emanating
from two centrosomes are cross-linked by proteins of the Ase1/
PRC1/MAP65 family to form a bipolar structure (Schuyler et al.,
2003; Janson et al., 2007). Additional “kinetochore MTs” from op-
posite poles establish connections to sister chromatids. On ana-
phase, the cross-linked MTs must undergo net polymerization to
maintain overlap in the midzone region as the spindle elongates. At
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the same time, kinetochore MTs depolymerize to pull the chroma-
tids to opposite poles. Alongside these processes, dynamic astral
MTs interact with regions of the cortex to position the spindle within
the cell (Pearson and Bloom, 2004). It has been shown in the bud-
ding yeast Saccharomyces cerevisiae that this behavior of astral MTs
is under tight spatial regulation (Fukuda et al., 2014). Defining how
MTs are spatiotemporally controlled is central to understanding dy-
namic MT-dependent processes.

Kinesins are motor proteins that play critical roles in intracellular
transport as well as the organization and dynamics of the MT net-
work. Most kinesins utilize ATP-dependent motor activity to translo-
cate along MTs or to cross-link and slide MTs relative to one another
(Hirokawa, 2011). They can also transport MT regulatory proteins
(Carvalho et al.,, 2004; Gandhi et al., 2011) and, in an expanding
number of cases, can directly modify the dynamic behavior of the
MT (Endow et al., 1994; Desai et al., 1999; Bringmann et al., 2004;
Sproul et al., 2005; Gupta et al., 2006; Mayr et al., 2007; Du et al.,
2010; Chen and Hancock, 2015; Hibbel et al., 2015; van Riel et al.,
2017). Kinesins are typically composed of three components: a cata-
lytic motor domain, a coiled-coil that mediates dimerization, and a
“tail” region. Although some tails are known to bind MTs and form
cross-links via the motor domain (Chandra et al., 1993; Mountain
et al., 1999; Fink et al., 2009; Sturgill et al., 2014), they canonically
bind cargos for molecular transport. In the absence of cargo, the tail
can autoinhibit the motor domain to prevent unproductive transport
activity (Coy et al., 1999; Friedman and Vale, 1999; Stock et al.,
1999). Relative to the biochemical and mechanistic details of the
motor domains, kinesin tails are less well studied, and comparatively
little is known about how they contribute to kinesin functions when
the motors operate in multiple cellular contexts.

Kinesin-8 are a specialized class of kinesins that are critical regu-
lators of MT dynamics. They have N-terminal motor domains with
plus end—directed motility (Pereira et al., 1997; Gupta et al., 2006;
Varga et al., 2006). Family members from diverse species regulate
the length of cellular MTs and structures including the spindle and
cilia (Cottingham and Hoyt, 1997; Straight et al., 1998; West et al.,
2001; Garcia et al., 2002; Gandhi et al., 2004; Goshima and Vale,
2005; Goshima et al., 2005; Wang et al., 2010; Weaver et al., 2011,
Niwa et al., 2012), and several have been shown to directly control
MT dynamics (Gupta et al., 2006; Varga et al., 2006; Mayr et al.,
2007; Du et al., 2010; Stumpff et al., 2011; Wang et al., 2016; Locke
et al., 2017). The budding yeast kinesin-8, Kip3, is a multifunctional
regulator that contains four distinct activities: plus end—directed mo-
tility, depolymerase activity, anti-parallel MT cross-linking, and a
poorly understood MT stabilizing property (Gupta et al., 2006;
Varga et al., 2006; Su et al., 2011, 2013; Arellano-Santoyo et al.,
2017). Kip3 also functions in discrete cellular contexts. During the
process of anaphase spindle positioning, it destabilizes a subset of
cellular MTs spatially at the bud tip and then stabilizes those same
MTs near the bud neck (Fukuda et al., 2014). Kip3 also controls the
length of the anaphase spindle by destabilizing MTs when they
overgrow the spindle midzone region (Rizk et al., 2014). Moreover,
although Kip3 does not destabilize MTs within the midzone during
anaphase, it readily disassembles the midzone on mitotic exit
(Woodruff et al., 2010). Currently, the molecular basis for the spatial
and temporal regulation of Kip3 activities, or those of related kine-
sin-8s, is essentially unknown.

Here we investigate the role of the nonmotor tail in mediating
the spatiotemporal functions of Kip3. We find that in the absence of
the tail, the motor domain alone is sufficient to control astral micro-
tubule dynamics at the bud tip to position the spindle in early mito-
sis. On the basis of structural features, we identify two distinct
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regions of the tail that confer opposite sensitivities to MT destabiliz-
ing compounds and show how they differentially mediate Kip3 func-
tion in specific cellular contexts. While one region operates to drive
Kip3-dependent rescue of astral MTs spatially within the cytoplasm,
analysis of the other reveals a novel role for the tail in temporally
controlling spindle disassembly. These findings demonstrate the
importance of the nonmotor regions in directing kinesin function in
discrete physiological contexts and provide insight into the mecha-
nisms that spatiotemporally control cellular microtubules.

RESULTS

Distinct regions of the Kip3 tail confer opposite sensitivities
to MT destabilizing compounds

The C-terminal 481-805 residues, or “tail,” of Kip3 influences activi-
ties, including antiparallel MT cross-linking and MT stabilization
(Figure 1A) (Su et al., 2013; Fukuda et al., 2014). The mechanisms
underlying these activities, and whether specific activities are medi-
ated by distinct regions of the tail, remain unknown. Analysis of the
predicted structure of the Kip3 tail reveals regions with distinct
structural features (Supplemental Figure S1) (Kelley et al., 2015). The
region most proximal to the N-terminal motor and coiled coil, resi-
dues ~481-690, is strongly predicted to be continuous a-helix. Fol-
lowing this, the distal ~690-805 region is composed of several
shorter a-helices interspersed among less ordered sections.

