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Acentrosomal spindle assembly and maintenance

in Caenorhabditis elegans oocytes requires a
kinesin-12 nonmotor microtubule interaction
domain

lan D. Wolff, Jeremy A. Hollis, and Sarah M. Wignall*
Department of Molecular Biosciences, Northwestern University, Evanston, IL 60208

ABSTRACT During the meiotic divisions in oocytes, microtubules are sorted and organized
by motor proteins to generate a bipolar spindle in the absence of centrosomes. In most or-
ganisms, kinesin-5 family members crosslink and slide microtubules to generate outward
force that promotes acentrosomal spindle bipolarity. However, the mechanistic basis for how
other kinesin families act on acentrosomal spindles has not been explored. We investigated
this question in Caenorhabditis elegans oocytes, where kinesin-5 is not required to generate
outward force and the kinesin-12 family motor KLP-18 instead performs this function. Here
we use a combination of in vitro biochemical assays and in vivo mutant analysis to provide
insight into the mechanism by which KLP-18 promotes acentrosomal spindle assembly. We
identify a microtubule binding site on the C-terminal stalk of KLP-18 and demonstrate that a
direct interaction between the KLP-18 stalk and its adaptor protein MESP-1 activates nonmo-
tor microtubule binding. We also provide evidence that this C-terminal domain is required for
KLP-18 activity during spindle assembly and show that KLP-18 is continuously required to
maintain spindle bipolarity. This study thus provides new insight into the construction and
maintenance of the oocyte acentrosomal spindle as well as into kinesin-12 mechanism and
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INTRODUCTION

When a cell divides, a bipolar microtubule-based spindle forms to
mediate chromosome segregation. In most cell types, structures
called centrosomes act to nucleate microtubules and define and or-
ganize the spindle poles. However, oocytes of most species lack
centrosomes and therefore utilize a unique pathway to form acen-
trosomal spindles during the meiotic divisions. In this process,
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microtubules nucleate and then are sorted by motor proteins to
generate a bipolar spindle (Mullen et al., 2019). How these motors
generate force to sort and organize microtubules into bipolar struc-
tures in the absence of centrosomes is important to understand,
because errors in spindle construction can lead to chromosome
missegregation that results in aneuploid gametes.

One major class of force-generating motors is the kinesin-5 fam-
ily of plus end—directed microtubule motors. These tetrameric mo-
tors can cross-link and slide antiparallel microtubules (Sawin et al.,
1992; Kashina et al., 1996; Kapitein et al., 2005; Scholey et al.,
2014); this ability enables them to generate outward force that pro-
motes spindle bipolarity in both mitosis (Sawin and Mitchison, 1991;
Sawin et al., 1992; Kapoor et al., 2000) (reviewed in Mann and Wad-
sworth, 2019) and oocyte meiosis (Walczak et al., 1998; Mailhes
et al., 2004; Schuh and Ellenberg, 2007; Yang et al., 2008; Radford
etal., 2017; Wan et al., 2018; Roeles and Tsiavaliaris, 2019) in many
species. However, in mammalian mitosis, overexpression of the ki-
nesin-12 motor Kif15 is sufficient to promote spindle bipolarity
when kinesin-5 is inhibited, suggesting that kinesin-12 family motors
can also provide outward force to separate spindle poles. Therefore,
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kinesin-12s may provide a backup to the predominant kinesin-5—
driven mechanism (Tanenbaum et al., 2009; Vanneste et al., 2009;
Sturgill and Ohi, 2013).

Interestingly, the roles of these two families of motors appear to
be reversed in Caenorhabditis elegans oocytes. In these cells, the
kinesin-12 family motor KLP-18 is required to establish spindle bipo-
larity (Segbert et al., 2003; Wignall and Villeneuve, 2009; Connolly
et al., 2014; Wolff et al., 2016), whereas kinesin-5 (BMK-1) is not es-
sential (Bishop et al., 2005); a role for BMK-1 in spindle assembly
can be seen only under conditions where KLP-18 is depleted (Cavin-
Meza et al., 2022). Therefore, KLP-18 is the primary force-generat-
ing motor in this system. KLP-18 acts with adaptor protein MESP-1
(meiotic spindle 1) to sort microtubule minus ends to the periphery
of a microtubule array, where they coalesce into spindle poles (Wolff
et al., 2016). If either of these proteins is depleted, outward sorting
of microtubules is lost and minus ends converge to form a mono-
pole. However, the mechanistic basis for how these proteins pro-
mote bipolarity is not understood.

Here we use a combination of in vitro biochemical assays and in
vivo mutant analysis to provide insight into the mechanism by which
these proteins collaborate to promote acentrosomal spindle assem-
bly. Moreover, we show that KLP-18 is continuously required to
maintain spindle bipolarity, demonstrating the importance of this
motor in maintaining force balance in the acentrosomal spindle. Al-
together, this work provides initial biochemical characterization of
the essential KLP-18/MESP-1 complex during C. elegans oocyte
meiosis, providing insight into how kinesin motors construct acen-
trosomal spindles.

RESULTS
The KLP-18 coiled-coil stalk domain contains a regulated
microtubule binding site
Kinesin-12 family motors contain a globular N-terminal motor do-
main that can walk along microtubules in a plus end-directed man-
ner. However, in order to cross-link and sort microtubules within the
spindle, these motors must bind a second microtubule. Multiple
microtubule cross-linking strategies have been proposed for Kif15:
1) Kif15 forms a homotetramer with antipolar motor domains, allow-
ing both ends of the complex to bind to microtubules (Drechsler
et al., 2014; Drechsler and McAinsh, 2016; Mann et al., 2017,
McHugh et al., 2018), and 2) a nonmotor microtubule binding site in
the middle of the stalk domain mediates binding to a second micro-
tubule (Sturgill et al., 2014; Reinemann et al., 2017). Because the
kinesin-12 family motor KLP-18 is the major microtubule sorting ki-
nesin in the C. elegans oocyte spindle, we reasoned that this would
be an ideal system to investigate the mechanisms by which kine-
sin-12 motors promote spindle bipolarity, starting with the question
of whether this motor contains multiple microtubule binding sites.
Like other kinesin-12 motors, KLP-18 contains a C-terminal stalk
domain (Segbert et al., 2003), so we first examined whether this do-
main could mediate cross-linking by directly binding to microtu-
bules. Structural prediction of the KLP-18 stalk revealed that it con-
tains discrete coiled-coil domains (Figure 1A), similar to Kif15
(Segbert et al., 2003; Sturgill et al., 2014). To test whether the stalk
contains a microtubule binding site, we expressed and purified the
N- and C-terminal halves of the stalk (“N-stalk” and “C-stalk”; Figure
1A and Supplemental Figure S1A) and performed a microtubule
cosedimentation assay (Alfaro-Aco et al., 2017) (Figure 1B). After
microtubules were pelleted, N-stalk remained in the supernatant,
while a sizable fraction of C-stalk pelleted, reflecting its ability to
bind microtubules in vitro (Figure 1B, left). To investigate the nature
of this interaction, we treated microtubules with subtilisin to cleave
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E-hooks, which are negatively charged regions at the tubulin C-ter-
minus that can promote microtubule association of proteins through
an electrostatic interaction (Serrano et al., 1984; Rodionov et al.,
1990). We found that C-stalk bound to microtubules lacking E-
hooks, but with decreased affinity (Figure 1B, right). These results
are consistent with previous studies of the nonmotor microtubule
binding sites in Kif15 and kinesin-1 (Seeger and Rice, 2010;
Reinemann et al., 2017), and suggest that an electrostatic interac-
tion increases the affinity of the KLP-18 stalk to microtubules. To
further assess the microtubule binding activity of C-stalk and N-stalk,
we incubated these proteins with fluorescently labeled microtubules
in vitro and visualized microtubule organization; during purification,
both N-stalk and C-stalk elute from size exclusion chromatography
as oligomeric complexes, potentially providing multiple binding
sites that could facilitate microtubule bundling. Addition of C-stalk
caused dramatic microtubule bundling compared with buffer alone
or N-stalk (Figure 1C), confirming that C-stalk is able to bind micro-
tubules. Together, these data show that the stalk domain of KLP-18
contains a C-terminal microtubule binding site.

Next, we purified the full KLP-18 stalk (termed “stalk”; Supple-
mental Figure S1A) and paradoxically found that it showed very little
microtubule bundling activity (Figure 1D), suggesting that it cannot
bind microtubules. Because an autoinhibitory mechanism has been
proposed for mammalian Kif15, where the motor folds its stalk do-
main to block the nonmotor microtubule binding site (Sturgill et al.,
2014), we tested whether KLP-18 could employ a similar regulatory
mechanism. The coiled-coil prediction for the KLP-18 stalk contains
a region of low probability in the center of the stalk domain (Figure
1A), and we hypothesized that this region may be a flexible hinge
that could fold, thus preventing the C-terminal region from binding
microtubules. To test this mechanism, we purified a version of the
stalk with this putative hinge deleted (termed “Ahinge”), which is
predicted to be completely coiled-coil (Supplemental Figures STA
and S2, A and B). Consistent with an autoinhibitory mechanism, de-
letion of the hinge region restored microtubule bundling activity,
reflecting an ability to bind microtubules (Figure 1D). In addition, we
assessed the flexibility of the KLP-18 stalk by running an MBP-stalk
fusion protein (Supplemental Figure S2A) through a size exclusion
column in high salt (300 mM) and low salt (20 mM) buffers. If the
KLP-18 stalk was able to fold via an electrostatic interaction, high
salt would disrupt folding and lead to an extended conformation;
this conformational change would be apparent in the elution vol-
ume. Indeed, in high salt, a small population of MBP-stalk eluted at
a lower elution volume, indicating that this subpopulation contains
extended molecules (Supplemental Figure S2C). Although this is a
subtle shift and therefore is not definitive proof of a conformational
change, these results are consistent with the possibility that the KLP-
18 stalk can exist in either an inactive folded state or an unfolded
state that is capable of binding to microtubules.

