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Distinct regions of the kinesin-5 C-terminal tail are essential for
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Kinesin-5 motor proteins play essential roles during mitosis in most organisms. Their
tetrameric structure and plus-end-directed motility allow them to bind to and move
along antiparallel microtubules, thereby pushing spindle poles apart to assemble
a bipolar spindle. Recent work has shown that the C-terminal tail is particularly
important to kinesin-5 function: The tail affects motor domain structure, ATP
hydrolysis, motility, clustering, and sliding force measured for purified motors, as well
as motility, clustering, and spindle assembly in cells. Because previous work has focused
on presence or absence of the entire tail, the functionally important regions of the tail
remain to be identified. We have therefore characterized a series of kinesin-5/Cut7
tail truncation alleles in fission yeast. Partial truncation causes mitotic defects and
temperature-sensitive growth, while further truncation that removes the conserved
BimC motif is lethal. We compared the sliding force generated by cut7 mutants
using a kinesin-14 mutant background in which some microtubules detach from the
spindle poles and are pushed into the nuclear envelope. These Cut7-driven protrusions
decreased as more of the tail was truncated, and the most severe truncations produced
no observable protrusions. Our observations suggest that the C-terminal tail of Cut7p
contributes to both sliding force and midzone localization. In the context of sequential
tail truncation, the BimC motif and adjacent C-terminal amino acids are particularly
important for sliding force. In addition, moderate tail truncation increases midzone
localization, but further truncation of residues N-terminal to the BimC motif decreases
midzone localization.
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Kinesin-5 motors are essential for mitosis in many organisms because they help assemble
the bipolar mitotic spindle (Fig. 1) (1–5). Kinesin-5 tetramers are formed by two dimers
linked in antiparallel orientation through their stalks, so the motor heads are positioned
at both ends of a bipolar complex (6–11). When kinesin-5s cross-link antiparallel
microtubules (MTs), their plus-end-directed motility generates force that slides the
microtubules apart (12–18). This sliding force is important for initial separation of
mitotic spindle poles, assembly of a bipolar spindle (Fig. 1A), and for spindle elongation
in early anaphase B (19–21). Loss of kinesin-5 function commonly leads to the formation
of monopolar mitotic spindles (2, 4, 22), consistent with the role of kinesin-5 sliding
force in separating spindle poles.

However, increasing evidence suggests that this model for how kinesin-5s separate
spindle poles is incomplete. Kinesin-5s are not only plus-end-directed, but can also
walk or be carried toward spindle MT minus ends. Fungal kinesin-5s have intrinsic
bidirectional motility (23–34), while in vertebrates, kinesin-5 becomes cargo for a minus-
end directed motor (35–39). At least in part because of this minus-end-directed motility,
kinesin-5s localize more strongly near spindle poles (near MT minus ends) than in the
center of the spindle, where MT plus ends predominate (4, 5, 38, 40–43). While the
functional significance of kinesin-5 minus-end-directed motility and pole localization has
remained unclear, previous work suggested that pole localization may position kinesin-5s
for spindle elongation (32, 44). More recently, we proposed that these mechanisms may
sequester kinesin-5 near the poles to limit sliding force (34). In this light, the mechanisms
by which kinesin-5 directionality and localization are controlled may be important to its
regulation.

Kinesin-5 monomers have a conserved organization with an N-terminal motor
domain, a stalk containing oligomerization domains, and at the C terminus of the
protein, ∼96 amino acids predicted to be disordered, known as the C-terminal tail (Fig.
1B). While the greatest amino acid conservation is in the motor domain, the tail has
conserved regions known as the BimC box and NIMA-family kinase box (5, 41, 45–47).
These include consensus sites for cyclin-dependent kinase 1 (Cdk1) and NIMA-family

Significance

This work studied the tail of
kinesin-5 motor proteins,
proteins crucial for cell division
because they help to assemble
the mitotic spindle. While it was
known that the C-terminal tail
affects motor behavior, it has
been unclear which parts of the
tail are important for particular
motor properties. We found that
a tail region called the BimC box
is essential for generating the
force required for cell division
and the motor’s localization along
the spindle in fission yeast. We
also found that protrusions
created by spindle microtubules
can be used as a tool to study
kinesin-5 force generation. These
findings provide new insights into
how kinesin-5 works and improve
our understanding of cell division.

Author affiliations: aDepartment of Physics, University
of Colorado, Boulder, CO 80309; and bDepartment
of Molecular, Cellular, and Developmental Biology,
University of Colorado, Boulder, CO 80309

Author contributions: Z.R.G., M.H.J., J.R.M., and M.D.B.
designed research; Z.R.G. and M.H.J. performed research;
M.H.J. and B.Z. contributed new reagents/analytic tools;
Z.R.G., M.H.J., B.Z., C.C., and M.D.B. analyzed data; and
Z.R.G., M.H.J., J.R.M., and M.D.B. wrote the paper.

Reviewers: J.A.B., University of California, Davis; and
R.A.C., University of Warwick.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1Z.R.G. and M.H.J. contributed equally to this work.
2To whom correspondence may be addressed. Email:
richard.mcintosh@colorado.edu or mdb@colorado.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2306480120/-/DCSupplemental.

Published September 19, 2023.

PNAS 2023 Vol. 120 No. 39 e2306480120 https://doi.org/10.1073/pnas.2306480120 1 of 11

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2306480120&domain=pdf&date_stamp=2023-09-16
https://orcid.org/0000-0002-5430-5518
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:richard.mcintosh@colorado.edu
mailto:mdb@colorado.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2306480120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2306480120/-/DCSupplemental


SpCut7/964-1085
HsEg5/880-1056
MmEg5/879-1052
XlEg5/891-1067
DmKlp61F/887-1066
AnBimC/959-1184
CeBMK-1/810-958
ScKIP1/932-1111
ScCIN8/915-1038

981
897
896
908
904
976
827
949
931

1041
956
955
967
963
1036
884
1009
983

E L L G L GDE S L CN L E T T I E DT S L VK L E T T GDT P S K RE L P AT P SWT RDS S L I K E T T N L N L DS DT S T S SP
E L NE T I K I G L T K L N - C F L EQD L K L D I P TGTT PQRK S Y L Y P S T L VRT E P RE H L L DQ L K RKQP
E L DK T I K T G L T K L N - C F L KQD L K L D I P T GMT P E RK K Y L Y P T T L VRT E P REQ L L DQ L QK KQP
E L NEQ VQ I S L NK VH - VY L K E E L RND VP T GT T PQRRDY VY P S L L I RT K P RD V L L EQ F KQQQQ
HQRQQ L Q I CEQE L V - R FQQS E L K T Y AP T GT T P S K RD F VY P RT L V AT S P HQE I VRRY RQE L D
P L S ND VRK P L T D L S S S FQNRS L E E Y V AT G VT P K K RK Y DY I S V L P S T E S HE V L K S R L RT T K E
L VS DCT K K AT DE L S - S L L DE F T K S T I V V - - T K E S A A V VNS V V L VH VDP S VN VPQR I L P S F P
E V L S E HCE K L QS L K I L GMD I F T AHS I E K P L HE HT RP E AS V I K A L P L L DY P KQ FQ I Y RD AE N
K HNML K DN I K NS I T S T HS H I T N VDD I Y NT I E N I MK NYGNK E N AT K DEM I E N I L - - - - - - - -