We hypothesized that these structurally distinct “proximal” and
“distal” regions of the Kip3 tail mediate specific cellular activities. To
test this idea, we modified endogenous KIP3 to remove the region
encoding residues 691-805 and express the truncated “Kip3-
Adistal” protein. Removal of the entire tail (481-805) in the
"Kip3AT-LZ" protein produces resistance to the MT destabilizing
drugs benomyl and carbendazim, indicating that the tail is needed
for efficient MT destabilization in vivo (Figure 1B) (Su et al., 2011;
Fukuda et al., 2014). Conversely, removal of only the distal region
results in hypersensitivity, suggesting MTs are excessively destabi-
lized in KIP3-Adistal cells (Figure 1B). Expression levels of Kip3 and
Kip3-Adistal are indistinguishable (Figure 1C). Thus, the increased
carbendazim sensitivity does not result from elevated Kip3-Adistal
levels but rather altered activity between Kip3 and Kip3-Adistal. No-
tably, the proximal and distal regions of the tail confer opposite phe-
notypes. Relative to the tailless Kip3AT-LZ, inclusion of the proximal
481-690 region generates carbendazim hypersensitivity with Kip3-
Adistal (Figure 1B). Further addition of the distal region increases
resistance with full-length Kip3 (Figure 1B). Together the results sug-
gest that the proximal and distal tail regions mediate distinct cellular
functions.

Kip3-Adistal localizes to MT plus ends and regulates overall
MT dynamics similarly to full-length Kip3

In G1, preanaphase, and anaphase cells with properly positioned
spindles, Kip3-3YFP is observed as discontinuous speckles along
the length, and prominent foci at the plus ends of polymerizing but
not depolymerizing astral MTs (Gupta et al., 2006). Kip3 also local-
izes to the mitotic spindle during preanaphase and anaphase (Gupta
et al., 2006). Throughout the cell cycle, the localization of Kip3-
Adistal closely resembles that of full-length Kip3 (Figure 2A). Addi-
tionally, quantitative analysis of astral MTs in G1 cells shows similar
amounts of Kip3-3YFP and Kip3-Adistal-3YFP localize to MT plus
ends (Figure 2B).

We next examined how Kip3-Adistal regulates astral MT dynam-
ics. In both G1 and anaphase cells, MT polymerization and depoly-
merization rates are similar in cells harboring Kip3 or Kip3-Adistal
(Table 1). In contrast, MTs in kip3A cells depolymerize significantly
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FIGURE 1: The proximal and distal regions of the Kip3 tail confer opposite sensitivities to
microtubule destabilizing compounds. (A) Molecular organization and associated activities of the
budding yeast S. cerevisiae kinesin-8, Kip3. Numbers represent amino acid residues. (B) Relative
carbendazim (CBZ) sensitivity of cells lacking the entire tail (KIP3AT-LZ) (Su et al., 2011) or only
the distal tail region (KIP3-Adistal) relative to kip3A and KIP3 control cells. Serial dilutions of each
strain were plated onto rich media containing increasing concentrations of CBZ and grown at
24°C for 3 d. Relative to tailless Kip3 (KIP3AT-LZ), inclusion of the proximal tail results in high
CBZ sensitivity (KIP3-Adistal), while further addition of the distal tail increases resistance (KIP3).
(C) Full-length Kip3 and Kip3-Adistal are expressed at comparable steady-state levels. Western
blot of strains expressing the indicated version of Kip3 from the endogenous KIP3 promotor.
Kip3 and Kip3-Adistal were detected by fusion to the myc epitope tag. Actin was blotted as a
loading control. Kip3AT-LZ and Kip3 were previously shown to be expressed at similar levels

(Su et al., 2011). In A, secondary structure was predicted as in Supplemental Figure S1.

faster than those in KIP3 or KIP3-Adlistal cells (Table 1). Kip3 regulates
the frequency of MT catastrophe and rescue events. Although these
transitions are regulated spatially in vivo (Gupta et al., 2006; Fukuda
et al., 2014), the effect is reflected in the overall length of astral MTs
(Cottingham and Hoyt, 1997). While MTs in kip3A cells are clearly
longer than those in control cells harboring full-length Kip3, MT
length in KIP3-Adistal cells matches that in control cells throughout
the cell cycle (Figure 2C). Overall, these data demonstrate that the
distal tail region is required neither for the general localization to
astral MTs nor for the overall regulation of their dynamics by Kip3.

Kip3-Adistal regulates astral MT dynamics at the bud tip
during Kar9-dependent early spindle positioning

The budding yeast spindle is positioned by two major, yet distinct,
mechanisms (Pearson and Bloom, 2004). In early mitosis, the Kar9-
dependent mechanism positions the spindle adjacent to the bud
neck. During anaphase, the dynein-dependent mechanism pulls
one spindle pole body (SPB; yeast centrosome) through the bud
neck. Strains lacking a single mechanism remain viable. However,
the loss of components from both pathways prevents spindle posi-
tioning and thus results in synthetic lethality.