The KLP-18 stalk microtubule interaction domain is essential
for spindle assembly

During acentrosomal spindle assembly in C. elegans oocytes, KLP-
18 sorts microtubule minus ends to the outside of a microtubule
array, enabling the formation of multiple poles that then coalesce to
form a bipolar spindle (Segbert et al., 2003; Wignall and Villeneuve,
2009; Connolly et al., 2014; Wolff et al., 2016). Given our identifica-
tion of the C-terminal microtubule binding site, we hypothesized
that KLP-18 might sort microtubules by binding a microtubule with
its stalk and walking on a second microtubule with its motor domain.
To test this hypothesis, we analyzed a set of klp-18 mutants in vivo.
We previously demonstrated that a mutant lacking most of the
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The kinesin-12/KLP-18 coiled-coil stalk domain contains a regulated microtubule binding site. (A) Coiled-coll
prediction software paircoil2 (McDonnell et al., 2006) shows discrete coiled-coil domains in the KLP-18 stalk (bottom)
marked on a KLP-18 domain diagram (top, coiled-coil domains denoted in white). N- and C-stalk constructs shown
relative to full stalk. (B) N-stalk and C-stalk microtubule binding activity tested by microtubule cosedimentation assay
with no microtubules added (-), undigested (MT), and subitilisin-digested (sMT) microtubules. Blots show supernatant (S)
and pellet (P) samples; quantification is of average shift £ SD. N = 3 experiments for each set. (C, D) Microtubule binding
activity assessed as microtubule bundling ability. Representative images of TMR-microtubules incubated with buffer
alone, N-stalk, and C-stalk (C) or with buffer alone, full-length stalk, and Ahinge (D). Quantification of bundling below.
Boxplot represents first quartile to third quartile, and the median is indicated by a horizontal line. Quantified images
were acquired over two independent experiments. Scale bars = 10 pm.

N-terminal motor domain, klp-18(0k2519), formed monopolar co-  temperature-sensitive mutant, which contains two substitutions
cyte spindles, confirming that this domain is required for KLP-18  (V854M and G876S) in the C-terminal microtubule binding domain
function (Wolff et al., 2016). To assess requirements for other  (Figure 2A, mutant hereafter referred to as “klp-18ts”) (Connolly
domains, we made use of the previously described klp-18(or447) et al., 2014). At the restrictive temperature of 26°C, klp-18ts has
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FIGURE 2: KLP-18 hinge and stalk microtubule interaction domain are essential for spindle assembly. (A) Domain
diagram of klp-18 mutants used: klp-18ts, klp-18AC-stalk, and kip-18Ahinge. Asterisks indicate approximate location of
or447 mutations in the klp-18ts mutant. Characterization of progeny from heterozygous (A /+) or homozygous (A/A or
+/+) klp-18AC-stalk and klp-18Ahinge parents. Data for klp-18ts were adapted from Connolly et al. (2014) and are
shaded in green. (B) Morphology of preanaphase oocyte spindles in the most recently fertilized (+1) embryo of control
(dark gray) and klp-18ts worms expressing GFP::tubulin and mCherry::histone. During normal spindle assembly, minus
ends are sorted away from chromosomes and form multiple poles (these forming spindles are denoted “multipolar”)
that coalesce to form a bipolar spindle (“bipolar”) (Wolff et al., 2016). If minus ends are not sorted outward, they
converge to form a monopolar spindle (“monopolar”) (Segbert et al., 2003; Wignall and Villeneuve, 2009; Connolly

et al., 2014; Wolff et al., 2016). Spindle morphology in klp-18ts was quantified at permissive (15°C, light gray) and
restrictive (26°C, blue) temperatures. Note that spindles that had entered anaphase were not included in this graph;
quantification of all +1 oocytes is shown in Supplemental Figure S3A. Bars represent mean percentage + SD. For
klp-18ts conditions, n = 4 experiments; for control, n = 3 experiments. Scale bar =5 pm. (B) DNA (blue), tubulin (green),

4 | 1.D.Wolff etal. Molecular Biology of the Cell



high embryonic lethality, defects in polar body extrusion, and aber-
rant chromosome dynamics, suggesting that bipolar spindles do
not form (Connolly et al., 2014), but this has not been directly dem-
onstrated. In addition, we generated two new klp-18 mutants using
CRISPR: klp-18AC-stalk, a deletion of the C-terminal microtubule
binding site, and klp-18Ahinge, a deletion of the putative hinge
(Figure 2A), and we assessed spindle assembly in all three mutants.

Eggs laid by homozygous parents of both the klp-18AC-stalk
and klp-18Ahinge mutants are largely inviable (Figure 2A, 0.23 and
0.17% viability, respectively), so we were unable to propagate ho-
mozygous mutant strains. Instead, we analyzed progeny of hetero-
zygous worms; 25% of their progeny should be homozygous mu-
tants. Homozygous mutants reach adulthood because they have a
maternal supply of wild-type KLP-18 that enables proper develop-
ment but produce oocytes containing only the mutant form of KLP-
18. Notably, about 35% of preanaphase oocyte spindles from the
adult progeny of heterozygous parents were monopolar in both
strains (Figure 2A), demonstrating that deleting either the putative
hinge or the C-terminal domain affects KLP-18 function. To similarly
quantify spindle defects in the klp-18ts strain, we shifted worms to
the restrictive temperature for 1 h, thus disrupting KLP-18 before
the initiation of spindle assembly. We then quantified spindle mor-
phology in the most recently fertilized oocyte; although by this
stage some control spindles had progressed to anaphase (Supple-
mental Figure S3A), many were either forming or bipolar (Figure 2B
and Supplemental Figure S3A), enabling us to assess effects on
spindle formation. In klp-18ts oocytes at the permissive tempera-
ture (15°C), we found that 22% of preanaphase spindles (23/105)
were monopolar. This indicates that KLP-18 function is partially com-
promised, consistent with previously reported embryonic lethality at
this temperature (Connolly et al., 2014). Upon shift to the restrictive
temperature, the percentage of preanaphase spindles that were
monopolar increased to 94% (124/132) (Figure 2B). As expected,
the poles of monopolar spindles in klp-18ts, klp-18AC-stalk, and
klp-18Ahinge oocytes are marked by the minus-end marker ASPM-1
(Jiang et al, 2017), phenocopying klp-18(RNAi) (Wignall and
Villeneuve, 2009) and confirming that microtubule sorting was aber-
rant (Supplemental Figure S3B). However, ASPM-1 also localized to
some microtubule ends on the outside of the aster in 24/30 klp-18ts
monopolar spindles analyzed (Supplemental Figure S3B, arrow-
heads), suggesting that klp-18ts may allow weak sorting activity that
enables some minus ends to be pushed outward, even at the restric-
tive temperature. Supporting this idea, ~5% of preanaphase spin-
dles (7/132) are bipolar at 26°C (Figure 2B).

Although our results suggest that the C-terminal microtubule
binding and hinge domains are required for KLP-18 function, it is
also possible that these mutations merely destabilize the KLP-18
protein. However, we did not detect a decrease in KLP-18 abun-
dance in klp-18ts worms at 15°C or 26°C by Western blot compared
with control worms (Supplemental Figure S3C), and we found that
the KLP-18AC-stalk and KLP-18Ahinge mutant proteins are ex-
pressed (Supplemental Figure S3D), suggesting that the pheno-
types in the klp-18 mutants are not due to loss of KLP-18 protein.

In both Xenopus and mammals, the adaptor protein TPX2 is re-
quired for targeting kinesin-12 to the spindle (Wittmann et al., 1998,

2000; Drechsler et al., 2014; Mann et al., 2017; McHugh et al., 2018;
Malaby et al., 2019), and our previous work indicates that MESP-1
performs this kinesin-12 targeting function in C. elegans: KLP-18
and MESP-1 colocalize on spindle microtubules, are found in a com-
plex in worm extract, have identical depletion phenotypes, and are
interdependent for localization (Wolff et al., 2016). Therefore, to
better understand the phenotype of the klp-18 mutants, we investi-
gated whether targeting of the KLP-18/MESP-1 complex to microtu-
bules was affected. We quantified the fluorescence intensity of each
protein at spindle poles (either an average of the two bipolar poles
or the one monopolar pole) and normalized this value to the aver-
age fluorescence intensity of tubulin. In klp-18ts oocytes there was
no significant difference between KLP-18 and MESP-1 localization
to the monopole at the restrictive temperature compared with local-
ization on the bipolar poles at the permissive temperature (Figure 2,
C and D, top), suggesting that the KLP-18/MESP-1 complex is able
to localize to spindle microtubules but is inactivated by the tem-
perature shift, possibly through disruption of the C-terminal micro-
tubule binding domain that contains the two klp-18ts mutations. In
klp-18AC-stalk oocytes there was persistent but decreased localiza-
tion of KLP-18 and MESP-1 to monopoles in most oocytes, indicat-
ing that these proteins are able to target to spindle poles with de-
creased efficiency (Figure 2, C and D, middle). Finally, we saw a
striking decrease of KLP-18 and MESP-1 localization in klp-18Ahinge
oocytes, suggesting that the "hinge” region is essential for spindle
localization of either of these proteins (Figure 2, C and D, bottom).
Altogether, these results show that the C-terminal microtubule bind-
ing site and the putative hinge region that we identified in vitro are
essential for KLP-18 activity and spindle assembly in vivo.