BimC box

S. Pombe temperature sensitive lethal mutationConserved residues

SpCut7/964-1085
HsEg5/880-1056
MmEg5/879-1052
XlEg5/891-1067
DmKlp61F/887-1066
AnBimC/959-1184
CeBMK-1/810-958
ScKIP1/932-1111
ScCIN8/915-1038

NIMA-family kinase box
1057
1015
1011
1027
1028
1085
921

1067
984

1085
1049
1045
1062
1063
1120
956
1102
1014

E P D VY DK P S NS S RT S L L RS RS AY S KMK R - - - - - - -
K K S HGK DK E NRG - I NT L E R

S
K VE E T T E H L VT K S R L P

K K P HGK DK E NRG - L NP VE K Y K VE E AS D L S I S K S R L P
K K A L RK E K E NR AN AT L L E RS K I MDE VEQS L P K S K L P
P P V AT GGK RS S S L S RS L T P S K T S P RGS P A F VRHNK E
S NT G L RE VD AN V A ARP L VY S T GE K S T DQDGS P V VS P
T S F VRRDS L L E T T NN F L S P S S I I K RREQ A I E E E E D F
K T L P NT EGT GRE SQNN L K RR F T T E P I L KGE E T E NND
- - - - - K E I P N L S K KMP L R L S N I NS NS VQS V I S P K K H

Stalk
1 426 1085

Dimerization Tetramerization

989 1085
Tail

10
11

10
21

TailMotor

10
11

S

T P X K K
RR Cdk consensus motif

Microtubules

SPBs

Cut7

+

_ _+

 tetramers

Tail
Motor

Stalk

A

B

SpCut7/964-1085
HsEg5/880-1056
MmEg5/879-1052
XlEg5/891-1067
DmKlp61F/887-1066
AnBimC/959-1184
CeBMK-1/810-958
ScKIP1/932-1111
ScCIN8/915-1038

BimC motifBimC N-terminal zone BimC C-terminal zone

T P

Fig. 1. Overview of kinesin-5 mitotic function and C-terminal tail. (A) Schematic of Cut7p and its role in bipolar spindle assembly. Left: Cut7p tetramers near the
fission-yeast spindle-pole bodies (SPBs) of a monopolar spindle. Inset: Cut7p tetramer showing MT-binding motor, stalk with dimerization and tetramerization
regions, and C-terminal tail. Right: Cut7p tetramers on a bipolar spindle. Inset: Cut7p cross-linking antiparallel microtubules in the spindle midzone. (B) Upper:
domain map of cut7 showing the motor, stalk, and ∼ 96-amino acid C-terminal tail. Middle and Lower: ClustalW sequence alignment of kinesin-5 C-terminal
tails near the BimC box (Middle) and NIMA-family kinase box (Lower), adapted from ref. 47. Alignment includes Schizosaccharomyces pombe cut7, Homo sapiens
Eg5/KIF11, Mus musculus Eg5, Xenopus laevis Eg5, Drosophila melanogaster KLP61F, Aspergillus nidulans BimC, Caenorhabditis elegans BMK-1, and Saccharomyces
cerevisiae Kip1 and Cin8. Conserved residues are highlighted in purple, S. pombe temperature-sensitive lethal mutations are highlighted in cyan, and the Cdk
consensus motif is boxed (5, 42, 45–49).

kinase (NFK, Fig. 1B). Because kinesin-5s are antiparallel
tetramers, the C-terminal tail domain of one dimer lies near the
motor domain of the other dimer (Fig. 1A). This geometry has
led to a recent focus on the possible role of tail–motor interactions
in kinesin-5 motility. It has been observed that cancer cells can
develop resistance to kinesin-5/Eg5 inhibitors via tail truncation
(50), further supporting the significance of the tail.

The kinesin-5 tail regulates motor function and localization.
For metazoan kinesin-5s, truncation of the C-terminal tail
alters motility, MT cross-linking, and sliding force of purified
motor (18, 51, 52). However, because the tail domain is
also critical for spindle localization (18), the importance of
the tail for kinesin-5 force in the spindle cannot be assessed
for these organisms. Closed mitosis in fungi appears to have
advantages in confining kinesin-5 tail truncations in a smaller
volume where they can maintain spindle localization. Deletion
of the kinesin-5/Cin8 tail in budding yeast biases directionality
toward MT plus ends (53) and is lethal if the gene for a

second kinesin-5 allele (Kip1) is also deleted (14, 53). In fission
yeast, truncation of the kinesin-5/Cut7 tail is lethal and affects
bipolar spindle assembly (34). Notably, however, cut7 becomes
inessential in fission-yeast lacking kinesin-14 (54–56). We used
this genetic background to show that tail truncation alters
Cut7p velocity and rate of direction switching (34). While
the C-terminal tail is predicted to be disordered based on its
primary structure (34), cryo-EM analysis of Drosophila KLP61F
found that interactions between the tail and motor domains
can at least partially fold the tail (18). Tail–motor interactions
also alter motor structure, causing slower ATP hydrolysis and
speed of purified motor (18). Further, it has recently been
proposed that C-terminal tails of kinesin-5 can interact with
motor domains of adjacent motors, promoting cluster formation
that enhances sliding force (52) and could affect direction
switching (30, 33). However, the extent and mechanisms of
kinesin-5 regulation by the C-terminal tail remain incompletely
understood.
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The fission yeast Schizosaccharomyces pombe is a useful model
in which to study kinesin-5. Cut7p is the sole kinesin-5 motor
in this organism, and it shares domain structure and spindle
localization with other kinesin-5s (Fig. 1). The Cut7p motor-
domain structure has been solved (57). In fission yeast lacking
kinesin-14/Pkl1 or its binding partners, Wdr8p and Msd1p,
spindle MT minus ends can be pushed past the spindle-pole
body (SPB) and distort the nuclear envelope outward (54–56).
These spindle MT protrusions can differ in length, dynamics,
and in the polarity of the MTs they contain (56). Importantly,
spindle MT minus-end protrusions depend on Cut7p, since they
do not form in cells in which Cut7 is deleted or has a loss of
function (55, 56). Protrusions can therefore assay the net Cut7p
force, determined by the balance of spindle elongation force with
drag from Cut7p cross-linking.