Kip3 functions in Kar?-dependent spindle positioning (Cotting-
ham and Hoyt, 1997; DeZwaan et al., 1997; Miller et al., 1998),
which involves myosin-dependent transport of MT plus ends along
polarized actin cables to the bud tip (Pearson and Bloom, 2004).
Once there, Kip3 halts MT polymerization and induces catastrophe
(Gupta et al., 2006). In kip3A cells, prolonged MT interaction and
excessive polymerization at the bud tip repeatedly pushes the spin-
dle away from the bud neck and disrupts Kar?-mediated positioning
(Gupta et al., 2006). As a result, kip3A is synthetic lethal with dyn1A
(DeZwaan et al., 1997; Miller et al., 1998). When diploid cells hetero-
zygous for both KIP3-Adistal and dyn 1A are sporulated, KIP3-Adistal
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We next looked at spindle positioning in
cells expressing green fluorescent protein
(GFP)-tagged tubulin (GFP-Tub1). In control
KIP3 cells, the early spindle in small budded
cells is efficiently positioned in the mother
cell adjacent to the bud neck (Figure 3B). In
kip3A cells, they are positioned throughout
the mother cell (Figure 3B). Similarly to con-
trol cells, the spindle in KIP3-Adlistal cells is
also positioned near the neck (Figure 3B).
This result prompted us to examine spindle
positioning in the absence of the entire Kip3
tail. It was previously shown that, due to re-
duced processivity, cells require two copies
of KIP3AT-LZ-YFP for complete localization
to astral MT plus ends (Su et al., 2011). We
found that early spindles are properly posi-
tioned in 2x KIP3AT-LZ cells (Figure 3B).
Moreover, as in control KIP3 and KIP3-
Adistal cells, spindles are also positioned
properly in cells harboring a single copy of
KIP3AT-LZ (Figure 3B). Together these data
show that the entire tail of Kip3 is not required and that the motor
and coiled-coil alone control astral MT dynamics sufficiently to facili-
tate the Kar9-dependent spindle positioning mechanism.
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The proximal region of the Kip3 tail spatially mediates
astral MT rescue

When anaphase spindles are mispositioned, dynein motors bound
to astral MTs anchor on the bud cortex and pull the astral MT, with
its associated SPB, through the bud neck to properly realign the
spindle (Lee et al., 2003; Sheeman et al., 2003). In these cells, Kip3
localizes asymmetrically to specific subsets of astral MTs; although it
continues to localize as foci at the plus ends of astral MTs in the
mother, Kip3 localizes prominently along the length of those in the
bud compartment (Fukuda et al., 2014). Additionally, Kip3 differen-
tially regulates MT lifetime in the mother and bud and spatially con-
trols MT stability within the bud (Fukuda et al., 2014). To reproduc-
ibly generate cells with mispositioned anaphase spindles, we
inhibited dynein function (dyn1A). Similarly to full length, Kip3-
Adistal localizes to the plus ends of MTs in the mother and along the
length of astral MTs specifically inside the bud (Figure 4A).

The asymmetric localization of Kip3 is correlated with the spatial
regulation of MT dynamics. Astral MTs in the mother display dy-
namic parameters similarly to typical yeast MTs and persist for an
average lifetime of ~2 min before depolymerizing back to the SPB.
In the bud, Kip3 induces catastrophe specifically when MTs reach
the bud tip and subsequently induces rescue of depolymerizing MTs
near the bud neck, which dramatically extends MT lifetime within
the bud (Fukuda et al., 2014). In KIP3-Adistal cells, astral MTs in the
mother display typical lifetimes of ~2 min. However, those in the
bud undergo repeated cycles of polymerization and depolymeriza-
tion with dramatically extended lifetimes (Figure 4B). We previously
showed that without the entire tail, the Kip3 motor and coiled coil
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the tail region 481-805 is required for this
function (Figure 4D). As in control KIP3
cells, depolymerizing MTs undergo rescue
before exiting the bud in cells harboring
Kip3-Adistal (Figure 4D). Thus, the distal tail
region 691-805 is not required for spatially
induced rescue in the bud, and the proxi-
mal region from 481 to 690 is capable of
carrying out this function of Kip3.

Brightfield

KIP3-Adistal is a gain-of-function allele
controlling anaphase spindle length

Since the distal tail is not required for the
known functions of Kip3 on astral MTs, ex-
amined above, we investigated its role in
the mitotic spindle. Kip3 regulates spindle
length during anaphase by depolymerizing
interpolar MTs that grow beyond the mid-
zone, which governs the size of the mid-
zone and limits the spindle elongation
forces generated within (Rizk et al., 2014).
As a result, spindles stop elongating once
they have attained a length equal to that of
the cell. On mitotic exit Kip3 also disassem-
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FIGURE 2: Effect of the Kip3 tail on localization and regulation of astral MT length. (A) Kip3
(left) and Kip3-Adistal (right) localize similarly as prominent foci at the plus ends of astral MTs and
to preanaphase and anaphase spindles. Representative images of cells expressing CFP-tubulin
and YFP-labeled Kip3 or Kip3-Adistal are shown. (B) Amount of Kip3-3YFP and Kip3-Adistal-3YFP
on MT plus ends in G1 cells. Center line is median, boxes represent the 25th to 75th percentiles,
and whiskers encompass from 2.5 to 97.5 percentiles; (+) represents mean values. (C) Astral MT
length in G1, preanaphase, and anaphase cells of the indicated genotype. For kip3A, p < 0.001
vs. KIP3 and KIP3-Adistal at all stages. KIP3 vs. KIP3-Adistal are not statistically significant. Mean
n =118 for Kip3-3YFP and 111 for Kip3-Adistal-3YFP; (C) n> 150 MTs for

+ SD. (A) Bar, 2 pm; (B)
each cell type in each category.

are sufficient to induce catastrophe at the bud tip, similarly to full-
length Kip3 (Fukuda et al., 2014). Consistent with this, Kip3-Adistal
also induces catastrophe almost exclusively when MTs reach the
bud tip (Figure 4C). After undergoing catastrophe, nearly all depo-
lymerizing MTs in KIP3 cells undergo rescue before they exit the bud
compartment (Figure 4D). In contrast, the majority of MTs in the
tailless 2x KIP3AT-LZ cells, which display KIP3AT-LZ localization simi-
lar to full-length Kip3 (Fukuda et al., 2014), fail to rescue and subse-

bles the spindle (Woodruff et al., 2010).

