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BIOPHYSICS

Noncanonical interaction with microtubules via the
N-terminal nonmotor domain is critical for the
functions of a bidirectional kinesin

Sudhir K. Singh't, Nurit Siegler't, Himanshu Pandey'1§, Neta Yanir', Mary Popov’,
Alina Goldstein-Levitin', Mayan Sadan', Garrett Debs?, Raz Zarivach®*®, Gabriel A. Frank>*>,
Itamar Kass®, Charles V. Sindelar?, Ran Zalk**, Larisa Gheber'**

Several kinesin-5 motors (kinesin-5s) exhibit bidirectional motility. The mechanism of such motility remains un-
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known. Bidirectional kinesin-5s share a long N-terminal nonmotor domain (NTnmd), absent in exclusively plus-
end-directed kinesins. Here, we combined in vivo, in vitro, and cryo-electron microscopy (cryo-EM) studies to
examine the impact of NTnmd mutations on the motor functions of the bidirectional kinesin-5, Cin8. We found
that NTnmd deletion mutants exhibited cell viability and spindle localization defects. Using cryo-EM, we exam-
ined the structure of a microtubule (MT)-bound motor domain of Cin8, containing part of its NTnmd. Modeling
and molecular dynamic simulations based on the cryo-EM map suggested that the NTnmd of Cin8 interacts with
the C-terminal tail of B-tubulin. In vitro experiments on subtilisin-treated MTs confirmed this notion. Last, we
showed that NTnmd mutants are defective in plus-end-directed motility in single-molecule and antiparallel MT
sliding assays. These findings demonstrate that the NTnmd, common to bidirectional kinesin-5s, is critical for their

bidirectional motility and intracellular functions.

INTRODUCTION

Kinesin-5 motor proteins (kinesin-5s) are essential for mitotic chro-
mosome segregation, facilitating mitotic spindle assembly, mainte-
nance, and elongation [reviewed in (I1-4)]. These proteins are bipolar
kinesins, with two pairs of catalytic motor domains located on op-
posite sides of an elongated homotetrameric complex (5-7). By vir-
tue of this bipolar structure, kinesin-5s cross-link the antiparallel
microtubules (MTs) of the spindle, and by moving on the two cross-
linked MTs, they provide the outwardly directed force essential for
spindle pole separation during spindle assembly and anaphase B
spindle elongation (1-4).

Within the mitotic spindle, the MTs are oriented with their dy-
namic plus-ends facing the middle of the spindle, while the less dy-
namic minus-ends are concentrated at the poles. It would seem that,
as a result of this MT architecture, the function of kinesin-5s in sepa-
rating the spindle poles could be achieved only via plus-end-directed
motility on the two MTs that they cross-link (1-4). However, several
studies have indicated that the fungal kinesin-5s, Cin8 and Kip1 from
Saccharomyces cerevisiae and Cut7 from Schizosaccharomyces pombe,
are bidirectional motors that can move in opposite directions on the
MTs, depending on the experimental conditions (8-11). Cin8 and
Kip1 were shown to be minus-end-directed as single molecules mov-
ing on single MTs under high ionic strength conditions and to switch
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to plus-end-directed motility under conditions of lower ionic strength
and in a multi-motor MT gliding assay (9-11). Cin8 was also shown
to be plus-end-directed in an antiparallel MT sliding assay under
high ionic strength conditions (10-12). Deletion of the large insert in
loop 8 (L8) of Cin8 enhanced its tendency to move in the minus-end
direction of the MTs under low ionic strength conditions (11, 13),
while deletion of the C-terminal tail of Cin8 abolished the minus-
end-directed preference of single-molecule motility at high ionic
strength (14). Additional factors that have been shown to induce a
switch from minus- to plus-end directionality are motor and nonmo-
tor crowding of the MTs for Cut7 (15) and accumulation in clusters
for Cin8 (12). Nonetheless, despite the above experimental and the-
oretical studies showing that the bidirectional motility of fungal
kinesin-5s is essential for spindle assembly (12, 16), the molecular
mechanism of bidirectional stepping remains unclear.