Results

Sequential Truncation of the cut7 C-Terminal Tail Leads to
Growth and Spindle Defects. In previous work, we found that the
cut7 tail truncation lacking the C-terminal 96 amino acids (cut7-
988) was lethal in an otherwise wild-type genetic background
(34). To study which portions of the cut7 tail are most important
for cell viability, spindle assembly, and net sliding force, we
generated a series of sequential C-terminal truncation mutants as
well as an internal deletion (Fig. 2A). We constructed each cut7
allele with a green fluorescent protein (GFP) tag at its C terminus
and integrated it as the sole copy of cut7 in the cell. In addition,
we added low-level-expressed mCherry-atb2 to label spindle MTs
(34, 58, 59).

While truncation of small portions of the tail did not noticeably
affect cell growth, greater truncation caused temperature-sensitive
growth defects and lethality. The cut7-1032 truncation removed
the final 53 amino acids from the tail, including the NIMA-
family kinase box. Growth was similar for cut7-1032 and full-
length cut7 cells (cut7-FL, Fig. 2B). Cells with cut7-1017 lacking
the final 68 amino acids grew similarly to cut7-FL and cut7-1032
at 25 ◦C, but showed a strong growth defect at 37 ◦C. The
cut7-1006 allele lacked 79 amino acids, including the conserved
BimC motif (Fig. 2A). We were unable to obtain cut7-1006 cells
by transformation as the sole cut7 allele in otherwise wild-type
cells, suggesting it was lethal. The cut7-988 mutant lacked the
entire tail up to the predicted coiled-coil sequence, and was a
lethal allele (34). Finally, we made an internal deletion of a.a.
989-1028, which lacked the BimC motif, but retained a C-
terminal portion of the BimC box and the NIMA-family kinase
box (Fig. 2A) (47). Cells with cut7-989-1028Δ showed a slight
growth defect at 25 ◦C and were inviable at 37 ◦C (Fig. 2B, SI
Appendix, Fig. S1). These results suggest that the BimC box and
nearby residues are particularly important for cell growth.

The viable truncation mutants all showed bipolar spindle
assembly at 25 ◦C with spindle-localized Cut7-GFP, but differed
in spindle length and elongation (Fig. 2 C–E and SI Appendix,
Figs. S1 and S2). We imaged cells by confocal fluorescence
microscopy, then quantified spindle length over time and aligned
traces by defining t = 0 as the time of anaphase onset
(Materials and Methods and SI Appendix, Fig. S2). We measured
preanaphase spindle length, anaphase spindle elongation speed,
and the time from anaphase onset until steady spindle elongation
was reached (Fig. 2 E–H and Materials and Methods). The cut7-
FL and cut7-1032 spindles appeared similar, with preanaphase
spindle length of∼2.5 μm, anaphase spindle elongation speed of
∼ 0.8 μm/min, and a∼2- to 3-min time after anaphase onset to
reach steady elongation (Fig. 2E–H ). Cells containing cut7-1017

and cut7-989-1028Δ had shorter preanaphase spindles (2 and
1.25 μm, Fig. 2F ). While the steady anaphase elongation speed
was similar in all strains (Fig. 2G), cut7-1017 and cut7-989-
1028Δ cells took longer to reach steady elongation (Fig. 2H ).
This suggests that Cut7p with the tail truncated at a.a. 1017 or
with the internal deletion might have defects in Cut7p net sliding
force needed to elongate the spindle.

Temperature-sensitive growth defects correlated with spindle
defects in truncation mutants. All Cut7-GFP mutants localized
to the spindle at 37 ◦C in confocal fluorescence microscopy (Fig.
2 I and J ). All cut7-FL and cut7-1032 cells imaged assembled
a bipolar spindle (Fig. 2K ). By contrast, cut7-1017 cells, which
showed growth defects at 37 ◦C, also showed spindle assembly
delays in 10% of cells (Fig. 2K ), suggesting that spindle defects
caused the growth defects. For cut7-989-1028Δ cells that were
inviable at restrictive temperature, all cells observed showed
spindle assembly failure with monopolar spindles (Fig. 2 J
and K ). Of the viable mutants we studied, cut7-989-1028Δ cells
with the BimC motif removed had the most severe phenotype
(SI Appendix, Fig. S1).

The BimC Motif Is Required for Proper Cut7p Spindle Midzone
Localization. Previous work showed that cut7-988 lacking the
entire tail showed changes in Cut7p localization and motility,
suggesting that a reduced number of motors in the spindle
midzone led to lower net sliding force (34). Therefore, we
asked whether localization or motility changes might explain
cut7 truncation mutant phenotypes at permissive temperature.
We used automated image analysis [Materials and Methods
and (34, 60)] to create kymographs of Cut7-GFP intensity
along the spindle axis, determine average intensity profiles, and
compute both total Cut7-GFP spindle fluorescence and the ratio
of intensity at the midzone to that at the poles (Fig. 3 and
Materials and Methods). Because Cut7-GFP shows enhanced
localization at spindle poles (34, 40, 54, 61) (Fig. 3A), we grouped
profiles of Cut7-GFP fluorescence by peak-to-peak distance and
averaged (Fig. 3 B–D). This allowed us to measure how Cut7-
GFP fluorescence redistributes as spindle length changes during
mitosis. Cut7-FL-GFP average fluorescence intensity suggested
that as the spindle increased in length from 2 to 4 μm, the
midzone intensity increased slightly (Fig. 3 B and C ), black
lines. Once spindle length reached 7 μm, the midzone intensity
decreased and pole intensity became asymmetric (Fig. 3D and
Materials and Methods). This quantitative analysis was consistent
with previous (34, 40, 54, 61) and current (Fig. 3A) qualitative
results.