To test the idea that the distal tail medi-
ates Kip3 activity on the spindle, we moni-
tored anaphase spindle elongation in cells
expressing GFP-Tub1 (a-tubulin). Spindle
elongation in kip3A cells is not properly ter-
minated and, as a result, spindles are sig-
nificantly longer than in control cells and
often exceed cell length at the time of dis-
assembly (Figure 5, A and B). By contrast,
spindles in KIP3-Adistal cells do not attain
the length observed in control cells (Figure
5A) and are disassembled when signifi-
cantly shorter than the length of the cell
(Figure 5B). The rate of spindle elongation during the initial fast
period of anaphase is slower in KIP3-Adistal cells relative to both
KIP3 and kip3A cells (Figure 5, C and D). Although not statistically
significant, elongation during the subsequent slow phase is also
somewhat reduced in the KIP3-Adistal cells (Figure 5, C and D). If
the reduced elongation rates simply account for the shorter termi-
nal spindle length in KIP3-Adistal cells, then the timing from
anaphase onset to spindle breakdown should remain similar in

Anaphase

KIP3

kip3A KIP3-Adistal

G1

Growth rate, pm/min 1.74+£0.77 (16)
Shortening rate, pm/min -2.60+£0.86 (21)
Anaphase

Growth rate, pm/min 1.32+0.34 (19)

Shortening rate, um/min -2.21+0.77 (18)

1.33+£0.49 (13)
-3.28+£0.94 (17)*

1.46 +0.34 (12)
~2.53+0.74 (19)

1.03£0.14 (11)*
-2.88+£0.78 (10)*

1.47 £0.40 (22)
-2.10+£0.35(23)

For KIP3, kip3A, and KIP3-Adistal cells, a total of 1664 and 2058, 1266 and 2402, and 1578 and 1812 s of microtubule lifetime were analyzed for G1 and anaphase
cells, respectively. Rates are reported as mean + SD; number of events is in parentheses; *p < 0.05 by unpaired two-tailed Student’s t test.

TABLE 1: In vivo parameters of microtubule dynamics for astral microtubules in KIP3, kip3A, and KIP3-Adistal cells.
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For each category, kip3A is statistically different vs. each cell type. Graph shows three
experiments where n =239, 124, 127 for KIP3; 221, 111, 49 for KIP3-Adlistal; 182, 129, 150 for
KIP3AT-LZ; 241, 140, 189 2x KIP3AT-LZ; and 180, 106, 117 for kip3A.
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FIGURE 4: The proximal region of the Kip3 tail spatially mediates astral MT rescue. (A) In
anaphase cells with mispositioned spindles, Kip3 and Kip3-Adistal localize asymmetrically to
astral MTs in the bud compartment. Representative images of cells expressing CFP-tubulin and
YFP-labeled Kip3 or Kip3-Adistal. (B) Astral MT lifetime history plots from a representative
KIP3-Adistal cell with mispositioned anaphase spindle. Relative to those in the mother
compartment, MTs in the bud (top trace) undergo extended cycles of polymerization and
depolymerization. (C, D) Location of (C) catastrophe and (D) rescue events in the bud of
anaphase cells with mispositioned spindles. In contrast to tailless Kip3AT-LZ, but similarly to
full-length Kip3, Kip3-Adistal promotes rescue of depolymerizing MTs near the bud neck. The
x-axis represents events within each third of the bud. (C) The rightmost group represents MTs
that overgrow the bud and curl around the bud tip prior to catastrophe. (D) The leftmost
category depicts MTs that depolymerize out of the bud without undergoing rescue.
Mispositioned anaphase spindles were generated by dyn7A. (A) Bar, 2 pm; (C, D) catastrophe
and rescue events for KIP3 = 125 and 121, for 2x KIP3AT-LZ = 76 and 80, and for KIP3-Adistal =
125 and 118, respectively.
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KIP3-Adiistal and KIP3 cells. This duration is
significantly reduced in KIP3-Adistal cells,
however, indicating that spindles in these
cells break down sooner than those in con-
trol cells (Figure 5E). In contrast, the dura-
tion from anaphase onset to spindle break-
down is substantially increased in kip3A
cells (Figure 5E).

The distal tail prevents spindle
midzone destabilization

Our results indicate that spindles may be
prematurely disassembled in KIP3-Adistal
cells. Thus, we examined whether the distal
tail influences the timing of spindle disas-
sembly. When cells exit mitosis, at least
three mechanisms function to disassemble
the spindle (Woodruff et al., 2010). In one
mechanism, the kinase Aurora B (Ipl1) phos-
phorylates MT-associated proteins to desta-
bilize spindle MTs. In a second, ubiquitin-
mediated degradation of midzone proteins
separate the spindle halves. And in the third
mechanism, Kip3 functions independently
of the other two mechanisms to drive depo-
lymerization of the spindle MTs. We rea-
soned that if the distal tail functions to pre-
vent spindle midzone destabilization, then
the requirement for Kip3-independent
mechanisms of spindle disassembly may be
diminished in KIP3-Adistal cells.