KLP-18 is targeted to microtubules through a direct
interaction with microtubule-associated protein MESP-1
Next, we aimed to better understand the contribution of MESP-1 to
KLP-18 function; MESP-1 is required for KLP-18 spindle localization,
but how MESP-1 regulates KLP-18 is not known. Considering that
MESP-1 can localize to monopolar spindle microtubules in the kip-
18AC-stalk and klp-18ts strains, in which C-terminal microtubule
binding is disrupted, but does not localize in the klp-18Ahinge mu-
tant, we hypothesized that MESP-1 may bind to a region overlap-
ping with the hinge. To test this in vitro, we first attempted to ex-
press GST-MESP-1, but this protein degraded significantly during
purification (Supplemental Figure S1B). This suggests that MESP-1
is unstable, consistent with the prediction that portions of MESP-1
are disordered (Supplemental Figure S1C) similar to TPX2 (Alfaro-
Aco et al., 2017; Zhang et al., 2017; King and Petry, 2020). There-
fore, we switched to an MBP tag (Wang et al., 1999; Esposito and
Chatterjee, 2006; Reuten et al., 2016), which increased MESP-1 sta-
bility (Supplemental Figure S1B). We incubated purified MBP-
MESP-1 with the N- and C-terminal KLP-18 stalk truncations indi-
vidually and added amylose resin to retrieve MBP-MESP-1. We
found that N-stalk was present in the eluted fraction but C-stalk was
not, indicating that MESP-1 binds to the N-terminal half of the KLP-
18 stalk (Figure 3A). However, this interaction appears to be weak,
because only a small fraction of N-stalk was pulled out by MBP-
MESP-1; this is similar to what has been reported for the interaction

KLP-18 (red), and MESP-1 (not shown in merge) localization in mutant strains described in A. Representative images of
bipolar and mutant monopolar spindles are shown for each strain. Scale bar = 5 pm. (D) Quantification of KLP-18 and
MESP-1 fluorescence intensity on the poles of bipolar (gray) and monopolar (blue) spindles in each mutant. KLP-18/
MESP-1 intensity was normalized to tubulin intensity. Box represents first quartile to third quartile, and the median is
indicated by a horizontal line. Welch two-sample t test, ns = p > 0.05, * = p < 0.05, ** = p < 0.0005.
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between mammalian TPX2 and Kif15 (Drechsler et al., 2014). Impor-
tantly, this N-terminal MESP-1 binding region overlaps significantly
with the hinge region (see Figure 5A later in this article), perhaps
explaining why MESP-1 localization is decreased in klp-18Ahinge
spindles.

Next, we tested the microtubule binding ability of MESP-1 to
begin to clarify the role of MESP-1 in activating KLP-18 and target-
ing it to microtubules. MBP-MESP-1 pelleted with microtubules in a
cosedimentation assay (Figure 3B) and was able to bundle microtu-
bules (Supplemental Figure S1D), confirming that MESP-1 is a mi-
crotubule binding protein. In addition, we found that MESP-1's abil-
ity to bind microtubules was greatly diminished when we used
subtilisin-digested microtubules (Figure 3B, right). Thus, MESP-1 is a
microtubule-associated protein, similar to TPX2. However, TPX2
binds along the microtubule lattice and does not require tubulin E-
hooks (Balchand et al., 2015; Zhang et al., 2017), suggesting that
MESP-1 employs a different microtubule binding mechanism.

Considering that MESP-1 can bind to both KLP-18 and microtu-
bules, we hypothesized that MESP-1 may recruit KLP-18 to microtu-
bules directly. To test this model, we purified GFP-tagged versions
of the full-length KLP-18 stalk (termed “GFP-stalk”) and the KLP-
18AC-stalk ("GFP-KLP-18AC-stalk”) and a version of the stalk con-
taining the two mutations present in the klp-18ts strain ("GFP-KLP-
18ts”) and then quantified GFP localization to microtubules in the
presence and absence of MESP-1 (Figure 3, C-E). We attempted to
purify a GFP-KLP-18Ahinge protein but it was unstable and did not
yield consistent results. In these experiments, GFP-stalk did not lo-
calize to microtubules when incubated alone (Figure 3, D and E),
consistent with our model of KLP-18 autoinhibition. However, we
observed strong localization of GFP-stalk to microtubules in the
presence of MBP-MESP-1 (Figure 3, D and E), showing that MESP-1
is sufficient to enable KLP-18 microtubule binding. Next, we ana-
lyzed GFP-AC-stalk, which contains the N-terminal MESP-1 binding
region (Figure 3A) but lacks the C-terminal microtubule binding do-
main (Figure 1B). We did not see any enrichment of GFP-AC-stalk
onto microtubules with or without MBP-MESP-1, showing that
MESP-1 alone is not sufficient to target KLP-18 to microtubules and
that both the C-terminal microtubule binding domain and MESP-1
are required. Finally, we tested whether the substitution mutations
present in klp-18ts affect the microtubule binding ability of the stalk.
We quantified an approximately twofold decrease in microtubule-
associated GFP-KLP-18ts with MBP-MESP-1 compared with wild-
type GFP-stalk with MBP-MESP-1, suggesting that the in vivo phe-
notype that we observe in the klp-18ts mutant s a result of decreased
microtubule binding ability of the C-terminal domain.

KLP-18 activity is essential to maintain spindle bipolarity
Given the importance of KLP-18 in spindle assembly, we next asked
whether KLP-18 is also necessary to maintain spindle bipolarity. In
human oocytes, the acentrosomal meiotic divisions proceed through
an extended bipolar stage that can become unstable, and this insta-
bility is correlated with errors in chromosome segregation that result
in aneuploidy (Holubcova et al., 2015). Therefore, it is important to
understand the molecular mechanisms that maintain acentrosomal
spindle stability.

Kinesin-5 is essential for acentrosomal spindle maintenance in
mouse and Drosophila oocytes (Mailhes et al., 2004; Duncan et al.,
2012; Costa and Ohkura, 2019), but whether kinesin-12 can similarly
maintain spindle bipolarity has not been tested in oocytes of any
system. The rapid klp-18ts temperature-sensitive mutant allowed us
to address this question by inactivating KLP-18 function after spin-
dles have already formed. To this end, we induced metaphase | ar-
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rest by depleting anaphase-promoting complex (APC) component
EMB-30 using RNA interference (RNAI) (Furuta et al., 2000). Because
the C. elegans germ line is organized in a production-line manner,
oocytes continue to be fertilized despite this depletion, and each
forms a spindle that arrests at metaphase [; this leads to a buildup of
bipolar spindles in the germ line (with the most recently fertilized
oocyte containing the spindle that was most recently formed). In
klp-18ts; emb-30(RNAI) worms at the permissive temperature (15°C)
and control emb-30(RNAI) worms at 26°C, at least 60% of the two
most recently arrested oocyte spindles were bipolar (these embryos
are denoted +1 and +2; Figure 4A). In contrast, when klp-18ts; emb-
30(RNAI) worms were shifted to the restrictive temperature (26°C),
the majority of oocyte spindles were monopolar (93% [£6%] in +1
and 83% [£12%] in +2 embryos). Moreover, we also observed mono-
polar spindles at positions beyond the +2 position in the germ line
(Figure 4D). Under the conditions of our temperature shift, spindles
in the +1 position may have formed after KLP-18 was inactivated,
but spindles in oocytes that had been arrested longer should have
established bipolarity before KLP-18 inactivation. These results sug-
gest that KLP-18 not only is required to sort microtubule minus ends
outward during spindle assembly but is also required to maintain
spindle bipolarity.

Next, we used live imaging to confirm these results and to visual-
ize the dynamics of spindle reorganization. Upon dissecting and
mounting klp-18ts; emb-30(RNAi) embryos at room temperature
(23-25°C), previously assembled bipolar spindles shortened and
then formed a monopole within 2 min (Figure 4, B and C, and Sup-
plemental Video S1). In contrast, bipolar spindles in control emb-
30(RNAI) embryos did not show any shortening or collapse (Figure
4, B and C, and Supplemental Video S2). This result confirms that
KLP-18 activity is essential to stabilize spindles after bipolarity is
achieved and also demonstrates the existence of an inward force
that drives spindle collapse when KLP-18 is inactivated. Thus, KLP-
18 could maintain spindle bipolarity either by providing outward
force through its own motor activity or by antagonizing this inward
force in another way. We again confirmed persistent KLP-18 and
MESP-1 localization to the monopolar spindle in temperature-
shifted, metaphase-arrested oocytes (Supplemental Figure S3E),
suggesting that KLP-18 remains spindle associated but is inactive.
Taken together, these results show that KLP-18 activity is essential to
maintain a bipolar spindle and that this activity relies on the KLP-18
C-terminal microtubule binding domain.