Kymographs of Cut7-GFP movement on the spindle appeared
similar for all the viable truncation mutants (Fig. 3A, E, F,G, and
H ). Therefore, at permissive temperature, truncation mutants of
cut7 localize to and move on spindle MTs. This suggests that
the spindle length and elongation defects we observed do not
occur due to complete loss of Cut7p motility or tetramerization.
However, upon inspection, Cut7-989-1028Δ-GFP kymographs
appeared to have lower overall intensity and lower relative
midzone intensity. Therefore, we quantified subtle changes in
localization for different Cut7-GFP alleles, by averaging intensity
profiles over a range of spindle length (Fig. 3 I–L, SI Appendix,
Figs. S3–S6, and Materials and Methods). While the average
intensity profiles appeared similar for the full-length motor
and truncation mutants, Cut7-989-1028Δ-GFP showed lower
intensity, both at the spindle midzone and at poles. To quantify
fluorescence, we computed the total Cut7-GFP intensity on
the spindle for varying spindle lengths (Fig. 3M ). Cut7-989-
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Fig. 2. Sequential truncation of the cut7 C-terminal tail compromised cell viability and spindle assembly and function. (A) Schematic of truncation mutants
aligned with the BimC box region amino acid sequence (Upper), showing conserved residues (purple), temperature-sensitive lethal mutations (cyan), and
truncation sites (red triangles). Each allele is labeled with amino acids retained (gray bar and numbers), C-terminal GFP (green bar), and viability (Left column).
(B) Serial dilution assays of cells grown at 25 ◦C (Upper) and 37 ◦C (Lower). All viable strains grew at 25 ◦C, and cut7-1017 and cut7-989-1028Δ showed
temperature-sensitive growth inhibition or lethality. (C and D) Fluorescence images showing mCherry-atb2 MTs (red, Left), Cut7-GFP (green, Center), and merge
(Right) for cells grown and imaged at 25 ◦C and shown as maximum-intensity projections of confocal sections. (C) Cut7-1032-GFP localized near SPBs and was
visible on the interpolar spindle. (D) Cut7-989-1028Δ-GFP localized near SPBs and appeared dimmer at the spindle midzone. (Scale bar, 1 μm.) (E) Spindle length
dynamics. Spindle length as a function of time was averaged for 19 cut7, 9 cut7-1032, 11 cut7-1017, and 14 cut7-989-1028Δ cells and aligned with t = 0 the time
of anaphase onset (dashed vertical line, Materials and Methods). Time at which steady anaphase elongation speed was reached marked on each curve by the
vertical bar. (F ) Preanaphase spindle length, (G) anaphase spindle elongation speed, and (H) the time between anaphase onset and start of steady elongation.
Error bars in E–H are SE of the mean. (I and J) Fluorescence images showing mCherry-atb2 MTs (red, Left), Cut7-GFP (green, Center), and merge (Right) for cells
grown and imaged at 37 ◦C and shown as maximum-intensity projections of confocal sections. (I) Cut7-1032-GFP localizes similarly to Cut7-GFP on the bipolar
spindle. (J) Cut7-989-1028Δ-GFP localizes near the center of the monopolar spindle due to a failure of bipolar spindle assembly. (Scale bar, 1 μm.) (K ) Fraction
of cells grown at 37 ◦C that formed bipolar spindles (green), monopolar spindles that became bipolar (yellow), or persistent monopolar spindles (red) for 21
cut7, 17 cut7-1032, 21 cut7-1017, and 21 cut7-989-1028Δ cells .
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Fig. 3. Tail truncated Cut7-GFP mutants bound to and moved along spindle MTs. (A) Kymograph of Cut7-GFP movement on a bipolar spindle. Bright regions
show SPB-localized signal and dim streaks show midzone-localized moving clusters. (Scale bars, 1 μm horizontal, 60 s vertical). (B–D) Cut7-GFP intensity along
the spindle axis for spindle length of 2 μm (B), 4 μm (C) and 7 μm (D). Colored lines show data from individual images, black line shows average. Data from
202 images (B), 45 images (C), and 28 images (D), from 29 cells. (E–H) Kymographs of Cut7-FL-GFP (E), Cut7-1032-GFP (F ), Cut7-1017-GFP (G), and Cut7-989-
1028Δ-GFP (H). (I–L) Average Cut7-GFP intensity along the spindle axis for Cut7-FL-GFP (I), Cut7-1032-GFP (J), Cut7-1017-GFP (K ), and Cut7-989-1028Δ-GFP (L).
(M) Total Cut7-GFP intensity on the spindle as a function of spindle length. (N) Cut7-GFP midzone-to-pole ratio as a function of spindle length. (O) Cut7-GFP
midzone-to-pole ratio as a function of time relative to anaphase onset (t = 0, dashed vertical line). Intensity data from 29 cut7, 34 cut7-1032, 29 cut7-1017, and
30 cut7-989-1028Δ cells. Error bars in M and N are the SE of the mean assuming independent intensity measurements for each image at each integer spindle
length. Error bars in O are the standard error of the mean assuming independent intensity measurements are separated by 1-min time intervals.

PNAS 2023 Vol. 120 No. 39 e2306480120 https://doi.org/10.1073/pnas.2306480120 5 of 11



1028Δ-GFP indeed showed lower total intensity than the other
strains. Lower Cut7p expression, decreased stability, or a spindle
localization defect in these cells could lead to lower amounts
of motor on the spindle. Therefore, even if Cut7-989-1028Δ-
GFP produced the same sliding force per motor, decreased motor
levels could lead to shorter spindles and longer time before steady
anaphase elongation in this mutant (Fig. 2 E–H ).

Removal of the BimC motif also altered the balance of Cut7p
at the spindle midzone compared to the poles. Recently, we
proposed that spindle poles may serve as a “waiting room”
where kinesin-5s are sequestered, lowering motor number to
limit sliding force in the midzone (34). Since our observations
of altered spindle length and steady anaphase elongation delays
suggested alterations in net Cut7p sliding force in some mutants,
we asked whether this might be caused by shifts in Cut7p
distribution along the spindle. We therefore quantified the
ratio of midzone-to-pole Cut7-GFP fluorescence (Materials and
Methods). Because fission yeast contains overlapping antiparallel
MTs throughout the interpolar spindle (62–64), we defined
the spindle midzone as all spindle MTs between the poles.
The average midzone-to-pole intensity ratio was low (<1) for
short spindles, then increased (to∼1.5) in early anaphase B, and
finally decreased in late mitosis (Fig. 3N ). However, Cut7-989-
1028Δ-GFP showed increased midzone localization for shorter
spindles than the other strains, while the overall ratio was lower
for all spindle lengths observed. We additionally analyzed the
midzone-to-pole ratio as a function of time relative to anaphase
onset, and found that the time of increase was similar in all
strains (Fig. 3O). To compare overall midzone localization, we
averaged the Cut7-GFP midzone-to-pole ratio (Fig. 3N ) for all
spindles with length from 3 to 7 μm. This gave a single average
midzone-to-pole ratio that was < 1 only for Cut7-989-1028Δ-
GFP (SI Appendix, Fig. S1). The moderate truncation of cut7-
1032 and cut7-1017 cells led to an increased average midzone-
to-pole ratio in these cells (SI Appendix, Fig. S1). This suggests
that even if tail truncation lowered the sliding force per motor,
the increased midzone protein levels could partially rescue the
effects of lower force. For the internal deletion, total Cut7-989-
1028Δ-GFP fluorescence was lower and the relative amount of
midzone-localized motor was lower in anaphase. Both of these
changes could contribute to reduced net sliding force and spindle
length and elongation defects in these cells.