When cells exit mitosis, both the spindle
is disassembled and the actinomyosin ring
contracts at the bud neck to facilitate cyto-
kinesis. To test the idea that spindle mid-
zones are prematurely disassembled in
KIP3-Adistal cells, we monitored the timing
of spindle disassembly relative to actino-
myosin ring contraction in cells expressing
both GFP-Tub1 and Myo1-GFP (actinomyo-
sin ring marker). In the vast majority of con-
trol cells, the anaphase spindle is efficiently
disassembled prior to actinomyosin ring
contraction (Figure 6, A and B). Consistent
with previous results (Woodruff et al., 2010),
spindle disassembly is impaired in doclA
cells, which have diminished ubiquitin-me-
diated degradation of midzone proteins
(Figure 6A). In 100% of these cells, the spin-
dle is not disassembled until after actino-
myosin ring contraction (Figure 6B). Strik-
ingly, replacing Kip3 with Kip3-Adistal
effectively rescues the delayed spindle dis-
assembly observed in doc1A cells (Figure 6,
A and B). Thus, removal of the distal tail ac-
celerates the timing of spindle disassembly.

During a typical anaphase, spindles ob-
tain full length and are then disassembled
on mitotic exit. Spindles with a “fishhook”
morphology, in which their length is sig-
nificantly longer than that of the cell and
the spindle is forced to bend, are rare in
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The distal tail of Kip3 temporally
regulates spindle disassembly
during anaphase
Yeast undergoes closed mitosis in which the
nuclear envelope does not completely
break down. As a result, altered concentra-
tions of Kip3 within the nucleus could po-
tentially affect spindle stability. Although
PSORT analysis (Nakai and Horton, 1999)
predicts the presence of nuclear localization
signals in both the motor and distal tail re-
gions of Kip3, we determined whether re-
moval of the distal tail alters the balance
between cytoplasmic and nuclear localized
pools. We first removed the MT-bound pool
by depolymerizing MTs with nocodazole
and then quantified the relative amount of
3YFP-tagged Kip3 or Kip3-Adistal in the cy-
toplasm and nucleus of mitotic cells (Figure
7A). In addition to having similar steady-
state levels overall (Figure 1C), the accumu-
lation in the nucleus relative to cytoplasm is
similar for both Kip3 and Kip3-Adistal, indi-
cating that spindle stability is not perturbed
due to altered nuclear concentration of
Kip3-Adistal.

We next examined whether the distal

Adistal and kip3A; p < 0.0001 for KIP3-Adistal vs. kip3A. (A, B) n= 35, 44, and 30 for KIP3,
KIP3-Adistal, and kip3A, respectively; (D) n = 20 for each cell type from two independent
days (n = 10/day); (E) total of n= 25, where n= 10 and 15 from two independent days for each

cell type.

control cells (Figure 6C). Fishhook spindles are common in cells
lacking Kip3, which normally functions to terminate spindle elon-
gation (Rizk et al., 2014). The majority of docTA cells also display
fishhook spindles during anaphase (Figure 6C). Notably, Kip3-
Adistal completely abolishes the fishhook spindles observed in
doc1A cells (Figure 6C). When spindle halves separate during dis-
assembly in control cells, the interpolar MTs are rapidly depoly-
merized, at least in part by Kip3 (Woodruff et al., 2010). Indeed,
we found that all spindle halves were efficiently depolymerized
within 5 min of midzone separation (Figure 6D, n = 30 spindles).
By contrast, in doc1A cells the depolymerization of half spindles is
significantly inhibited, with interpolar MTs often remaining stable
for more than 25 min after separation of the spindle halves (Figure
6, D and E). As with cdh 1A, which also impairs ubiquitin-mediated
degradation, this half spindle persistence phenotype likely results
from the failure to remove and degrade stabilizing midzone pro-
teins from the broken half spindles (Woodruff et al., 2010). In
docTA KIP3-Adistal cells, the persistence time of half spindles is
markedly reduced compared with docTA cells. Most notably,
Kip3-Adistal reduces the number of half spindles that persist for
over 25 min by 78% and increases those depolymerized within
5 min by 64% (Figure 6, E and F). These data reveal that in the
presence of stabilizing midzone proteins, spindle MTs are disas-
sembled more efficiently in cells harboring Kip3-Adistal rather
than full-length Kip3. Taken together, our results demonstrate that
the distal tail mediates the timing of spindle disassembly, and
that, in the absence of this region, the spindle midzone is prema-
turely disassembled during anaphase and/or more efficiently dis-
assembled on mitotic exit.
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tail regulates Kip3 localization to the mid-
zone. Quantification of Kip3 within the
central 3 ym of anaphase spindles greater
than 5.5 pm in length revealed that Kip3-
Adistal localization to the central spindle
region is significantly increased relative to full-length Kip3 (Figure
7B). Kip3 is a highly processive motor, which allows it to localize in
a length-dependent manner along MTs in vitro (Varga et al., 2006)
and in the bud compartment of cells with mispositioned spindles
(Fukuda et al., 2014). Whether midzone localization of Kip3 is de-
pendent on spindle length, however, has not been determined.
Although levels can vary between cells, full-length Kip3 accumu-
lation in the central spindle region is positively correlated with
spindle length (Figure 7C). As observed on astral MT plus ends
(Gupta et al., 2006), this variation may result from increased local-
ization to the ends of polymerizing versus depolymerizing spindle
MTs. While Kip3-Adistal localization is similarly length dependent,
the amount on the central spindle is consistently increased rela-
tive to full-length Kip3 over the range of spindle lengths (Figure
7C). Thus, at comparable concentrations in the nucleoplasm, the
distal tail limits Kip3 accumulation in the midzone region of ana-
phase spindles.