DISCUSSION

This work is the first biochemical characterization of kinesin-12/KLP-
18 and MESP-1 and provides the first mechanistic dissection of mo-
tor activity in a system in which kinesin-12 is naturally the dominant
microtubule sorting motor. We propose a model wherein KLP-18
exists in a folded autoinhibited state that is alleviated through
MESP-1 binding; MESP-1 binds to a region overlapping with the
hinge and disrupts the folding of the stalk to activate C-terminal
microtubule binding (Figure 5B). This could allow KLP-18 to bind
one microtubule with its motor domain and another at its C-termi-
nus, potentially enabling it to cross-link and slide microtubules
within the spindle. In addition to unhinging KLP-18, we hypothesize
that MESP-1 also promotes the initial targeting of the complex to
spindle microtubules, as evidenced by its ability to bind microtu-
bules in vitro and its localization to spindles in vivo in the klp-18ts
and klp-18AC-stalk mutants (conditions in which the C-terminal
binding site is inactivated or deleted). However, MESP-1 was not
sufficient to localize GFP-KLP-18AC-stalk to microtubules in vitro,
suggesting that multiple associations between the KLP-18/MESP-1
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FIGURE 4: KLP-18 activity is essential to maintain spindle bipolarity. (A) Spindle morphology in the +1 and +2 embryos
of metaphase I-arrested control emb-30(RNAi) (dark gray) or klp-18ts; emb-30(RNAi) worms expressing GFP::tubulin
and mCherry::histone. Spindle morphology in the klp-18ts strain was quantified at permissive (15°C, light gray) or
restrictive (26°C, blue) temperature; example images of the categories are shown in Supplemental Figure S3A. Bars
represent mean percentage * SD; example images shown on the left. For all conditions n = 3 experiments. Scale bar =
5 pm. (B) Metaphase |-arrested spindles filmed in oocytes dissected from control emb-30(RNAi) (top) and kip-18ts;
emb-30(RNAI) (bottom) worms expressing GFP::tubulin and mCherry::histone; the klp-18ts spindle shortens and then
forms a monopole while the control spindle maintains bipolarity. Timestamps represent minutes; for klp-18ts t = 0

was set as first frame after shortening began; for the control t = 0 was the first frame acquired because there was no
observable shortening throughout the time lapse (see Supplemental Video S1). Scale bars = 10 ym. (C) Spindle length
measurements for individual spindles are shown on left. Average * SD for control emb-30(RNAi) (n=7, gray) and
klp-18ts; emb-30(RNAI) (n = 14, blue) are shown on the right; average is the black line, and SD is shown as shading. For
klp-18ts; emb-30(RNAI), time = 0 min was set as first frame after shortening began; for control emb-30(RNAI), time =0
was set as first frame acquired. Scale bar = 10 pm. (D) Representative images of klp-18(or447ts); emb-30(RNAI) germ
lines at 15° and 26°C. Arrow indicates direction of germ line; the most recently arrested spindle is at the top of each

image. Scale bar =15 pym.

complex and microtubules may be required for stable spindle tar-
geting in vivo. Consistent with this view, our previous studies
showed that a KLP-18 mutant with the motor domain deleted, klp-
18(0k2519), abolished both KLP-18 and MESP-1 localization to the
monopolar spindle (Wolff et al., 2016), showing that the motor do-
main is essential for spindle localization.

After the spindle forms, KLP-18 is unable to maintain spindle bi-
polarity if the C-terminal microtubule binding domain is disrupted,
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even if the complex is still associated with microtubules (Figure 5C).
This is consistent with the possibility that KLP-18 generates an out-
ward force on spindle microtubules that is required to maintain bi-
polarity. Although we were not able to directly measure the force
generated by this motor in vitro, the lack of microtubule sorting in
vivo, evidenced by the monopolar spindle phenotype observed in
three klp-18 mutants, suggests that a direct stalk—microtubule inter-
action facilitates force generation during acentrosomal spindle

Molecular Biology of the Cell
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assembly and during metaphase to maintain spindle length. How-
ever, an alternative possibility is that KLP-18 may not itself provide
an outward force and instead may antagonize an inward force. Our
experiments demonstrated that an inward force exists, because the
metaphase spindle rapidly shortened and then collapsed upon KLP-
18 inhibition. Moreover, we recently found that dynein provides an
inward force on the oocyte spindle, suggesting that it could antago-
nize KLP-18 (Cavin-Meza et al., 2022). Future biophysical studies will
be valuable to distinguish between these models.

MESP-1 is predicted to be a heavily disordered protein and was
difficult to purify without the stabilizing MBP tag (Supplemental
Figure S1, B and C). This suggests that MESP-1 may be disordered
and inactive before it associates with KLP-18 in vivo (as depicted in
our model; Figure 5B), which may explain why MESP-1 cannot local-
ize to spindle microtubules when KLP-18 is depleted (Wolff et al.,
2016). Our previous work also implicated MESP-1 as a functional
orthologue of TPX2 in C. elegans (Wolff et al., 2016), which in com-
bination with our current findings stimulates additional hypotheses
that could be tested in the future. First, it is possible that once
MESP-1 targets KLP-18 to microtubules, MESP-1 may regulate KLP-
18 motor activity through persistent association to both the microtu-
bule and the motor (Figure 5B), similar to TPX2 regulation of kine-
sin-12/Kif15 (Drechsler and McAinsh, 2016; Mann et al., 2017) and
kinesin-5/Eg5 (Ma et al., 2011) in mammalian systems. In addition,
TPX2 has been shown to inhibit Kif15 motility and help Kif15 associ-
ate more tightly to microtubules in vitro (Drechsler et al., 2014,
Mann et al., 2017; McHugh et al., 2018). It remains to be seen
whether MESP-1 regulates KLP-18 in a similar way, though this type
of regulation could enable KLP-18 to counteract inward forces in the
spindle, should this be the mechanism by which it acts to maintain
spindle bipolarity. Finally, the relatively weak interaction between
KLP-18 N-stalk and MESP-1 (Figure 3A) that appears to be stimu-
lated by the addition of microtubules (Figure 3, D and E) suggests
that the interaction between MESP-1 and KLP-18 may require mi-
crotubules as has been shown for Xenopus and mammalian TPX2
and kinesin-12 (Wittmann et al., 1998; Drechsler et al., 2014). Al-
though it is still not clear what regulates the association between
KLP-18 and MESP-1 in vivo, if this interaction requires microtubules,
it is possible that microtubule nucleation after nuclear envelope
breakdown may trigger the formation of the active KLP-18/MESP-1
complex to temporally synchronize microtubule sorting by KLP-18
with other activities essential for proper spindle assembly (Mullen
etal., 2019).

In mammalian somatic cells, kinesin-5 generates an outward
force on microtubules to achieve spindle bipolarity (Sawin et al.,
1992; Blangy et al., 1995; Kapoor et al., 2000), and when kinesin-5
function is altered, kinesin-12 can take over this role (Tanenbaum
et al., 2009; Vanneste et al., 2009; Raaijmakers et al., 2012; Sturgill
and Ohi, 2013; Sturgill et al., 2016). The molecular basis for this ac-
tivity has been characterized in vitro and in cell culture (Drechsler
etal., 2014; Drechsler and McAinsh, 2016; Sturgill et al., 2014; Mann
et al., 2017; Reinemann et al., 2017; McHugh et al., 2018; Dumas
etal., 2019). Our work confirms that certain properties of kinesin-12s
are shared across species: the presence of discrete coiled-coil do-
mains in the C-terminal stalk, the requirement of a C-terminal non-
motor microtubule binding site, self-inhibition of nonmotor microtu-
bule binding, and regulation by a TPX2-like adaptor protein. Further
characterization of the mechanism of KLP-18 self-inhibition, activa-
tion by MESP-1, and force generation on microtubules will be es-
sential for fully understanding the role of KLP-18 in meiosis and to
put KLP-18 in proper context with other essential motors, particu-
larly mammalian kinesin-12 and kinesin-5.

10 | 1.D.Wolff etal.