Deletion of Kinesin-14 Motor Genes Rescues Lethality of Cut7
Tail Truncation. Deletion of kinesin-14/Pkl1 suppresses the
deleterious effects of cut7 loss-of-function alleles (43, 65–68).
Since deletion of pkl1 allowed study of the otherwise lethal
cut7-988 truncation (34), we introduced cut7-FL and our four
truncation alleles (Fig. 2A) into the pkl1Δ klp2Δ background
to compare their phenotypes. All of our strains were viable (Fig.
4A). While no growth defects occurred at 25 ◦C for cut7-1032
and cut7-1017 (Fig. 4 A, Top), removal of the BimC motif in
cut7-1006 severely suppressed growth. We were surprised to find
that removal of the entire tail in cut7-988 showed a lesser growth
defect; however, it may act more like a cut7Δ allele which has
been shown to grow relatively better than certain cut7 mutant
alleles in this background (66, 67). At 37 ◦C, cut7-1032 and
cut7-1017 grew similarly to full length, whereas cut7-1006 was
lethal and cut7-988 had a moderate growth defect (Fig. 4 A,
Bottom). At 37 ◦C, the truncations that grew well showed nearly
all bipolar spindles in live-cell imaging, while cut7-1006 and cut7-
988 had monopolar spindles (SI Appendix, Fig. S7), consistent
with the growth defect occurring due to spindle assembly failure.

The rescue of these previously lethal alleles allowed us to further
assess the potential effects of the amino acids N-terminal to the
BimC motif (Fig. 1B) on Cut7p localization and force.

Dynamic Spindle MT Minus-End Protrusions Serve as a Read-
-Out of Net Sliding Force Produced by Cut7 Mutants. Cut7p
outward-directed force generated at the midzone of the spindle is
required for protrusion of spindle MT minus ends in fission yeast
lacking kinesin-14/Pkl1 (or members of its complex, Wdr8p and
Msd1p) (54–56, 61). This suggested that protrusions might vary
for Cut7p truncation mutants that caused changes in spindle
length. Therefore, we imaged protrusions for our truncation
mutants in the pkl1Δ klp2Δ background (Fig. 4 B–H ).

We found that Cut7p produced protrusions and accumulated
at protrusion tips. We observed protrusions at 25 ◦C in cells with
fluorescently labeled MTs and Cut7p, as seen previously (54, 55).
In cells with protrusions, Cut7-GFP localized both to the SPBs
and at the tip of the protruding MTs (Fig. 4B andC ). Time-lapse
imaging showed that some protrusions grew, shortened, and then
grew again in the same cell (Fig. 4D), while other cells showed
protrusions from both SPBs simultaneously (Fig. 4E). Because we
used low-level tubulin labeling (58, 69) and protrusions contain
only a small number of MTs (54), protrusion MTs were often
too dim to be visible in every image (Fig. 4 D–H ). Despite this,
Cut7-GFP at protrusion tips was consistently bright, allowing
identification of protrusions and their dynamics (Fig. 4 C–H ).
Because protruding MTs typically have their minus-ends distal
to the nucleus (54, 56), Cut7-GFP accumulation at protrusion
tips appeared to arise from Cut7p localized at MT minus ends
(Fig. 4 B, Lower). We noted that the protrusion tip often showed
brighter GFP signal than the adjacent SPB (Fig. 4 D–F ).

Cut7p tail truncations showed reduced frequency of protru-
sions, even for alleles with mild growth and spindle phenotypes.
In the pkl1+ klp2+ background, cut7-1032 and cut7-1017 alleles
with shorter tail truncation showed growth, spindle length,
and midzone localization similar to cut7-FL (Figs. 2 and 3).
These observations suggested that the mild truncations could
generate force similarly to full-length protein. However, when
we measured the fraction of cells with visible protrusions, we
found a decrease in all truncation mutants. Cells containing
cut7-FL showed protrusions in 78% of cells, but this dropped
to 65% for cut7-1032 and 21% for cut7-1017 (Fig. 4 F, G,
and I ). The removal of the residues C-terminal to the BimC
motif in cut7-1017 therefore appeared to cause a sharp decrease
in net Cut7p sliding force. When the BimC motif was completely
removed in cut7-1006 and cut7-988, we did not observe any
protrusions (Fig. 4 H and I ). Thus, protrusion frequency was
strongly correlated with the amount of C-terminal tail present.

Different Portions of the Cut7p Tail Affect Sliding Force and
Midzone Localization. We asked whether the changes in pro-
trusion frequency in cut7 trail truncations might be correlated
with changes in spindle length or Cut7p localization. Therefore,
we analyzed spindle length dynamics and Cut7-GFP inten-
sity distribution for truncation mutants in the pkl1Δ klp2Δ
background (Materials and Methods). The spindle sometimes
shortened when protrusions formed, suggesting that formation
of protrusions altered spindle force balance. Therefore, when
measuring spindle length dynamics, we only analyzed cells
without visible protrusions. Among these cells, preanaphase
spindle length was shorter in cut7-1006 and cut7-988 cells
lacking the BimC motif (Fig. 5A and SI Appendix, Fig. S8). Since
these strains also did not show protrusions in cells we imaged
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Fig. 4. Kinesin-14 deletion rescued lethal cut7 tail truncation mutants and led to spindle MT minus-end protrusions. (A) Serial dilution assay of truncation
mutants in the pkl1Δ klp2Δ background 25◦ (Upper) and 37◦ (Lower). Cells with cut7-1006 and cut7-988 were viable but showed temperature-sensitive growth
inhibition or lethality. (B) Schematic of protrusions and Cut7-GFP accumulation. Upper, MT with its minus-end detached from the SPB protrudes beyond the SPB
and distorts the nuclear envelope. (Lower), Cut7-GFP near SPBs moves toward minus ends of protruding MT and collects at the protrusion tip. (C) Fluorescence
image showing mCherry-atb2 MTs (red, Left), Cut7-GFP (green, Center), and merge (Right) for cell grown and imaged at 25 ◦C and shown as maximum-intensity
projections of confocal sections. (D–H) Time-lapse imaging of spindle and protrusion dynamics showing mCherry-atb2 MTs (red, Upper), Cut7-GFP (green,
Center), and merge (Lower) for cells grown and imaged at 25 ◦C and shown as maximum-intensity projections of confocal sections. (D–F ) Protrusions in cut7-FL
and cut7-1032 cells. (G) Protrusion in cut7-1017 cell. (H) Spindle in cut7-988 cell showing no protrusions. (Scale bar, 1 μm.) Time between images 82.4s (D), 82.4s
(E), 27.4s (F ), 36.8s (G), and 35.8s (H). (I) Fraction of cells with visible protrusions decreased as more of the tail is truncated. Data from 75 cut7, 43 cut7-1032, 39
cut7-1017, 39 cut7-1006, and 39 cut7-988 cells. Error bars were estimated from Poisson counting statistics.