A clue to unraveling this mechanism may lie in a unique feature
shared by the bidirectional kinesin-5s, namely, a long N-terminal
nonmotor domain (NTnmd) of ~50 to 70 amino acids whose role in
regulating kinesin-5 functions remains unknown at present. This long
extension is not present in exclusively plus-end-directed kinesin-5
and kinesin-1 motors (1, 3), suggesting that it reflects an evolution-
ary adaptation of the bidirectional kinesin-5s to their functions. To
reveal the function and conformation of the NTnmd, we started this
study by examining intracellular phenotypes of NTnmd deletion mu-
tants of Cin8. We found that the NTnmd is critical for the intracel-
lular functions of Cin8 since deletions in this region produced Cin8
mutants that were not functional in cells and exhibited spindle local-
ization defects. To investigate these defects, we conducted a cryo-
electron microscopy (cryo-EM) study designed to determine the
structure of the MT-bound kinesin-5 Cin8 motor containing 37
amino acids of the NTnmd. We observed a weak cryo-EM density
volume close to the MTs, corresponding to the NTnmd of Cin8.
Modeling and molecular dynamics simulations revealed that this re-
gion likely takes the form of an « helix that interacts with p-tubulin
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near its C-terminal tail. In in vitro experiments on MTs treated with
subtilisin to remove C-terminal tubulin tails (17, 18), we confirmed
that the NTnmd of Cin8 interacts with the MTs via their C-terminal
tubulin tails. Thus, we provide here structural and functional evi-
dence of a noncanonical interaction between the NTnmd of a bidi-
rectional kinesin-5 motor with MTs. In addition, we showed in a
single-molecule motility assay that N-terminal deletion mutants of
Cin8 exhibited a minus-end-directed bias, failing to switch from
minus- to plus-end-directed motility. Last, we demonstrated that an
NTnmd deletion mutant that failed to support cell viability as the sole
source of Cin8 was severely defective in producing plus-end-directed
antiparallel MT sliding. On the basis of our results, we propose that
the noncanonical interaction of bidirectional kinesin-5s with MT C-
terminal tails via the NTnmd is crucial for their bidirectional motility
and intracellular functions.

RESULTS
Viability of cells expressing NTnmd deletion mutants of Cin8
The NTnmd of bidirectional kinesin-5s is considerably longer than
that of the exclusively plus-end-directed kinesin-5 and kinesin-1
motors (Fig. 1A) (3). To examine the role of the sequences in the
NTnmd in regulating the function of Cin8, we generated N-terminal
deletion variants and examined their function in S. cerevisiae cells.
In the preparation of the N-terminal deletion mutants, the deletions
were based on the division of the N-terminal extension into four seg-
ments, according to sequence similarity with other bidirectional, exclu-
sively plus-end-directed kinesin motors, as follows (Fig. 1, A and B): (i)
the most upstream N-terminal sequence between the two methionines
of Cin8, i.e., M1 and M39, which is equivalent to the N-terminal exten-
sion of other bidirectional kinesin-5s but shares low sequence similarity
with those motors and is rich in positively charged amino acids; (ii)
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Fig. 1. Viability of cells expressing NTnmd deletion mutants of Cin8. (A) Multiple sequence alignment of the NTnmd of kinesin motors. Kinesin-5 (bidirectional, of
undetermined directionality, and exclusively plus-end-directed) and kinesin-1 motors are indicated on the left. Structural elements are indicated on the bottom. The first
and last amino acids are indicated at the beginning and the end of each sequence. The organisms are as follows: Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces
pombe; An, Aspergillus nidulans; Ag, Ashbya gossypii; K, Kluyveromyces lactis; Dm, Drosophila melanogaster; X|, Xenopus laevis; Hs, Homo sapiens; Mm, Mus musculus. (B) Top:
NTnmd sequence of Cin8 (amino acids 1 to 79), numbers indicate amino acid position, letters a to e indicate sequences that were deleted in the different mutants (see
text). Bottom: Viability of cin8Akip1A S. cerevisiae cells expressing wt Cin8 or variants of Cin8 carrying deletions in the NTnmd as the sole source of kinesin-5 function. Cin8
variants are indicated on the left of each panel. Cells were plated in serial dilutions (indicated by blue triangles) at the temperatures indicated on top.“Vector, cells contain-