Previously, we and others have proposed that KLP-18 acts to or-
ganize microtubules and provide outward force on the spindle dur-
ing anaphase (Laband et al., 2017; Mullen and Wignall, 2017); be-
cause KLP-18 sorts microtubule minus ends outward during spindle
assembly and is required for maintaining spindle length in meta-
phase, it is possible that it also exerts outward force to drive micro-
tubule sliding during anaphase B. We recently found that when KLP-
18 and dynein are both depleted, anaphase B can still occur
(Cavin-Meza et al., 2022), demonstrating that this motor is not es-
sential for outward sliding. However, it is possible that KLP-18 does
play a role during normal anaphase in combination with other
mechanisms; this remains to be directly tested. Understanding the
role of KLP-18 may help to resolve different models of chromosome
segregation proposed in C. elegans oocytes (reviewed in Severson
etal., 2016; Mullen et al., 2019) (Dumont et al., 2010; Muscat et al.,
2015; McNally et al., 2016; Davis-Roca et al., 2017, 2018; Laband
et al., 2017, Mullen and Wignall, 2017; Redemann et al., 2018; Dan-
lasky et al., 2020). Further characterization of KLP-18's role in spindle
assembly, spindle maintenance, and chromosome segregation will
be essential to fully understand C. elegans oocyte meiosis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

C. elegans strains

Strains and their sources were as follows: OD868: [tSi220[pOD 1249/
pSWO077; Pmex-5::GFP::tbb-2::0peron_linker::mCherry::his-11; cb-
unc-119)] 1 (Wang et al., 2015);

HR1160: klp-18(ord447ts), dpy-20 IV (gift from Bruce Bowerman,
University of Oregon);

SMW?29 (Ahinge): klp-18(wig2) IV; unc-119(ed3) Ill; ItIs37[pAA64;
pie-1::mCherry::his-58; unc-119@)] IV: Itls25[pAZ132; pie-1::GFP::
tba-2; unc-119 (+)] IV (transgenes were from strain OD57; gift from
Arshad Desai, University of California, San Diego);

SMW34 (AC-stalk): klp-18(wig3), ieSi38 [sun-1p:TIR1::mRuby::
sun-1 3'UTR+ Cbr-unc-119@)] IV; unc-119(ed3) lll; mMaple3::tba-1 |,
and

SMW36: HR1160 x ODB868 (klp-18(ord47ts), dpy-20 IV
1tSi220[pOD1249/pSWO077;  Pmex-5::GFP::tbb-2::0peron_linker::
mCherry::his-11; cb-unc-119(+)] I).

Generation of Ahinge and AC-stalk kip-18 mutant strains

The endogenous klp-18 gene was edited using a CRISPR-Cas9-
based approach similar to what has previously been described
(Arribere et al., 2014; Paix et al., 2015; Mullen and Wignall, 2017,
Zdraljevic et al., 2019). Genomic DNA was cut through CRISPR RNA
(crRNA) targeting to two cut sites: one at the 5" end of the desired
mutation and one at the 3’ end. A single-strand DNA (ssDNA) repair
template homologous to sequences upstream and downstream of
the two cut sites was used to bridge the excised DNA. For AC-stalk
(SMW34), residues 635-932 of KLP-18 were deleted. For Ahinge,
residues 557-770 were deleted. The dpy-10 coinjection marker was
used to screen successful genome editing events. See Table 1 for
sequence and concentration of all oligonucleotides used for CRISPR-
Cas9—directed cutting and homology-directed repair. First, 13.6 uM
Alt-R CRISPR-Cas9 tracrRNA (IDT), dpy-10 crRNA, and both gene-
specific crRNA guides were incubated at 95°C for 5 min and then
10°C for 5 min in a thermocycler. Half of this mixture was removed
and placed into a cold PCR tube on ice and then 27 pM recombinant
Cas9 (IDT) was added and incubated at room temperature for 5 min.
The dpy-10 ssDNA oligo (IDT) and gene-specific ssDNA ultramer
(IDT) repair templates were then added and nuclease free water was

Molecular Biology of the Cell


https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-05-0153

Working
concentration

Sequence (5" to 3) (uM)
CRISPR-Cas9 editing DNA oligomers
dpy-10 crRNA GCTACCATAGGCACCACGAG 4
klp-18(Ahinge) crRNA 5 AACGTCAAAGTCAATCGAGA 4.8
klp-18(Ahinge) crRNA 3’ AAAAGGATATTGACCAATGC 4.8
klp-18(AC-stalk) crRNA 5 CCATGATTGAAGATCTCGAA 4.8
klp-18(AC-stalk) crRNA 3’ CAGTCAGACCACAAAGCCAT 4.8
dpy-10 ssDNA repair template CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTAC- 1.34
CGCATGCGGTGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAA-
CAGCCTAT
klp-18(Ahinge) ssDNA ultramer TTGAAAGACAAGCACGAAGAGGCAACGTCAAAGTCAATCGAGAC- 4
repair template GAAACGAAAGAAGAAATTGGAAATTCAATCAATGCAACTCTCGCTGGA-
CAATGCGAAC
klp-18(AC-stalk) ssDNA ultramer TTTAATTTTTAATATTACTCAGTTTTTACGGTTCTTGTTTCAGAACAACGTA- 4
repair template AGACAAATCGTCTTAATTTATTTCTGTAAATATTAGCCGAATACTCACT
Genotyping primers
klp-18 FWD GAAGCTCAGTTGTGAACTGAGC 1
klp-18(Ahinge) REV CGCCATTTCATTGAGCATCG 1

TABLE 1: Editing oligomers and genotyping primers.

added to a final injection mix volume of 5 pl. The injection mix was
loaded into a capillary tube through a mouth pipette and then in-
jected into the germ line of young adult worms. Injected parental
worms (POs) were recovered in M9 (22 mM KH,PO4, 22 mM
NayHPO4, 85 mM NaCl, T mM MgSQO,) and then pooled onto a
single plate and allowed to recover at 15°C overnight. The genetic
background of each mutant can be found above in C. elegans
strains. The next day, injected POs were singled out to individual
plates, grown at 20°C, and allowed to lay eggs. The resulting F1
progeny were screened for rollers or dumpys indicating dpy-10/+ or
dpy-10/dpy-10, respectively (Arribere et al., 2014). Individual ani-
mals from “jackpot” broods (plates with many dumpys and rollers)
were isolated, allowed to produce progeny, and then screened with
single-worm PCR. Mutations in both strains were confirmed through
Sanger sequencing. The primers used to screen and sequence
mutants are shown in Table 1. Homozygous Ahinge and AC-stalk
mutants have high embryonic lethality (Figure 2A); therefore these
strains were propagated by picking individual worms to plates, let-
ting them lay eggs, and then PCR screening each adult to verify the
genotype. Adult progeny of animals heterozygous for the mutations
were used for experiments, with the assumption that % will be wild
type (+/4), V2 will be heterozygous (A/+), and % will be homozygous
mutant (A/A). Although homozygous mutant worms lack the ability
to produce wild-type KLP-18, they are able to successfully complete
the embryonic divisions and reach adulthood, presumably due to a
maternal load of functional KLP-18 from their heterozygous mothers.
However, they then produce embryos that contain only mutant KLP-
18, and a high percentage of these eggs do not hatch (Figure 2A).

Embryonic lethality assay

Embryonic lethality scoring was performed as previously described
(Mullen and Wignall, 2017) with slight modifications: L4 progeny of
unbalanced klp-18 mutant strains (SMW29 or SMW34) were isolated
onto individual nematode growth medium (NGM) plates and al-
lowed to lay eggs at 20°C for 24 h before being transferred to a
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fresh NGM plate. The eggs were allowed to hatch for 24 h at 20°C,
and then the total progeny, unhatched eggs and hatched worms,
were scored. This process was repeated two times per isolated
worm for a total of three scored plates per worm. Following the third
day of egg laying, parent worms were screened for genotype (ho-
mozygote background, klp-18 heterozygote mutant, or klp-18 ho-
mozygote mutant) by PCR.

Fixed imaging
For quantification of spindle morphology, intact worms were fixed in
EtOH as previously described (Wolff et al., 2022): ~30-45 worms
were picked into a 15°C drop of M9, the drop was dried with What-
man paper, and 10 pl of 100% EtOH was added directly to worms.
The EtOH was allowed to dry completely, and another drop of 100%
EtOH was added, and this was repeated for a total of three times. A
1:1 mixture of Vectashield:M? was added to the worms, and then a
coverslip was added and sealed with nail polish. Slides were stored
at 4°C until imaging. Slides were visualized on a DeltaVision Core
microscope (GE Biosciences), and spindle morphology was quanti-
fied by eye with a 40x objective or by taking a snapshot of the
spindle with a 100x objective. Oocyte spindles in embryos in the +1
or +2 positions were quantified as indicated on the figure.
Immunofluorescence was performed as previously described
(Wolff et al., 2022). Oocytes were dissected into drops of M9, snap-
frozen in liquid Ny, freeze cracked, and fixed in —20°C MeOH for
35 min. Slides were washed twice with phosphate-buffered saline
(PBS), blocked with Abdil (1x PBS, 4% bovine serum albumin, 0.1%
Triton X-100, 0.02% sodium azide) for 30 min at room temperature,
and then primary antibody was applied overnight at 4°C. The next
day slides were washed three times with PBS + 0.1% Triton X-100
(PBST) at room temperature, incubated with secondary antibody for
2 h at room temperature, washed three times with PBST, incubated
with Hoechst for 15 min at room temperature, washed twice with
PBST, then mounted in mounting media (0% glycerol, 20 mM Tris,
pH 8.8, 0.5% p-phenylenediamine), and sealed with nail polish.
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Primary antibodies and concentrations used: rat anti-KLP-18 (1:500;
gift of Olaf Bossinger, RWTH Aachen University [Segbert et al.,
2003]), rabbit anti—-MESP-1 (1:3000 [Wolff et al., 2016]), rabbit
ASPM-1 (1:5000 [Wignall and Villeneuve, 2009]). Secondary anti-
bodies and concentrations used: goat anti-rat (1:500; Invitrogen),
goat anti-rabbit (1:500; Invitrogen). Slides were imaged using a Del-
taVision Core microscope with a 100x objective (NA = 1.40). All im-
age acquisition and processing was performed using softWoRx soft-
ware (GE Biosciences). Image stacks were acquired with 0.2 pm
z-steps. All immunofluorescence images are full maximum-intensity
projections of the entire spindle structure and are not deconvolved
unless indicated in the figure legend.