(Fig. 4I ), this result could occur if both shorter spindle length
and loss of protrusions result from lower net Cut7p sliding force.

The net sliding force could decrease in tail truncation mutants
if the loss of tail amino acids lowers motor binding affinity

for spindle microtubules, even if the net force per motor is
unchanged in the mutants. We therefore asked whether the
apparent reduction in net force might be caused by lower overall
Cut7p levels or a reduced amount of motor at the spindle
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Fig. 5. Spindle length, Cut7-GFP midzone-to-pole intensity ratio, and
protrusion frequency varied nonlinearly with tail truncation in the pkl1Δ
klp2Δ background. (A) Preanaphase spindle length. Data from 14 cut7, 13
cut7-1032, 11 cut7-1017, 6 cut7-1006, and 17 cut7-988 cells that did not exhibit
protrusions (Materials and Methods). Error bars are SE of the mean. (B) Cut7-
GFP midzone-to-pole ratio as a function of spindle length. Intensity data
from 44 cut7, 34 cut7-1032, 35 cut7-1017, 13 cut7-1006, and 40 cut7-988 cells.
(C) Summary of phenotypes of tail truncation mutants in the pkl1Δ klp2Δ
deletion background, showing for each strain growth and spindle phenotypes
at 37 ◦C, preanaphase spindle length at 25 ◦C, protrusion frequency, and
average midzone-to-pole ratio. (D) Protrusion frequency (red) and midzone-
to-pole intensity ratio (dark blue, pkl1Δ klp2Δ background; light blue, pkl1+
klp2+ background) as a function of position of tail truncation. Black line, linear
model. Error bars of protrusion frequency were estimated from Poisson
counting statistics, error bars of intensity ratio were computed as the SE of
the mean assuming independent intensity measurements for each images
at each integer spindle length. Lower, Cut7 tail with truncation sites marked
with red triangles and phosphorylation sites with pink boxes. Inset: sequence
and phosphorylated residues for a.a. 1006-1032.

midzone. For this analysis, we quantified all cells, with and
without protrusions. Because protrusions complicated automated
identification of spindle poles, we used manual tracking of SPB
position in cells with visible protrusions (Materials and Methods).
The total Cut7-GFP signal on the entire spindle was similar for
all alleles, except for Cut7-988-GFP which showed higher total
intensity (SI Appendix, Fig. S9). The Cut7-GFP midzone-to-
pole ratio for most truncation alleles was similar to or higher
than Cut7-FL, with the exception of Cut7-988-GFP which
showed a consistently lower ratio than the other strains (Fig. 5B

and SI Appendix, Fig. S9). Therefore, Cut7-988-GFP showed
enhanced pole localization and decreased midzone localization,
in agreement with previous observations (34).

Our analysis showed that Cut7-GFP midzone localization was
increased or retained in most truncation mutants, despite the
decrease in protrusions. To quantify localization, we averaged
the Cut7-GFP midzone-to-pole ratio (Fig. 5B) for all spindles
with length from 3 to 7 μm. This gave a single average midzone-
to-pole ratio that we compared to other truncation phenotypes
(Fig. 5C ). This comparison showed that our mutants fell into
two groups. The moderate truncations to a.a. 1032 or 1017 led
to a decrease in protrusions but an increase in midzone-to-pole
ratio, suggesting that any decrease in sliding force in these alleles
(as measured by protrusions) may be compensated by greater
relative amounts of motor in the midzone, leading to overall
growth and spindle length similar to cut7-FL (Fig. 5C ). On
the other hand, the increased truncation to a.a. 1006 or 988
eliminated protrusions but had a similar or lower midzone-to-
pole ratio compared to full-length Cut7p, suggesting that these
alleles had defects in sliding force that were not compensated by
increased midzone localization that caused temperature-sensitive
growth defects and monopolar spindles (Fig. 5C ).

In addition, we observed that neither protrusion frequency
nor midzone-to-pole ratio changed linearly with the length of
C-terminal tail retained. Therefore, we compared their variation
with that of a linear model (Fig. 5D). Midzone localization
was increased or retained (average ratio 0.8 or higher) for all
truncations except that at a.a. 988, even for the truncation at
a.a. 1006 that removed the BimC motif. We noted that the
midzone-to-pole ratio was similar for cut7-1006 and cut7-FL cells
in the pkl1Δ klp2Δ background. The BimC motif was required
for protrusions to occur in the context of truncation mutants,
and protrusion frequency increased sharply as the truncation site
increased from a.a. 1006 to 1032. Therefore, our results show that
among truncation mutants, a significant protrusion frequency
requires both the BimC motif and adjacent C-terminal amino
acids. This region includes nine residues previously identified
as phosphorylated during mitosis in S. pombe (70–73). These
results suggest that a particularly important tail region for force
production is a.a. 1006-1032 (the BimC motif and adjacent
C-terminal residues), while for anaphase midzone localization a.a.
988-1006 (N-terminal to the BimC motif) are most important.

Discussion

Our results show that the fission-yeast kinesin-5/Cut7 C-terminal
tail contributes to spindle midzone localization, spindle assembly,
and spindle length. Sequential truncation of the tail caused
growth defects, temperature-sensitive lethality due to a failure
of spindle assembly, and lethality as more of the tail was
truncated. In viable mutants, we observed that preanaphase
spindle length decreased and the time to reach steady anaphase
elongation increased, suggesting that partial tail truncation limits
net Cut7p sliding force. This occurred despite spindle localization
that increased at the midzone in these partial truncations,
suggesting that increased midzone localization could partially
rescue decreased sliding force per motor.

We built on the observation that fission yeast lacking kinesin-
14/Pkl1 form spindle MT minus-end protrusions that distort
the nuclear envelope (54–56). We found that as more of the
C-terminal tail was truncated, the frequency of visible protrusions
decreased. Protrusion formation is driven by Cut7 sliding force
and resisted by drag forces from MT cross-linking in the midzone.
Therefore, the decrease of protrusions in tail truncation mutants
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could in principle reflect higher drag (17) (perhaps due to a
more rigor-like state) or decreased sliding force. Previous work
has shown that tail truncation decreases the sliding force of
human Eg5 in vitro (18), while in fission yeast, protrusions
are not observed in pkl1Δ cells lacking cut7 (56) or carrying
a temperature-sensitive cut7 loss of function (55). Therefore, we
believe that decreased protrusions likely arise from lower sliding
force in tail truncation mutants rather than increased drag. Since
spindle and midzone localization is retained or even increased
in most tail truncation mutants, our results suggest that the net
sliding force per motor decreases as the tail is truncated.