ing a plasmid that does not contain Cin8.
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M39-N45, which shares weak similarity with parts of the N-terminal
regions of bidirectional kinesin-5s and fungal kinesin-5s whose direc-
tionality is undetermined (Fig. 1A); (iii) T46-P69, which is a segment
equivalent to N-terminal extensions in bidirectional and plus-end-
directed kinesin-5s but exhibits low sequence homology with these
kinesin-5s; and (iv) N70-175, which is the nearest sequence to the mo-
tor domain and shares similarity with sequences believed to form the
cover neck bundle (CNB) and to stabilize neck linker (NL) docking in
kinesin-1 and kinesin-5s (19-24). On the basis of this division, we gen-
erated Cin8 variants that carry separate deletions of these segments
(designated Cin8A1-38, Cin8A39-45, Cin8A46-69 and Cin8A70-75,
respectively) or deletions of amino acids (v) M39-P69 (Cin8A39-69)
and (vi) M1-P69 (Cin8A1-69).

We started by examining the ability of the N-terminal deletion
variants to support cell viability as the sole source of kinesin-5 func-
tion in S. cerevisiae cells deleted of the chromosomal copies of CIN8
and KIPI (Fig. 1B) (25-27). We had previously demonstrated that
transcription of Cin8 starts from the first methionine, M1, in the
NTnmd and not from M39 (28), and here, we showed that deletion
of the first 38 amino acids of the N-terminal extension produced a
variant that is functional in cells, similar to wild-type (wt) Cin8
(Fig. 1C). The variant Cin8A46-69 also had little impact on the vi-
ability of cells in the absence of the overlapping Kip1. The internal
deletion of amino acid M39-N45 (Cin8A39-45) reduced cell viabil-
ity at both examined temperatures, while internal deletion of the
sequence nearest to the motor domain, N70-175 (Cin8A70-75), al-
most completely abolished the viability of the yeast cells (Fig. 1B).
Similar abrogation of cell viability was also caused by deletion of the
first 69 amino acids of Cin8 (Cin8A1-69). Last, although separate
deletions of amino acids M39-N45 and T46-P69 did not cause a le-
thal phenotype, an internal deletion that combines these two seg-
ments (Cin8A39-69) failed to support cell viability (Fig. 1B). These
results indicate that the NTnmd is critical for the intracellular mi-
totic functions of Cin8 and deletion of the major part of the NTnmd
(Cin8A1-69) produces a Cin8 that is not functional in cells.

Intracellular localization of NTnmd deletion mutants of Cin8

To further understand the defects inflicted by mutations in NThmd
(Fig. 1B), we next examined the intracellular localization of green
fluorescent protein (GFP)-tagged N-terminal deletion variants in
CIN8-deleted cells (with KIP1 intact) expressing the tdTomato-tagged
spindle-pole body component Spc42 (Fig. 2, A and B) (9). We divided
all budded cells into four spindle morphology categories: monopolar
spindles, before spindle formation, in which the two spindle pole
bodies have not been separated; short bipolar spindles, less than
1.8 pm, which indicate either S-phase or metaphase cells; early ana-
phase spindles of 1.8 to 4 pm; and late anaphase spindles, longer than
4 pm. We found that in cells expressing Cin8A39-69 (i.e., the deletion
that causes a lethal phenotype in cin8AkipIA cells) close to 30% of
cells with monopolar spindles did not produce a Cin8-GFP signal. In
contrast, in cells expressing wt Cin8, only ~7% of cells did not pro-
duce a Cin8-GFP signal (Fig. 2B). For the cells for which there was no
detectable GFP signal (“no Cin8” phenotype; Fig. 2B), we concluded
that Cin8 is degraded and that it is not cytoplasmatic. This finding
suggests that the deletion of amino acids 39 to 69 generated a Cin8
variant that is less stable in cells, and this reduced stability may par-
tially explain the reduced viability in cells expressing this variant as a
sole source of kinesin-5. In contrast, Cin8 variants deleted amino ac-
ids 39 to 69 and 70 to 75 (Cin8A39-69 and Cin8A70-75) [which also
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exhibited reduced viability in cin8Akip1A cells (Fig. 1B)] exhibited a
mislocalization pattern in the nucleus and/or nuclear MTs, compared
to wt Cin8, which concentrated mainly at the poles (Fig. 2B and
fig. S1). These findings indicate that these variants were either defec-
tive in minus-end-directed motility and/or exhibited reduced affinity
to MTs (12, 29). Consistently, cells expressing these two variants
(Cin8A39-69 and Cin8A70-75) exhibited a considerably lower per-
centage of short bipolar spindles compared to wt Cin8, indicating that
these variants were defective in bipolar spindle assembly (Fig. 2B).
Last, cells expressing the Cin8A1-69 variant (which was unable to
support viability in cin8Akip1A cells) also exhibited an increased per-
centage of mislocalized motors compared to cells expressing wt Cin8,
but this difference did not reach statistical significance (Fig. 2B). To-
gether, our results indicate that sequences within the NTnmd of Cin8
regulate the intracellular localization of this motor, mainly before
spindle assembly, which, in turn, affects Cin8 functionality in cells.