Microscopy was performed at the Biological Imaging Facility at
Northwestern University.

Protein domain analysis

KLP-18 coiled-coil domains were identified using Paircoil2 coiled-
coil prediction software (http://cb.csail.mit.edu/cb/paircoil2/) (Mc-
Donnell et al., 2006). Probability scores were calculated with a cutoff
of 0.5. MESP-1 disordered regions predicted using PONDR (http://
www.pondr.com/) (Xue et al., 2010).

Protein expression and purification

Purification results, affinity tag, and expression system for each pro-
tein can be found in Supplemental Figure S1A. C. elegans cDNA
was amplified from extracted mRNA from wild-type worms using
the iScript Select cDNA Synthesis kit (Bio-Rad). KLP-18 cDNA was
amplified from whole-worm cDNA with gene-specific primers and
Q5 DNA polymerase and then used for cloning all KLP-18 pET ex-
pression constructs. Ahinge was created via site-directed mutagen-
esis (NEB) from the stalk construct. MESP-1 cDNA was amplified
from a GST-MESP-1 construct (Wolff et al., 2016) and inserted into
an MBP vector (gift of Laura Lackner, Northwestern University, and
Marijn Ford, University of Pittsburgh). pET His6é GFP TEV LIC cloning
vector (1GFP [Pédelacq et al., 2006]) was a gift from Scott Gradia,
University of California, Berkeley (Addgene plasmid #29663; http://
n2t.net/addgene:29663; RRID: Addgene_29663). KLP-18 cDNA
was inserted into the GFP construct via Gibson Assembly to create
the GFP-stalk construct, and the GFP-KLP-18ts and GFP-AC-stalk
were created via site-directed mutagenesis (NEB) from this GFP-
stalk construct. KLP-18 cDNA was inserted into the MBP construct
via restriction digest to make MBP-stalk.

All proteins were purified using the same protocol and the same
buffers. All expression vectors were transformed into BL21 DE3 Esch-
erichia coli cells and grown at 37°C to an OD of ~0.6. Cells were in-
duced with 0.1 mM lIsopropyl-B-p-thiogalactoside (IPTG) and grown
for various expression times and at various temperatures; see Supple-
mental Figure S1A for growth conditions for individual proteins.
Growth cultures were spun at 4700 rpm and resuspended in lysis buf-
fer (80 mM PIPES, pH 6.8, 2 mM MgCl,, T mM ethyleneglycol-bis(B-
aminoethyl)-N,N,N’,N"-tetraacetic acid (EGTA), 250 mM NaCl, 5-10%
glycerol, 0.02% Tween, leupeptin, aprotinin, pepstatin, 2 mM imidaz-
ole), and then cells were lysed with 1 mg/ml lysozyme (incubated for
20 min at 4°C) and with sonication. Lysate was cleared by centrifuga-
tion for 45 min at 11,900 rpm in a Ti50.2 rotor. Ni-NTA resin was
equilibrated with lysis buffer and then added to cleared lysate and
incubated at 4°C for 1-2 h. Slurry was applied to a plastic column and
washed with 30 ml of lysis buffer + 20 mM imidazole. Bound protein
was eluted with 5-10 ml of lysis buffer + 500 mM imidazole. Ni-NTA
elution was either kept at 4°C overnight before application or applied
directly to a HiLoad 26/600 Superdex 200 gel filtration column run on
the Aktaprime FPLC system (GE Biosciences) and equilibrated with
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lysis buffer. Eluted fractions from individual peaks were tested by
SDS-PAGE, and fractions containing pure protein of interest were
combined, concentrated, frozen by dripping into liquid N, and
stored at -80°C.

Microtubule cosedimentation assay

Purified porcine brain tubulin (100 pM; self-purified, gift of Sarah
Rice, Northwestern University) was incubated with 1 mM dithiothrei-
tol (DTT) and 1 mM GTP in BRB80 (80 mM PIPES, pH 6.8, 2 mM
MgCly, T mM EGTA) on ice for 5 min and then spun at 80,000 rpm
for 10 min at 4°C. The supernatant was removed and incubated at
37°C for 1 h. Taxol was added stepwise to the following final con-
centrations at 37°C: 1 uM Taxol, then incubated for 10 min; 10 uM
Taxol, then incubated for 10 min; and 100 uM Taxol, then incubated
for 15 min. Polymerized microtubules were diluted 1:1 in BRB80 +
50 pM Taxol and kept at room temperature until use. For subtilisin
treatment, 1 mg/ml subtilisin was added to 20 pM polymerized tu-
bulin and incubated overnight at 37°C. The reaction was quenched
with 2 mM final concentration phenylmethylsulfonyl fluoride (PMSF)
followed by incubation at 37°C for 1 h and then spun over a cushion
(200 pl BRB8O, 60% glycerol, 20 uM Taxol) at 80,000 rpm for 20 min.
The cushion and pellet were washed in 50 pl of BRB8O + 20 pyM
Taxol and then resuspended in 10 pl of BRB80 + 50 uM Taxol.

Proteins of interest were thawed from -80°C storage and pre-
cleared by spinning at 80,000 rpm for 10 min at 25°C. Soluble pro-
tein in the supernatant was removed and added to 5 yM microtu-
bules quickly to maintain protein solubility. The reactions were
assembled in BRB80 + 20 uM Taxol with equal salt, detergent, and
glycerol concentrations based on the final purification buffers (see
the Protein expression and purification section for details) to a final
volume of 25 pl. The exact protein concentrations for each experi-
ment can be found in the Figure quantification section. Reactions
were incubated at room temperature for 30 min and then spun
through a 100 pl BRB80 + 40% glycerol + 20 uM Taxol cushion at
90,000 rpm for 15 min at 25°C. From the very top of the solution
25 pl was removed and added to 2x SDS Laemmli sample buffer
(4% SDS [Sodium dodecyl sulfate], 20% glycerol, 120 mM Tris-HCl
pH 6.8, 0.02% bromophenol blue) to make the “supernatant” sam-
ple. The cushion was washed with BRB80 + 20 uM Taxol and re-
moved, and then the pellet was washed with BRB8O + 20 uM Taxol.
The pellet was resuspended with 25 pl of cold BRB80 + 10 mM
CaCl, and then added to 2x SDS Laemmli sample buffer to make
the “pellet” sample. All spins were performed in a TLA120.2 rotor
(Beckman).

Supernatant and pellet samples were probed by Western blot
using the following antibody concentrations: 1:5000 anti-6XHis-HRP
(horseradish peroxidase) (Abcam), 1:5000 mouse anti-tubulin (Invit-
rogen), 1:5000 anti-mouse HRP (Invitrogen). See Figure quantifica-
tion section for Western blot quantification details.

Microtubule bundling assay
Fluorescent microtubules were polymerized by incubating 20 yM
porcine brain tubulin and 2 pM TMR-tubulin (Cytoskeleton) with
1 mM DTT and 1 mM guanosine triphosphate (GTP) in BRB80
(80 mM PIPES, pH 6.8, 2 mM MgCl,, 1 mM EGTA) on ice for 5 min
and incubated at 37°C for 2 min. Taxol was added stepwise to the
following final concentrations at 37°C: 0.2 uM Taxol, then incubated
for 10 min; 2 pM Taxol, then incubated for 10 min; and 20 uM Taxol,
then incubated for 10 min. Polymerized microtubules were kept at
room temperature until use.

Proteins of interest were thawed from -80°C storage and pre-
cleared by spinning at 80,000 rom for 10 min at 25°C. Protein
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concentrations were measured by Bradford assay and then added
to 25 pl reactions with 200 nM TMR-microtubules in BRB80 + 20 uM
Taxol with equal salt, detergent, and glycerol concentrations based
on the final purification buffers (see the Protein expression and
purification section for details). Reactions were incubated at room
temperature for 30 min and then fixed with 1% glutaraldehyde and
incubated for an additional 3 min. Reactions were then squashed
onto a poly-L-lysine slide, sealed with nail polish, and imaged on a
spinning-disk confocal microscope (see Time-lapse imaging for mi-
croscope details). For exact protein concentrations and quantifica-
tion details, see the Figure quantification section.