To connect protrusion formation more directly to motor force,
we estimated the force required for nuclear envelope deformation
to create a protrusion. Previous modeling work found that
the characteristic force scale to create and extend a cylindrical
membrane tube of radius R is f = 2�R(�/(2R2) + �), where
� is the surface tension of the nuclear envelope and � is its
bending rigidity (64, 74, 75). The S. pombe nuclear envelope has
an estimated � = 0.013 pN/nm and � = 40 pN nm (76, 77).
Electron microscopy of a bundle with 3 protruding MTs showed
a bundle radius of∼70 nm (54), while that of other nuclear MT
bundles found a protrusion radius of 50 nm (76). A protrusion
containing a single MT and space for a 55-nm-long motor would
give an estimated minimum radius of 40 nm, suggesting 40 to
70 nm as a range of protrusion radii. The force required to
create a 40-nm-radius tube is f = 6.4 pN, while for a 70-
nm-radius tube, it is f = 7.5 pN. Therefore, we estimate that
creating a protrusion requires sliding force on an MT bundle of
6 to 8 pN.

While sliding force has not previously been measured for
Cut7p, it has been quantified in optical trapping measurements
of antiparallel MT sliding of other kinesin-5 motors. Budding-
yeast Cin8 can produce ∼1.5 pN of sliding force per motor,
with a force that increases for multiple motors up to ∼10 pN
(78). If Cut7p produces force similarly to Cin8, a handful of
motors would be sufficient to create a protrusion. Ensembles
of purified human Eg5 produced 4 pN of force per μm of
MT overlap; this was reduced to 0.5 pN/μm in a C-terminal
tail truncation mutant (18). Our observation of decreased or
absent protrusions in cells with Cut7p tail truncation could be
explained by a reduction in Cut7p sliding force below ∼ 6 pN,
consistent with the force decrease observed for the Eg5 tail
truncation. This suggests that C-terminal tail truncation could
decrease kinesin-5 sliding force similarly for both S. pombe
and human motors. Cut7p tail truncation in principle could
cause an increase in drag force, decreasing the net force due to
higher friction.

These results extend recent work on homologous kinesin-5
motors in reconstituted systems. Tail truncation alters ATPase
activity, motility, and force of Drosophila and human kinesin-
5s (18), showing the tail plays a role in tuning kinesin-5 force.
C-terminal tails may bridge to adjacent motors, promoting cluster
formation that could affect sliding force (52) via motor domain
structural change upon tail binding (18). The lethality of the
cut7 tail truncation we found is consistent with studies of kinesin-
5/Cin8 in budding yeast (53). A computational model of budding
yeast Cin8 proposed an attractive interaction that promotes
motor clustering (33), which could be mediated by tail–motor
interactions.

Our data suggest that midzone localization and sliding force
are affected by different portions of the Cut7p tail in truncation
mutants. As has been seen with other cut7 tail mutants (41), all
of our truncated Cut7p alleles localized to spindle MTs/SPBs,

despite the loss of the tail-MT binding site (43). The localization,
spindle length, and protrusion measurements together point to
amino acids N-terminal to the BimC motif as most important
for midzone localization (a.a. 988-1006), while the BimC
motif and adjacent C-terminal amino acids are essential for
sliding force (a.a. 1006-1032) in the context of tail truncation.
The BimC motif (a.a. 1008-1015) contains a conserved Cdk
phosphorylation site (5, 41, 42, 45, 46, 49). When the Cdk-site
threonine is mutated in vertebrate kinesin-5s, motor–spindle MT
binding is reduced (5, 42, 46). For Cut7p, spindle localization is
retained with loss of the BimC motif, but net sliding force appears
to be reduced. Nine sites phosphorylated in mitosis have been
identified in the cut7 tail between amino acids 1007 and 1028
(70–73). This corresponds remarkably well with the region most
important for protrusions in truncation mutants. We therefore
speculate that phosphoregulation at these sites contributes to
Cut7p sliding force.

While we did not see significant phenotypes of truncating
amino acids 1033-1085 C-terminal to the BimC box region, these
residues are still significant in the context of the internal deletion.
The cut7-988 and cut7-989-1028Δ alleles both lack the BimC
motif, but only the full tail truncation shows a lethal phenotype.
This suggests that even with this important region removed,
retaining the other 57 tail amino acids is beneficial. Similarly, the
internal deletion shows a higher midzone-to-pole ratio compared
to the full tail truncation, suggesting that the presence of the
entire tail contributes to Cut7p midzone localization.

Tail truncation affected preanaphase spindle length and
protrusion frequency, consistent with alterations in Cut7p
force early in mitosis. While the truncation mutants did cause
delays in reaching steady anaphase elongation, the late-anaphase
elongation speed was similar for the different mutants. This is
consistent with previous work showing that kinesin-6/Klp9 is
the primary spindle elongation motor in fission-yeast anaphase B
(79, 80).

Our results give further evidence of Cut7p bidirectional
motility in cells. Previous work found that Cut7p moves toward
plus and minus ends of MTs both when purified (28–30) and
on the spindle (34). In reconstituted antiparallel MT overlaps,
crowding on the MT lattice shifted Cut7p to plus-end-directed
movement (30). However, we observed most Cut7p localized
near the SPBs for all of our mutants, consistent with minus-end-
directed movement that concentrates the motor near spindle
poles. At first glance, this may appear to be at odds with the
idea that crowding regulates Cut7p plus-end-directed motility on
spindle MTs. However, several factors may explain the difference
in results. The limited resolution of our images does not rule out
the possibility that motor crowding near the SPB may cause plus-
end-directed movement where Cut7p concentration is highest,
while faster minus-end-directed motility could still concentrate
Cut7p near the poles. Tail-mediated interactions between Cut7p
tetramers could also cause a local increase in concentration near
the poles of motors not bound to spindle MTs.