Cryo-EM density map of the MT-bound Cin8 motor domain
To understand the reason behind the defective functionality and lo-
calization of NTnmd mutants, we next examined the structure of the
N-terminal region by performing single-particle cryo-EM analysis
of the Cin8 motor domain bound to MTs in the presence of a non-
hydrolyzable adenosine 5'-triphosphate (ATP) analog, adenylyl imi-
dodiphosphate (AMPPNP), followed by fitting a model into the
cryo-EM map. Since we found that deletion of the first 38 amino
acids does not interfere with Cin8 function (Fig. 1B), the Cin8 mo-
tor domain construct used for cryo-EM reconstruction started from
the second methionine (M39) and contained 37 amino acids of the
NTnmd (Fig. 3, A and B, and fig. S2, A to D). Previously, it had been
suggested that the large 99—-amino acid insert in L8 of Cin8 induces
noncanonical super-stoichiometric binding of Cin8 to MTs (but was
too flexible to be resolved in a cryo-EM study) (30). Therefore, to
eliminate the effects of noncanonical MT-binding and Cin8 cluster-
ing, the large L8 of Cin8 was replaced by the equivalent 7 amino
acids of the Kip1 L8 (31); hereafter referred to as Cin8LgKip£ (fig. S2,
A to D). A model of Cin8; gjp1 was then built into the 6.1-A resolu-
tion cryo-EM density map (fig. S2, E and F, and table S1). The local
resolution map generated by the CryoRes software (32) indicates
that the highest resolution of the obtained map is in the motor-MT
interface and the less certain parts of the model are in the periphery
of the map (fig. S3A). We found that the three-dimensional (3D)
structure of the Cin8 gk;p; motor domain shares high similarity with
the 3D structures of kinesin motors from other subfamilies (33-35),
namely, a central p sheet with three a helices on the side facing the
MTs and three a helices on the opposite side (Fig. 3, A, B, and D, and
fig. $3, B and C).

Since the model of the Cin8 motor domain has not been reported
before, we compared different elements of the obtained structure to
those of the exclusively plus-end-directed Homo sapiens kinesin-5
Eg5 (crystal structure) (36) and of the bidirectional S. pombe kinesin-
5 Cut7 (cryo-EM structure) (Fig. 3D and figs. S3, B and C, and S4)
(37). The structure of the ATP-binding pocket of the Cin8ygkip; mo-
tor domain is consistent with the AMPPNP-bound state (Fig. 3 and
fig. S4) (38-40). The nucleotide binding and hydrolysis elements
[P-loop, L9 (switch I), and L11 (switch II) (38-40)] in the 3D model
of the Cin8gkip1 motor domain are similar to those in Eg5 and Cut7
(Fig. 3D and figs. S3, B and C, and S4). This result is consistent with
the high sequence similarity between nucleotide binding and hydro-
lysis elements of Cin8, Eg5, and Cut7 (fig. S4C).
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Fig. 2. Intracellular localization of GFP-tagged NTnmd deletion mutants of Cin8. S. cerevisiae cells used for this analysis were deleted for the chromosomal copy of
CIN8 and expressed the tdTomato-tagged spindle pole component Spc42. Cells were imaged in bright field (BF), as well as red (spindle pole body; SPB) and green (Cin8-
GFP) channels. (A) Representative images of different spindle localization phenotypes of Cin8 variants. Scale bar, 2 um. (B) Average percentage of budded cells, with dif-
ferent phenotypes in each spindle-length category, indicated at the bottom of the panel. Cin8 N-terminal variants are indicated on the right. A schematic representation
of each localization phenotype is shown at the bottom of the panel. *P < 0.05, **P < 0.01, and ***P < 0.001, calculated by analysis of variance (ANOVA), followed by the

Dunnett’s test (84).