Kip3 disassembles spindles on mitotic exit, but not during pro-
longed delays in anaphase, and our data indicate that the distal tail
may be critical for this temporal regulation of anaphase spindle sta-
bility. To test this, we held cells in late anaphase with a cdc15-2
mediated arrest and monitored midzone stability (Figure 7D). In
most control cells, the midzone remained intact and spindles main-
tained a length approximately equal to that of the cell (Figure 7E).
Similarly, anaphase spindles remained intact in kip3A cells. In sharp
contrast, spindles were prematurely disassembled during anaphase
in cells harboring Kip3-Adistal (Figure 7, D and E). All together these
results demonstrate that the distal region of the Kip3 tail temporally
regulates the stability of the spindle midzone during anaphase.
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regions of the nonmotor tail section are
functionally distinct and play important
roles in the spatiotemporal control of spe-
cific cellular activities (Figure 8). Although
the entire tail is dispensable for the regula-
tion of MT growth at the bud tip during
Kar9-dependent spindle positioning, the
proximal tail functions to spatially stabilize
astral MTs (Figure 8B), and the distal region
is critical to control the temporal stability of
the anaphase spindle (Figure 8C). Overall,
our findings provide fundamental insights
into how nonmotor regions contribute to
context specific kinesin function and control
the spatial and temporal stability of cellular
MTs.

. During anaphase, midzone MTs must re-

o main dynamic to allow spindle elongation,

yet be sufficiently stable to maintain a ro-
bust bipolar structure. Kip3 controls ana-

KIP3- KIP3- 5 6 7 8 9
3YFP Adistal- Spindle length (um)
3YFP

D

m

KIP3 KIP3-Adistal kip3A

Intact spindles (%)

FIGURE 7: The distal tail of Kip3 temporally regulates spindle disassembly during anaphase.
(A) Removal of the distal tail does not alter Kip3 distribution between cytoplasm and nucleus.
Left, Single focal plane fluorescence images of cells expressing 3YFP-tagged Kip3 or Kip3-Adistal
(red) following microtubule depolymerization by 15-min nocodazole treatment. Cell outline is
indicated by a dotted line; DNA is stained with DAPI (blue); the bright YFP foci is Kip3/
Kip3-Adistal associated with the spindle pole body and/or kinetochores. Right, graph depicting
the nuclear-to-cytoplasmic ratio of fluorescence signal for Kip3-3YFP and Kip3-Adistal-3YFP.
Mean £ SD. (B) Quantification of Kip3-3YFP or Kip3-Adistal-3YFP localized to the spindle
midzone region. Center line is median, boxes represent the 25th to 75th percentiles, and
whiskers encompass from minimum to maximum values; (+) represents mean values; p = 0.002.
(C) Kip3-3YFP or Kip3-Adistal-3YFP localization to the spindle midzone region relative to spindle
length. Both Kip3 and Kip3-Adistal are positively correlated with spindle length. Dashed lines
represent best fit linear regression, and each symbol represents a separate spindle. R? = 0.20 and
0.12 for KIP3 and KIP3-Adistal; p < 0.0001 for the difference in elevation (fluorescence intensity)
between the lines. The difference between slopes is not statistically significant. (D) Images of
microtubules (GFP-Tub1) in KIP3, KIP3-Adistal, and kip3A cells during anaphase arrest (cdc15-2,
2 h at 37°C). Note that spindles are disassembled in KIP3-Adistal cells. Cell outline indicated by
dotted line. (E) Quantification of spindle stability during anaphase arrest in cells of the indicated
genotype. Mean * SD; p < 0.0001 for KIP3-Adistal vs. either cell type. (A, D) Bars, 2 pm;

(A) n= 62 for both; (B, C) n= 39 for Kip3-3YFP and 53 for Kip3-Adistal-3YFP; (E) graph shows
three experiments where n= 313, 281, 175 for KIP3; 259, 266, 275 for KIP3-Adistal; and 196, 95,

148 for kip3A.

DISCUSSION

To accomplish diverse cellular functions, the dynamic behavior of
MTs must be regulated in both space and time. Kip3 combines sev-
eral activities into a single motor protein (Gupta et al., 2006; Varga
etal., 2006; Su et al., 2011, 2013) and regulates multiple aspects of
MT behavior in cells. Our data reveal how the proximal and distal
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phase spindle length by depolymerizing
MTs that grow beyond the midzone (Rizk
et al, 2014). When spindles are misposi-
tioned, or cells with properly positioned
spindles are arrested in late anaphase, Kip3
continues to regulate spindle length. Nota-
bly, during these delays the midzone integ-
rity is robust and spindles remain intact.
How is it that over these extended periods
Kip3 readily destabilizes MTs when they
overgrow the midzone yet does not desta-
bilize those within the midzone itself? More-
over, when anaphase is complete, Kip3
functions to efficiently disassemble the
spindle (Woodruff et al., 2010). Our data
now show that Kip3 activity within the mid-
zone is temporally regulated to control ana-
phase spindle stability. One model is that
the distal tail prevents Kip3 from destabiliz-
ing MTs within the midzone during ana-
phase. Alternatively, the distal tail may pro-
mote stabilization of midzone MTs, perhaps
via antiparallel MT cross-linking (Su et al.,
2013). Removal of only the distal tail (Kip3-
Adistal) induces premature midzone desta-
bilization. If this were simply due to the loss
of a stabilizing activity conferred by the dis-
tal tail, then removal of Kip3 altogether
(kip3A) should have a similar effect. Yet re-
moval of Kip3 results in the opposite out-
come, a hyperstable midzone and delayed
spindle disassembly. Thus, removal of the
distal tail results in increased midzone de-
stabilization that is absent when Kip3 is fully
removed. This destabilizing activity is there-
fore likely mediated by Kip3-Adistal. It re-
mains possible that Kip3 anti-parallel MT cross-linking contributes
to midzone stabilization, but in this case it would also serve to pre-
vent destabilization by Kip3. Our results reveal the role of the distal
tail region in regulating the timing of spindle disassembly and high-
light the need for spatial and temporal mechanisms to ensure the
stability of critical MT structures, such as the spindle midzone.