GFP-tagged protein recruitment to microtubules

Fluorescent microtubules were polymerized as previously described
(Reinemann et al., 2017). First, GMPCPP seeds were nucleated by
incubating 13 pl of PEM104 (104 mM PIPES, pH 6.9, 1.3 mM EGTA,
6.3 mM MgCly), 2.2 pl of 10 mM GMPCPP, 2.2 pl of dimethyl sulfox-
ide (DMSO), 4 pl of 13 mg/ml homemade porcine brain tubulin (gift
of Sarah Rice), and 4 pl of 10 mg/ml TMR-tubulin (Cytoskeleton) at
37°C for 40 min. A microtubule elongation mixture of 13 pl of
PEM104, 2.2 pl of 10 mM GTP, 2.2 pl of DMSO, 2 pl of 13 mg/ml
homemade porcine brain tubulin, and 1.5 pl of 1 mg/ml TMR-tubu-
lin (Cytoskeleton) was incubated at 37°C for 1 min, 1.5 pl of the
GMPCPP seed mixture was added, and then the reaction was incu-
bated at 37°C for 40 min. Microtubules were stabilized by adding
2 pl of stabilization buffer (38.6 pl of BRB8O, 0.5 pl of 100 mM GTP,
and 6 pl of 2 mM Taxol dissolved in DMSO) and then kept at room
temperature until use. Microtubules were used within 1 wk of po-
lymerization. Proteins of interest were thawed from -80°C storage
then added to 25 pl reactions with 5 pl of 1:20 diluted TMR-microtu-
bules in BRB80 + 20 pM Taxol with equal salt, detergent, and glyc-
erol concentrations based on the final purification buffers (see the
Protein expression and purification section for details). Reactions
were incubated, fixed, and imaged exactly as described above in
the Microtubule bundling assay section.

MBP pull down
N-stalk/C-stalk (1pM) and MBP/MBP-MESP-1 (2 uM) were added to
a 100 pl reaction in BRB80 (80 mM PIPES, pH 6.8, 2 mM MgCly,
1 mM EGTA) with equal salt, detergent, and glycerol concentrations
based on the final purification buffers (see the Protein expression
and purification section for details). An equal volume of protein was
added to 200 pl of 1x Laemmli sample buffer for the “input” gel
samples. The reactions were incubated at 4°C overnight and then
equilibrated amylose resin (New England Biolabs) was added to pull
out MBP-tagged proteins. Amylose resin was incubated with reac-
tions for 1 h at 4°C and then the resin was washed four times with
900 pl of BRB8O. Final wash (300 pl) was saved for acetone precipita-
tion to make “wash” samples. To elute bound proteins from amylose
resin, 900 pl of BRB80 + 50 mM NaCl + 10 mM maltose was added
to beads and incubated for 20 min at 4°C. Eluate (300 pl) was re-
moved for acetone precipitation to make “elution” gel samples.
Wash and elution samples were concentrated via acetone pre-
cipitation as follows: 1.2 ml of —20°C acetone was added to 300 pl
of wash or elution samples, vortexed, and incubated at -20°C over-
night. The next day samples were spun at 16,000 x g for 10 min at
room temperature and incubated at 50-55°C for ~20 min until the
acetone was completely evaporated and the pellets were dry. Pellet
was resuspended in 40 pl of 1x Laemmli sample buffer and boiled
for 10 min at 95°C to make gel samples. Samples were run on a
Western blot and probed with 1:5000 anti-6XHis-HRP to visualize
His-tagged KLP-18 truncations. To visualize MBP or MBP-MESP-1
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samples were run on an SDS-PAGE gel and stained with Coomassie.
The input lane represents 1% of protein added to the reaction, and
wash/elution lanes represent 12.5% of all protein in those samples.

RNAi

RNAi was performed as previously described (Wolff et al., 2022).
Briefly, individual RNAI clones picked from an RNAI feeding library
(Fraser et al., 2000; Kamath et al., 2003) were used to inoculate Luria
broth (LB) plus ampicillin (100 pg/ml) and grown overnight at 37°C.
These cultures were used to seed NGM/ampicillin (100 pg/ml)/1 mM
IPTG plates, and the plates were left overnight at room tempera-
ture. Synchronized L1 worms were plated on induced plates and
grown at 15°C for 5-6 d until they became gravid adults.

Time-lapse imaging
Worms were prepared for two-color live imaging as previously de-
scribed (Laband et al., 2018). klp-18ts; emb-30(RNAI) and control
emb-30(RNAI) adult worms were kept at 15°C and room tempera-
ture before dissection, respectively. Oocytes were dissected out of
worms in a drop of room temperature Meiosis Medium (final con-
centrations in ddH,O: 60% Leibovitz L-15, 20% heat-inactivated
FBS, 25 mM HEPES, pH 7.5, 0.5 mg/ml inulin), and then a coverslip
was added. Oocytes that settled onto the coverslip were filmed. Al
live imaging was performed at ambient temperature (~23-25°C).
Imaging was performed using a spinning-disk confocal micro-
scope with a 63x HC PL APO 1.40 NA objective lens. A spinning-
disk confocal unit (CSU-X1; Yokogawa Electric Corporation) attached
to an inverted microscope (Leica DMI6000 SD) and a Spectral
Applied Imaging laser merge ILE3030 and a back-thinned electron-
multiplying charge-coupled device camera (Evolve 521 Delta) were
used for image acquisition. The microscope and attached devices
were controlled using MetaMorph Image Series Environment soft-
ware (Molecular Devices). Frames were acquired every 30 s at 2 pm
z-stack intervals.

Hydrodynamic analysis

A purification of MBP-stalk was split and diluted into BRB80 +
300 mM NaCl (high salt) or BRB80 + 20 mM NaCl (low salt). The
high-salt and low-salt dilutions were then applied to a HilLoad
26/600 Superdex 200 column equilibrated with appropriate buffer.
Identical fractions were collected for each dilution and probed by
Western blot using rabbit anti-KLP-18 at 1:5000 and anti-rabbit-
HRP at 1:5000. See Figure quantification section for further details.

Western blots

For klp-18(ord447ts) whole-worm Western blots, control (OD868) or
klp-18(ord447ts) (SMW36) plates were shifted to 26°C for 1 h. Fifty to
one hundred worms were picked from a shifted plate to a prewarmed
unseeded plate for 5 min to avoid transfer of bacteria and then
washed off the plate with room temperature M9. Worms were pel-
leted by spinning at 800 x g for 1 min, supernatant was removed, and
an equal volume of 2x SDS Laemmli sample buffer was added. Gel
samples were boiled for 10 min at 95°C, briefly vortexed, and then
boiled for an additional 10 min at 95°C. A volume of sample corre-
sponding to 50 worms was loaded onto the gel. Antibodies used: rat
anti-KLP-18 1:1000, anti-rat-HRP 1:5000 (Invitrogen), mouse anti-tu-
bulin 1:5000, and anti-mouse-HRP 1:5000 (Invitrogen).

Samples were run on 8-12% SDS-PAGE gel and transferred to a
nitrocellulose membrane using a Trans-Blot Turbo Transfer System
(BioRad). Membrane was blocked in 5% milk in TBST (TBS [20 mM
Tris Base pH 7.6, 150 mM NaCl] + 0.1% Tween) blocking solution,
incubated with primary antibody in blocking solution at room
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temperature for 1 h or at 4°C overnight, washed in TBST, incubated
in secondary antibody at room temperature for 1 h, washed in TBST,
incubated with Clarity Western ECL substrate (BioRad) for 2 min,
and then imaged.

Figure quantification

Figure 1B. Western blots were developed on film and then scanned,
and the ImageJ "“analyze gels” function was used to quantify band
intensity in each lane (Schindelin et al., 2012; Rueden et al., 2017).
For each reaction, the total band intensity was calculated by adding
the “supernatant” and “pellet” band intensities, and “shift to pellet
(%)" was calculated by dividing the “pellet” band intensity by the
total band intensity for the reaction. The mean £ SD for n = 3 inde-
pendent experiments is shown.

For each experiment quantified, [tubulin] =5 uM, [N-stalk] = 1.0-
1.26 uM, [C-stalk] = 0.14-1 pM. In the representative blots shown for
Figure 1B, left: [N-stalk] = 1.26 pM and [C-stalk] = 0.53 uM. For the
subtilisin experiment shown in Figure 1B, right: [C-stalk] = 0.14 pM
for all reactions. For the nonsubtilisin experiment: Shift to pellet (%)
+ SD for N-stalk (= MT) = 4.5 + 4.9%, N-stalk (+ MT) = 3.2 + 3.6%,
C-stalk (= MT) = 1.6 £ 2.8%, C-stalk (+ MT) = 52.7 £ 9.7%. For the
subtilisin experiment: Shift to pellet (%) £ SD for C-stalk (- MT) =
6.0+ 6.7, C-stalk (+ MT) =50.8 £ 7.0%, C-stalk (+ sMT) =26.7 £ 7.0%.

Figure 1D. Microtubule bundling assays were imaged on a spin-
ning-disk microscope with consistent exposure times across the ex-
periment. Images were quantified in ImageJ: raw images were
made into a grayscale composite, and then an automatic threshold
using the “Threshold” command was applied. Across an experi-
ment, a threshold was applied to each image individually but with
the same automatic thresholding algorithm. After the thresholding
was applied, fluorescent particles were selected and the “mean
size” was calculated. This measurement is the mean size of all fluo-
rescent particles in an image and represents the degree of microtu-
bule bundling (large bundles will have a larger mean size than indi-
vidual microtubules). To normalize mean bundle area, the area from
experimental images was divided by the mean area of all of the
buffer-only control images, making the mean size of unbundled mi-
crotubules equal to 1. Each plotted data point is one image’s nor-
malized bundle area.