L5 of the kinesin motor domain interrupts the sequence of a2 and
is located near the ATP-binding P-loop (35, 41). Some previous stud-
ies have shown that L5 of Eg5 regulates adenosine triphosphatase
(ATPase) activity (42-44), and others have suggested that this loop is
involved in a mechanism that gates the ATPase cycle (45-47). L5 has
thus been investigated as a target for small-molecule allosteric inhibi-
tors, such as monastrol and (+)-S-trityl-L-cysteine (STLC), which dis-
rupt the ATPase cycle, thereby arresting cells in mitosis (and as a
result are considered as potential anticancer agents) (44, 48-51). The
L5 of Eg5 is three amino acids longer than the L5s of Cin8 and Cut7
(Fig. 3C), which may explain a previous report that the L5-binding
inhibitor STLC does not inhibit Cut7 (37). According to our structure,
similar to Cut7, the conformation of L5 in the presence of AMPPNP
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is shifted toward the plus-end of the MT compared to Eg5 (Fig. 3D).
Thus, we conclude that the Cin8 L5 assumes a conformation that is
different from that of the Eg5 L5 but similar to that of the Cut7 L5. In
keeping with this conclusion, we found, in a single-molecule motility
assay, that in the presence of 150 mM KCl and 1 mM ATP, the move-
ment of Cin8 in the minus-end direction of the MTs is not inhibited
by STLC (Fig. 3E). This finding indicates that, similar to the bidirec-
tional Cut7, Cin8 is not inhibited by an L5-binding allosteric inhibitor.

Conformation of the NTnmd

To date, the structure of the NTnmd of bidirectional kinesin motors
has not been examined, most probably because the variants used in
structural studies lacked this region (37). The NTnmd was also absent
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Fig. 3. Reconstruction of the MT-bound motor domain structure of Cin8,gkip1. (A) Structure of MT-bound Cin8ygkip1, reconstructed from the cryo-EM density map (gray)
obtained in this study (EMD-10625). The reconstruction shows the Cin8gkip1 motor domain (with the 99-amino acid insert in L8 replaced by seven amino acids of the L8 of
Kip1), in the presence of AMPPNP attached to a Taxol-stabilized MT. (B) Zoom-in view of the Cin8,gxjp1 motor domain. The color-coding is as follows: MT-bound Cin8gip1
cryo-EM density map, light gray; Cin8,gxip1, dusky pink; N-terminal region, blue; NL, red; a-tubulin, light blue; p-tubulin, light purple. The nucleotides are as follows: AMPPNP
bound to Cin8gkip1, GTP bound to a-tubulin, and GDP bound to p-tubulin. (C) Multiple sequence alignment of the structural elements surrounding L5, namely, P-loop, a2a,
L5, and a2b. Structural elements are indicated at the bottom of the panel. (D) Side view of Cin8gkip1 [the structural model is reconstructed from the cryo-EM density map
obtained in this study, colored as in panel (B)], with Cin8_gkip1 L5 indicated in yellow, compared with L5 of Cut7 [Protein Data Bank (PDB): 6S8M, green] and L5 of Eg5 (PDB:
3HQD, light blue). (E) Effect of (+)-S-trityl-L-cysteine (STLC) on single-molecule, minus-end-directed motility of Cin8. The bar graph shows the average velocity (+SEM)
calculated from a single-molecule motility assay in the absence or presence of 5 or 50 uM STLC. All the experiments were conducted at a constant concentration of 2%

Me,SO. The numbers of Cin8 motors analyzed are shown in parentheses. *P < 0.05; significance was calculated by ANOVA, followed by Tukey’s test (85).