KIP3 KIP3- kip3A

Adistal
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The distal tail of Kip3 could regulate spindle midzone stability
through several potential mechanisms. Notably, we show that Kip3
accumulates in the midzone region in a length-dependent manner.
A length-dependent increase in midzone MT depolymerization by
Kip3 has been proposed as a mechanism to balance spindle elonga-
tion with disassembly (Su et al., 2013). A length-dependent increase
in Kip3 and its associated depolymerase activity alone, however,
does not control spindle disassembly because full-length spindles
remain stable during prolonged anaphase arrest. Additional distal
tail-dependent mechanism(s) must protect the midzone from Kip3-
mediated destabilization during anaphase. Kip3-Adistal localization
to spindles is increased relative to Kip3, and yet it is unlikely the
distal tail inhibits MT binding in general because the level on astral
MTs remains unchanged. Two potential mechanisms through which
the distal tail could regulate Kip3 localization to spindles specifically
would be if Kip3 interacts differently with astral and spindle MTs or
if midzone-associated factor(s) inhibit Kip3 from accumulating on
and/or depolymerizing MTs in that region. It is also possible that the
distal tail directly inhibits the activity of the motor domain within the
nucleus or spindle midzone.

How Kip3 stabilizes MTs is poorly understood. Tailless Kip3 does
not support astral MT rescue, but we find rescue is efficiently pro-
moted by Kip3-Adistal. Thus, the proximal tail section is sufficient to
carry out this MT stabilizing function. This activity may include inter-
actions with the motor domain. Alternatively, the proximal tail could
work independently of the motor by interacting directly with the MT
(Su et al., 2011) or with additional regulatory factors. Such a mecha-
nism would likely be transferable and may operate in MT regulators
other than Kip3/kinesin-8. Similarly to full-length Kip3, Kip3-Adistal
slows MT depolymerization, suggesting that this activity may be
coupled to the rescue mechanism. Further defining the region that
mediates rescue will allow tests of potential models to elucidate
how Kip3 selectively stabilizes a subset of cellular MTs (Fukuda
etal., 2014).

Kinesin-8 proteins from diverse species combine motility with
various effects on MT dynamics, either in vivo or in vitro (Garcia
et al., 2002; West et al., 2002; Gatt et al., 2005; Gupta et al., 2006;
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Mayr et al., 2007; Du et al., 2010; Kim et al., 2014, Gergely et al.,
2016; Walczak et al., 2016; Wang et al., 2016; Mockel et al., 2017).
Yet the extent to which MT destabilizing and stabilizing activities are
shared among family members has not been firmly established. For
example, human cells encode three kinesin-8 proteins, with differing
activities, that mediate processes including astral MT dynamics
(Stout et al., 2011; Tanenbaum et al., 2011; Walczak et al., 2016),
chromosome segregation (Mayr et al., 2007; Stumpff et al., 2008,
2012; Hafner et al., 2014; Kim et al., 2014), and ciliary length (Niwa
et al., 2012; Wang et al., 2016). One possibility is that, as the sole
kinein-8 in budding yeast, Kip3 combines activities that can be
dispersed among multiple family members in higher eukaryotes.
However, differences in activity may also reflect the context or requ-
latory state of specific motors. This study highlights the need to
both define the biochemical activities of MT regulators, as well as
determine how they may be differentially controlled and integrated
into specific cellular contexts.

MATERIALS AND METHODS

Yeast strains and basic assays

Yeast strains are derivatives of the S288C background. Yeast strains
and plasmids used and generated in this study are detailed in Sup-
plemental Table S1. Specific mutations and gene deletions were
introduced by genetic crossing or fragment mediated homologous
recombination. Tailless KIP3AT-LZ contains Kip3 residues 1-480 fol-
lowed by a 31-residue leucine zipper (LZ) motif to reinforce dimer-
ization and is identical to the construct previously reported by Su
and colleagues (2011). Strains harboring two copies of KIP3AT-LZ
(2x KIP3AT-LZ) were created by integrating a second copy of
KIP3AT-LZ and associated regulatory elements downstream of the
endogenous locus as previously reported (Fukuda et al., 2014). Kip3
truncations and modifications were verified by DNA sequencing.
For tetrad analysis, complete tetrads were verified by proper segre-
gation of the markers in each strain and by mating type testing.
Carbendazim sensitivity was assayed by spotting serial dilutions of
log phase cultures onto carbendazim-containing plates as described
previously (Luchniak et al., 2013).
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Microscopy

Imaging of yeast cells was performed on an Axiolmager M2 micro-
scope (Carl Zeiss) using a 63 x 1.4 NA Plan-APOCHROMAT oil
immersion objective with a piezoelectric-driven Z-stage and a Cool-
snap HQ2 charged-coupled device (CCD) camera (Photometrics).
Specific fluorophores were imaged using Semrock filter sets (Sem-
rock). Microscope automation, image capture, and analysis were
done using SlideBook software (Intelligent Imaging Innovations).
Unless otherwise noted, time-lapse movies were acquired using log-
phase yeast cultures grown in synthetic complete (SC) media at
24°C. Cells were mounted on 1.2% agarose pads in the same media
(Luchniak et al., 2013). For imaging temperature-sensitive mutants,
cells were maintained at restrictive temperature using an AS| 400 Air
Stream Stage Incubator (Nevtek).