Materials and Methods

Reagents and Techniques. Oligonucleotide primers were purchased from
Integrated DNA Technologies (Coralville, IA). Restriction enzymes and Phusion
HF DNA polymerase were purchased from New England Biolabs (Ipswich, MA).
DNA was prepared using the Qiaprep Spin Miniprep Kit, and polymerase chain
reaction (PCR) products were purified using Qiaquick PCR Purification Kit, both
from Qiagen (Germantown, MD). Fission yeast genomic DNA was prepared
using the YeaStar Genomic DNA Kit from Zymo Research (Irvine, CA). DNA
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sequencing was performed by Quintarabio (Hayward, CA). DNA concentration
was determined using a Thermo Scientific Nanodrop 2000. Strains were verified
byPCRandsequenceanalysisofgenomicDNA.At least twodifferenttransformant
strains were analyzed in experiments, and cells were cultured using standard
techniques (81). Growth phenotypes were analyzed after 3 to 4 d on rich media
plates with 5-fold serial dilution starting with 5μL of culture at 0.1 optical density.

Strain Construction for Truncation Mutants. The plasmid pFA6a-GFP
(S65T)-kanmx6 (Addgene 39292) was amplified by PCR using oligonucleotide
primers Cut7-Cterm-pFA6a-GFP-F and Cut7-Cterm-pFA6a-GFP-R. The truncation
mutants were made using the same reverse primer as above and the following
forward primers: for 1-1032: Cut7-1-1032-GFP-F, for 1-1017: Cut7-1-1017-GFP-
F for 1-1006: Cut7-1-1007-GFP-F, for 1-988: Cut7-1-988-GFP-F. There is a six
amino acid linker (RIPGLI) between Cut7 and GFP. The PCR products were used
for transformation using a lithium acetate method (82), and G418-resistant
colonies were characterized. Transformation of yMB1084 (containing pkl1+
klp2+) yielded strains yMB1149 (cut7), yMB1125 (cut7-1032, and yMB1142
(cut7-1017) and transformation of strain yMB1147 (containing pkl1Δ klp2Δ)
yielded strains yMB1162 (cut7), yMB1210 (cut7-1032), yMB1207 (cut7-1017),
yMB1238 (cut7-1006) and yMB1155 (cut7-988).

Strain Construction for Internal Deletion Mutant. Plasmid pMB64 was
made in a Bluescript backbone (gift of Wayne Wahls) and contains the cut7
coding sequence from Bgl2 (b.p. 1835) to the C terminus (b.p. 3255) and
downstream sequence through the his1 gene. Synthetic cut7 alleles (Genscript)
were inserted into pMB64, from Bcl1 (b.p. 2356) to BsrG1 (b.p. 3361) containing
either wild-type sequence with four silent restriction sites (pMB71-FL) or a
cut7 fragment containing an internal deletion, lacking amino acids 989-1028.
These were cloned into a related plasmid containing a C-terminal GFP (pMB44-
FL and pMB45-intdel respectively) and a fragment from these plasmids was
transformed into yeast strain MB1091 (in which the downstream his1 gene
had been replaced with ura4) and his+ ura- colonies were characterized. This
yielded strains yMB1199 (cut7) and yMB1168 (cut7-989-1028Δ). Yeast with
a cut7 allele containing silent restriction sites (yMB1199) grew the same and
behaved similarly in all assays as those with an allele lacking silent restriction
sites (yMB1149). Therefore yMB1149 was used as the FL control for experiments
in kinesin-14+ background.

Live-Cell Imaging. All microscopy used live-cell preparation on a Nikon Eclipse
Ti (Nikon USA, Melville, NY) spinning-disk confocal microscope as previously
described (34, 64). Microscope temperature was maintained within ±0.1 ◦C
precision using a CherryTemp controller (Cherry Biotech, Rennes, France), and
samples were placed onBandeiraea simplicifolia lectin (Sigma-Aldrich, St. Louis,
MO)-coated coverslips pre-equilibrated to the appropriate temperature of either
25 or 37 ◦C as described previously (34).

Kymograph Generation. For each truncation mutant, we selected the mitotic
cells that formed a bipolar spindle, based on the bright spots of Cut7-GFP
localized at both spindle poles. We manually segmented an elliptical region
to include our cell of interest; any region outside this segmentation was not
considered. The position of both Cut7-GFP spots was tracked to subpixel accuracy
for each mitotic frame. We constructed kymographs by interpolating the Cut7-
GFP intensity along the line connecting the spots in each frame and subtracting

the background intensity. The brighter spot was used as a fixed reference point
plotted on the left side of the kymograph, while the other spot varied in position.
In some cases, the line along the spindle axis extends beyond the boundary
of the cell, into the region that has been cropped. In this case, the kymograph
includes pixels that have been cropped and therefore have zero intensity, which
are visible in the kymographs as completely black areas.

Cut7-GFP Intensity Analysis. To group profiles of Cut7-GFP intensity along
the spindle, we identified the Cut7-GFP peaks near the SPBs and measured
the distance between the peaks. We then extracted lines from the kymographs
with the relevant peak separation. We included images with peaks separated
by ±0.1 μm around the desired peak separation. In average curves, the right
peak typically showed lower intensity than the left peak. This occurred because
we manually selected the brighter Cut7-GFP spot to be at x = 0. We computed
total Cut7-GFP intensity by summing the intensity from each spindle intensity
profile extracted from the kymographs.

We determined the Cut7-GFP midzone-to-pole ratio by first defining the pole
and midzone. We summed pole intensity from a square box 0.75 μm on a
side centered on the pole intensity peak. The midzone intensity is summed in
a rectangular box of width 0.75 μm with long axis centered on the spindle axis
that runs between the two poles, including all of the spindle except the pole
boxes. The total Cut7-GFP intensity is the sum of the pole and midzone signals.
The midzone-to-pole ratio is the total midzone Cut7-GFP intensity, divided by
total pole intensity, computed for each frame.

Spindle Length Dynamics. Microscope images were processed using TAMiT
(60), which identifies spindle endpoints in each frame. The length of the spindle
is determined from these points and smoothed. First, we divide each trace into
30 time bins and analyzed the SD of spindle length in each bin. Bins with high
SD (corresponding to fluctuations on the order of 0.75 μm) were flagged as
noise and discarded. The data were then smoothed with a rolling average with
window of width∼3.5 min.

We manually identified anaphase onset for each curve by choosing the point
where the spindle begins to grow beyond fluctuations around its preanaphase
length. To produce average spindle length traces from different cells, each curve
was aligned by its anaphase onset time and divided into evenly spaced bins
of width 15 s. All points from each curve that fall within a given bin were then
averaged. Average curves for each phenotype included at least four curves.

To determine the anaphase elongation rate, we first manually identified
the time range of constant growth speed, then performed a linear fit on this
region. The fit elongation speed was averaged from multiple cells. The average
time of onset of steady anaphase elongation was determined by averaging the
identified time from all cells. Uncertainty is computed and displayed as the SE
of the mean.

Data, Materials, and Software Availability. All study data are included in
the data repository (83) and all study software are available on Github (84).
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