in the Cin8 variant whose density map was recently published by
Bell et al. (30). We observed that the most pronounced difference be-
tween the cryo-EM density map of the Cin8 variant obtained in the
present study versus the maps of the Cin8 variant reported by Bell et al.
(30) and the maps of Cut7 (37) and of Eg5 (47) lies in a volume of weak
density (with Gaussian filter applied) that is absent from the maps in
the latter three studies (Fig. 4, A and B). This volume of weak density
emerges near the MT protofilament on the same side of the motor
domain where the N-terminal and the NL are located (Fig. 4). Since
the variant used in the present study lacks the native large insert in the
L8 of Cin8, this volume of weak density cannot be attributed to this
loop. Since the Cin8 variant used here contains 37 amino acids of the
NTnmd, it is very likely that the additional density results from a se-
quence at the N terminus of Cin8. Thus, we provide direct evidence for
the conformation of the NTnmd and its possible interactions. On the
basis of our analysis, the NTnmd of Cin8 probably interacts with the
MT lattice between two adjacent protofilaments.

Singh et al., Sci. Adv. 10, eadi1367 (2024) 7 February 2024

To obtain a more detailed insight into the possible structure and
interactions of the NTnmd, we performed homology modeling of
this region, followed by fitting to the obtained cryo-EM density map
(Fig. 5). The NTnmd of Cin8 was modeled using the structure of
human kinesin-13 Kif2A bound to bent af-tubulin heterodimers
[Protein Data Bank (PDB) code: 6BBN (52)]. The 3D model was
then fitted to the cryo-EM density, enabling refinement of the mod-
el. On the basis of this procedure, we were able to fit an additional 30
amino acids from the N terminus (N43 to E72) into the model
(Fig. 5A). Following the modeling, restraint-free molecular dynam-
ics simulations in water were used to study the structural stability
and dynamics of the Cin8 3D model. The outcome of these simula-
tions indicated that the N terminus is highly flexible, which explains
why the density map for this region is weakly resolved. Although the
NTnmd is highly flexible, the simulation outcome indicates that this
region highly populates a conformation in which it interacts with
tubulin (fig. S5).
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Fig. 4. Cryo-EM density map of the NTnmd of Cin8,gkip1. Cryo-EM density map
of Cin8ygkip1 bound to MTs obtained in this work (light gray), compared to the den-
sity maps of Cut7 (EMD-3527, PDB: 6S8M, green) (37), Eg5 (EMD-2077, PDB: 4AQV,
yellow) (47), and a Cin8 variant lacking the first 70 amino acids of the N-terminal
region (EMD-8408, with a model of Cin8 obtained in this study, 70Cin8, blue) (30),
all bound to MTs. (A) Cross-sectional view (from minus- to plus-end of the MTs).
(B) A perpendicular-to-MT view; directionality of the MT is indicated on the left, at
a 90° rotation compared to (A). The 70Cin8 variant includes the 99-amino acid in-
sert in L8 of Cin8. Its density map was obtained in the presence of ADP-AIF, which
corresponds to the ADP-Pi nucleotide state. All density maps (except for the den-
sity map of Eg5, which has a 9.7-A resolution) were filtered to a lower resolution of
20 A to prevent artifacts. The most pronounced difference between the four struc-
tures is a low-intensity feature in the Cin8ygip1 cryo-EM density map (mauve ar-
rows), which is absent from the cryo-EM density maps of Cut7, Eg5, and 70Cin8.
This feature is proximal to the N terminus of the motor domain, making contact
with the tubulin surface and extending toward the Cin8,gkjp1 motor domain bound
to the adjacent MT protofilament. Models were fitted to the maps using the “fit in
map” feature of UCSF-Chimera (75).