Localization of Kip3 and Kip3-Adistal

Kip3 was tagged with 3YFP as described previously (Gupta et al.,
2006). Kip3-Adistal was tagged using plasmid pMG162, which con-
tains 500 base pairs of KIP3 coding sequence from amino acids 524—
690 fused to a Gly-Ala-Gly-Ala-Gly-Asp-Pro-Pro-Val-Ala-Thr linker to
three tandem copies of yellow fluorescent protein (YFP) followed by
a stop codon. pMG162 was digested within the KIP3 coding region
with Swal. Transformation of cells with the linear plasmid truncates
and tags endogenous KIP3 to create KIP3-Adistal-3YFP.

To determine localization of Kip3-3YFP and Kip3-Adistal-3YFP
on cyan fluorescent protein—(CFP)MTs, images of YFP and CFP were
captured with 10 z-planes spaced at 0.75 pm. Astral MT localization
was measured with a 12-pixel spot placed at the MT plus end in the
sum projection of Z-series images. Localization to the spindle mid-
zone region was determined with a 4-pixel-wide line covering the
center 3 ym of anaphase spindles. Total Kip3 signal in each region
was determined by subtracting the neighboring cellular background
fluorescence intensity from each pixel within the region being mea-
sured. To determine nuclear to cytoplasmic ratios, MTs were depo-
lymerized by 15 min incubation in 35 pg/ml nocodazole followed by
fixation in 4% formaldehyde. Nuclei were stained with 4’,6-diamid-
ino-2-phenylindole (DAPI), and fluorescence intensity was measured
using two 12-pixel spots inside and outside the nucleus in the single
plane that contained the best-focused CFP-Tub1 SPB signal. Cells
with a single nucleus and a medium-large sized bud, which repre-
sent predominantly anaphase cells were selected for analysis, but
because spindles were depolymerized prior to scoring, this cate-
gory may also include some preanaphase cells.

Microtubule dynamics analysis
Astral MT dynamics were calculated essentially as described previ-
ously (Entwistle et al., 2012). Images were captured at 6-s intervals
for 6 min, and MT length was calculated as the average of two inde-
pendent measurements of the three-dimensional length at each
timepoint. Based on MT length over time, polymerization and de-
polymerization was identified as a line through at least four points
(24 s) with a length change >0.4 pm and an R? of at least 0.84. At-
tenuation was defined as similar durations with net length changes
<+0.02 pm. Brief periods that did not fit these criteria were omitted.
Rescue events were scored as transition out of depolymerization
into polymerization or attenuation, and only time spent depolymer-
izing was used to calculate the frequency. Catastrophes were scored
as transition from polymerization or attenuation into depolymeriza-
tion, and total time spent polymerizing and attenuated was consid-
ered to determine frequency.

To analyze astral MT dynamics in the bud of cells with misposi-
tioned spindles, images were captured at 10-s intervals for 10 min.
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The location of rescue and catastrophe events in the bud were
calculated by dividing the bud into three equal regions as de-
scribed previously (Fukuda et al., 2014). Only cells with normal
morphologies that contained a mispositioned anaphase spindle
that was straight and spanned the diameter of the mother cell,
with neither pole in direct proximity to the bud neck, were
analyzed.

Spindle stability analysis

To score spindle stability during anaphase, cells were grown to log
phase and shifted to cdc15-2 restrictive temperature (37°C) for 2 h
and imaged on a microscope stage maintained at 37°C using 12
z-planes at 0.75-pm intervals. Spindles were scored as no longer
intact when the spindle midzone was visibly disconnected. For
time-lapse imaging of spindles, cell images were collected every
45 s for 90 min. Spindle length was measured in three dimensions
across z-planes. Spindle length at the time of breakdown was mea-
sured using the timepoint 1.5 min prior to breakdown. The rate of
spindle elongation was determined by linear regression of the fast
and slow phases. Fishhook spindles were defined as those that
exceeded cell length, necessitating a bent morphology that
wrapped along the cortex 225% circumference of the mother or
bud compartment (Straight et al., 1998). To score spindle break-
down relative to actinomyosin ring contraction, cells expressing
GFP-Tub1 and Myo1-GFP were imaged every 45 s for 60 min using
12 z-planes at 0.75-pm intervals. The stability of each half-spindle
was defined as the timepoint at which the half-spindle MTs initi-
ated sustained depolymerization.

Spindle position assay

To score spindle position, cells expressing GFP-Tub1 were imaged
using 12 z-planes at 0.75-pm intervals. Only small budded cells with
unseparated SPBs were counted. The mother compartment was
partitioned into three equal areas with respect to bud position, and
spindles were scored according to which area the center of the SPB
was located.

Western blotting

Protein was extracted from midlog phase cultures grown at 30°C
(ODgqo = 0.4). Cells were pelleted (2 min at 4000 x g), resuspended
in ice-cold NaOH (0.1 M, 500 l), incubated for 10 min on ice, and
then pelleted again. Cells were resupended in Laemmli buffer and
heated at 95°C for 10 min. Samples were incubated 10 min on ice
and pelleted again, and supernatant was taken for SDS-PAGE (8%
Tris—gly gel, semidry transfer). Antibodies: anti-myc clone 9e10 from
mouse (EMD Millipore Corp, Billenca, MA); anti-beta actin from
mouse (Abcam ab8224, Cambridge, MA); goat anti-mouse immu-
noglobulin G horseradish peroxidase conjugate (Pierce Biotechnol-
ogy, Rockford, IL).

Statistical analyses

Unless otherwise noted, the unpaired, two-tailed student's t test
was used to determine p values. In Figure 5B, R? values were deter-
mined by Pearson correlation coefficient; one-way analysis of cova-
riance was utilized to analyze the difference between the slope and
elevation of the two lines representing fluorescence intensity over
spindle length.
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