Two experiments are shown on the graph, and the same result
(Ahinge bundles MTs while full-length stalk does not) was shown in six
total experiments. In each reaction, [tubulin] = 200 nM. Mean
“Normalized bundle area (A.U.)" and n for each condition are buffer
alone: 1, n=62; 1 pM stalk: 1.22, n=67; 2 uM stalk: 1.59, n=62; 1 uM
Ahinge: 2.63, n=63; 2 pM Ahinge: 5.27, n= 62. Using a two-sample
equal variance Student’s t test, all conditions compared with buffer
and Ahinge compared with equal concentrations of stalk showed sta-
tistically significant (p < 0.01) increases in normalized bundle area.

Figure 2B. Spindle morphology in control or klp-18(or447ts)
worms fixed in EtOH was quantified by eye using a 40x objective or
by taking snapshots at 100x. The percentages shown in Figure 2B
are calculated by considering only preanaphase oocyte spindles
(multipolar, bipolar, monopolar); representative images are shown.
However, we did assess all +1 spindles (including anaphase and Mll
spindles), and that full data set is graphed in Supplemental Figure
S3A. For klp-18(or447ts), four experiments were quantified (for 15°C
n= 28,16, 32, 29 preanaphase spindles; for 26°C n=27, 21, 42, 42
preanaphase spindles); for control 26°C, three experiments were
quantified (n =12, 11, 14 preanaphase spindles). Mean “percent of
preanaphase +1 oocytes (%)” + SD for control 26°C: multipolar =6
10%, bipolar = 94 + 10%, monopolar = 0 + 0%. Mean “percent of
preanaphase +1 oocytes (%)” £ SD for klp-18(or447ts) 15°C: multi-

14 | 1.D.Wolff etal.

polar = 10 £ 7%, bipolar = 67 £ 7%, monopolar = 23 = 10%. Mean
"percent of preanaphase +1 oocytes (%)" + SD for klp-18(or447ts)
26°C: multipolar = 1 £ 1%, bipolar = 4 + 4%, monopolar = 95% + 5.
Figure 2, C and D. Fluorescence intensity of KLP-18 or MESP-1
immunofluorescence staining at poles of fixed oocyte spindles. Ml or
MII bipolar or monopolar spindles were quantified for each condi-
tion. Raw undeconvolved images were used for quantification, and
each image was acquired at similar exposures and laser power. For
the klp-18AC-stalk and klp-18Ahinge strains, each slide contained a
mix of bipolar and multipolar spindles allowing for an internal con-
trol. Every image of a spindle on the same slide was acquired identi-
cally. All image analysis was performed in ImageJ (Schindelin et al.,
2012; Rueden et al., 2017). First, each pole of the bipolar spindle or
single monopole was qualitatively identified in the tubulin channel. A
five-slice sum projection was then made containing two z-stacks
above and below the center z-slice at the center of the pole for each
channel; then a region of interest (ROI) was drawn around the pole in
the tubulin channel of the sum projection. The exact ROl was applied
to the KLP-18 and MESP-1 channels, and the integrated density
(mean pixel intensity x area) was recorded for each channel. To calcu-
late background, the same ROl was moved to an area of the cyto-
plasm adjacent to each pole and the same intensity measurements
were recorded. The background measurements were then sub-
tracted from the pole measurements. For bipolar spindles, the two
background-subtracted poles were averaged together. To calculate
final fluorescence intensity on spindle poles, the background-sub-
tracted KLP-18 or MESP-1 intensity was divided by the background-
subtracted tubulin intensity to normalize for variability in staining or
the number of microtubules present on mutant spindles. Each data
point represents one spindle. For klp-18ts bipolar n = 21 spindles;
klp-18ts monopolar n = 38 spindles; klp-18AC-stalk bipolar n = 38
spindles; klp-18AC-stalk monopolar n = 18 spindles; klp-18Ahinge
bipolar n =23 spindles; klp-18AC-stalk monopolar n =22 spindles.
Figure 3B. Quantified exactly as described in Figure 1B, except
some blots were imaged with an Azure Biosystems digital imager.
Concentrations for each experiment quantified: [tubulin] = 5 uM,
[MBP-MESP-1] = 1.0-5.77 uM. In the representative blots shown,
[MBP-MESP-1] = ~1.0 uM (nonsubtilisin experiment) and 5.77 pM
(subtilisin experiment). Two nonsubtilisin experiments were quanti-
fied, and three subtilisin experiments were quantified. Shift to pellet
(%) £ SD for MBP-MESP-1: (- MT) =2.9 £ 4.1%, (+ MT) =56.1 + 3.4%.
For subtilisin experiments, shift to pellet (%) £ SD for MBP-MESP-1:
(-MT)=0.6£0.1%, (+ MT) =41.6 £ 10.9%, (+ sSMT) = 4.5 + 6.4%.
Figure 3, D and E. Images were acquired and threshold applied
as described for Figure 1D. Exposure times were held constant
across the experiment. To quantify GFP localization, fluorescent par-
ticles were selected in the microtubule channel and then the mean
intensity in the GFP channel was measured within the selection.
Therefore, only GFP signal that was overlaid on microtubule bundles
was measured. Mean intensity in the tubulin channel was also mea-
sured. To normalize to background, the selection was inverted to
select the entire image that was not previously selected as microtu-
bules and the mean intensity in both the GFP and red tubulin chan-
nel was measured. The mean background intensity was subtracted
from mean GFP intensity for each image. “Normalized GFP enrich-
ment” was calculated by dividing background-subtracted GFP sig-
nal by background-subtracted tubulin signal to normalize for vari-
ability in the amount and size of microtubule bundles. The mean
“Normalized GFP enrichment” value for an experiment was calcu-
lated and averaged over n =3 experiments. The mean + SD for each
condition are as follows: GFP + MBP-MESP-1 =0.14 £ 0.1; GFP-AC-
stalk = 0.09 + 0.01; GFP-AC-stalk + MBP-MESP-1 = 0.13 + 0.02;
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GFP-klp-18ts = 0.24 £ 0.08; GFP-klp-18ts + MBP-MESP-1 = 0.37
0.06; GFP-stalk = 0.10 + 0.03; GFP-stalk + MBP-MESP-1 = 0.71 +
0.10. Each reaction contained 250 nM GFP-tagged proteins and 1
puM MBP-MESP-1 (if added as indicated).

Figure 4A. Quantified as in Figure 2B and Supplemental
Figure S3A. For all strains and conditions, three experiments were
quantified (control 26°C n=52, 26, 28 +1 spindles, n =50, 26, 27 +2
spindles; klp-18(ord447ts) 15°C n=42, 81, 52 +1 spindles, n=38, 77,
55 +2 spindles; klp-18(or447ts) 26°C n = 39, 50, 56 +1 spindles, n =
36, 42, 56 +2 spindles). The mean percent of oocytes (%) + SD for
each condition was calculated. For control emb-30(RNAI) 26°C +1
oocytes: multipolar = 2 + 2%; bipolar = 82 + 7%; monopolar = 2
2%,; collapsed = 12 £ 9%; anaphase onward = 1 + 2%. For control
emb-30(RNAI) 26°C +2 oocytes: multipolar = 0 + 0%; bipolar = 86 +
8%; monopolar = 1 + 2%; collapsed = 9 £ 2%; anaphase onward = 4
+ 4%. For klp-18(or447ts); emb-30(RNAI) 15°C +1 oocytes: multipo-
lar = 2 + 2%,; bipolar = 64 + 13%; monopolar = 22 + 1%; collapsed =
5 £3%; anaphase onward = 7 £ 1%. For klp-18(or447ts); emb-
30(RNAI) 15°C +2 oocytes: multipolar = 0%; bipolar = 74 + 22%,
monopolar = 8 + 4%; collapsed = 4 + 3%,; anaphase onward = 4 +
7%. For klp-18(ord447ts); emb-30(RNAI) 26°C +1 oocytes: multipolar
= 0 £ 0%; bipolar = 2 + 2%; monopolar = 93 + 6%; collapsed = 3 +
3%; anaphase onward = 2 + 3%. For klp-18(or447ts); emb-30(RNAI)
26°C +2 oocytes: multipolar = 0 = 0%; bipolar = 11 + 5%; monopolar
=83+ 12%,; collapsed = 1 £ 1%; anaphase onward =4 + 7%.

Figure 4C. To quantify spindle length in time-lapse videos, raw
data were loaded in ImageJ and the distance between poles was
measured with the line tool: spindle poles were identified in the tu-
bulin channel by a bright circular area of tubulin, and a straight line
was drawn between the outer edges of pole tubulin signal to mea-
sure the spindle length. This was done for each frame of the video.
Because spindle collapse in klp-18ts; emb-30(RNAI) oocytes hap-
pened at slightly different times after beginning filming, the times-
cale was normalized such that the first frame showing shortening
was set as time = 0. Each trace for 14 spindles is shown on the left,
and the mean spindle length (+ SD) over time for the same data set
is shown on the right (blue shading). For control emb-30(RNAI) spin-
dles, because there was no obvious spindle collapse, the beginning
of the video was set at time = -4 and the time was not readjusted.
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