The cryo-EM fitted model reveals that to fit this weak cryo-EM
density map (Fig. 4), the NTnmd must undergo a turn that diverts it
away from the NL (Fig. 5, green arrow). The model of the N-terminal
region also displays an a helix (amino acids Q48 to N60), whose
distal N-terminal end lies in proximity to p-tubulin (Fig. 5), close to
its C-terminal tail (fig. S6). Nonetheless, the resolution of this extra
weak density was not sufficient to unambiguously define the confor-
mation or the exact placement of this predicted helix.
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Fig. 5. Modeling analysis reveals a unique orientation of the NTnmd and its
possible interaction with p-tubulin. (A and B) Top (A) and back (B) views of the
molecular model based on the cryo-EM structure and the weak intensity volume
obtained in this work. Color-coding is as follows: Cin8ygxip1, pink; NL, red; N70-175,
blue; T46-P69, cyan; N43-N45, magenta. The first and last Cin8 amino acids of this
model, N43 and F432, are indicated. Green arrows indicate the approximate posi-
tion of the turn that causes the NTnmd to deviate away from the NL.

In vitro motor activity of NTnmd Cin8 variants on
subtilisin-treated MTs

The structural data presented here suggest that, upon MT binding,
Cin8 interacts with the C-terminal tails of tubulin via its NTnmd
(Figs. 4 and 5 and fig. S6). To directly test this mechanism of interac-
tion, we examined the binding and motility of wt and selected NTnmd
mutants of Cin8 on MT treated with subtilisin, an agent that has been
shown to remove C-terminal tubulin tails (Figs. 6 and 7) (17, 18). To
this end, we used a single-molecule motility assay, in which we char-
acterized the activity of GFP-tagged full-length N-terminal variants,
overexpressed and purified from S. cerevisiae cells, on fluorescently
labeled GMPCPP-stabilized polarity-marked MTs (12, 53). These
experiments were conducted in the presence of 1 mM ATP and
70 mM KCIL. At higher salt concentrations, no binding of wt Cin8 to
subtilisin-treated MTs was observed, indicating that C-terminal
tubulin tails facilitated Cin8 binding to MTs in high-salt solutions.
We observed MT binding and processive unidirectional motility of
wt Cin8 and its NTnmd deletion mutants (Fig. 6). Following treat-
ment of plus-end-labeled MTs with subtilisin, very few MTs retained
their plus-end labeling. Nonetheless, we were able to confirm proces-
sive minus-end-directed motility for wt Cin8 and NTnmd mutants
on those MTs that retained their plus-end labeling (Fig. 6A). To de-
termine the velocity of Cin8 variants on subtilisin-treated MTs, we
performed mean square displacement (MSD) analysis of motility
trajectories (Fig. 6B) (9, 11, 54). MSD analysis was chosen because it
does not require polarity labeling of the MTs and produces similar
results to mean displacement (MD) analysis (11). We found that for
wt Cin8, velocity on subtilisin-treated MTs was considerably higher
than on untreated MTs (Fig. 6B). This result further supports the no-
tion that C-terminal tubulin tails contribute to MT binding of Cin8.
In addition, on untreated MTs, the velocity of the NTnmd deletion
mutants was faster than that of the wt Cin8 (Fig. 6B). As discussed
below (Fig. 8 and Table 1), this result indicates a weaker interaction
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Fig. 6. Motility of wt Cin8 and NTnmd deletion mutants on subtilisin-treated
MTs. (A) Time-lapse recordings of Cin8-GFP motor motility (green) on polarity-
marked, subtilisin-treated MTs (red). Bright red seeds indicate the plus-end labeling
of the MTs. Cin8 variants are indicated on the top of the panel. Arrows point to the
Cin8-GFP motors moving processively in the minus-end direction, away from the
plus-end red bright seed. The polarity of the MTs is indicated at the bottom of the panel.
Scale bar, 2 pm; time intervals: 10 s. (B) Representative kymographs and average
velocities (V) = SD of wt Cin8 and NTnmd deletion mutants Cin8A1-38 and
Cin8A1-69, indicated on the left, in the presence of 70 mM KCl and 100 uM ATP. MTs
were either untreated (left) or treated with subtilisin (right), indicated on the top of
the panel. Since not all the MTs retained their polarity mark, average velocity (V)
was determined using mean square displacement analysis (9, 17). Velocities are in-
dicated on the right of each kymograph set. Numbers in parentheses indicate the
number of moving motors in each case.

with MTs of the NTnmd mutants compared to the wt Cin8. In con-
trast, on subtilisin-treated MTs, velocities of the NTnmd mutants
were considerably lower, compared to the wt Cin8 (Fig. 6B, right),
indicating that the effect of the NTnmd on the motility of Cin8 is
strictly dependent on the presence of C-terminal tubulin tails.

We next examined the binding of wt Cin8 and NTnmd deletion
to the MTs by determining the number of Cin8 motors bound to
subtilisin-treated MTs compared to untreated MTs in the presence
of ATP (Fig. 7) (13, 29). First, we found that on untreated MTs, the
number of NTnmd mutants (Cin8A1-38 and Cin8A1-69) bound to
MTs was markedly reduced compared to the wt Cin8 (Fig. 7). This
result indicates that the NTnmd of Cin8 is directly involved in the
MT binding of Cin8. We found that treatment with subtilisin re-
duced the number of wt Cin8 motors bound to MTs (Fig. 7). This
result indicates that the C-terminal tubulin tails are directly involved
in Cin8 binding to the MTs since, in their absence, Cin8 binding to
MTs is reduced. Treatment with subtilisin did not affect the binding
of the NTnmd deletion mutants to the MTs (Fig. 7), indicating that
when NTnmd is deleted, partially or completely, the C-terminal tu-
bulin tails do not contribute to MT binding of Cin8. Thus, this result
strongly supports the notion that the NTnmd induces MT binding
via direct interaction with the C-terminal tails.
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Fig. 7. Binding of Cin8 NTnmd variants to subtilisin-treated MTs. (A) Represen-
tative images of Cin8 (green) bound to surface-attached MTs (red), in the presence
of 100 pM ATP. Cin8 variants are indicated at the top of the figure. MTs were either
untreated (top) or treated with subtilisin (bottom), as indicated on the left. (B) Aver-
age number of motors per micrometer of MT length (+SEM) for Cin8 bound to
surface-attached MTs in the presence of ATP, in 500-p.m2 fields. Numbers of ana-
lyzed fields are indicated in parentheses. ***P < 0.001; ns, not significant. Signifi-
cance was evaluated using ANOVA, followed by Tukey’s test.

Directionality switch and antiparallel MT sliding of
NTnmd-deleted mutants of Cin8

To further understand the relationship between the motor functions
of NTnmd mutants of Cin8 and their intracellular defects (Figs. 1B
and 2), we examined the motile properties of the variants in vitro.
Experiments were performed at a saturating ATP concentration and
at an intermediate ionic strength (110 mM KCl) since, under high
ionic strength conditions, some N-terminal deletion mutants failed
to bind to MTs. We have previously demonstrated that one of the
factors that affect the directionality and velocity of Cin8 is its accu-
mulation in clusters on MTs (12, 54) and that MT-bound motile clus-
ters of Cin8 can split and merge while remaining motile, indicating
that these clusters are active motors and not merely nonfunctional
aggregates (54). Thus, here, we examined the effects of mutations in
the N-terminal region on the motility of single molecules and clus-
ters separately. For this purpose, we sorted single molecules from
clusters of Cin8, based on their fluorescence intensities, as previously
described (54); see also Materials and Methods. We found that under
the examined conditions, consistent with previous reports (11, 55),
single molecules and clusters of wt Cin8 moved in a bidirectional
manner, exhibiting motility trajectories in both plus- and minus-end
directions on the MTs (Fig. 8).

The motile behavior of the Cin8A70-75 variant with the internal
deletion of amino acids 70 to 75 [a sequence homologous to the N-
terminal region of kinesin motors that is believed to form the CNB and
stabilize NL docking (19-24)] differed markedly from the behaviors of
the wt Cin8 and variants with other N-terminal deletions (Fig. 8 and
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Fig. 8. In vitro single-molecule motility of N-terminal deletion Cin8 variants. (A) Representative kymographs of movements of Cin8 N-terminal variants in the pres-
ence of 110 mM KCl. The polarity of the MTs is indicated at the bottom of each kymograph. Asterisks indicate Cin8 clustering at minus-ends of the MTs. (B) Trajectories of
motility of Cin8 N-terminal deletion variants. The trajectories of single molecules (left) and clusters (right) were used for the analysis of motile properties. Differentiation
between single motors and clusters was performed as previously described (73, 54). The number of trajectories and the percentage of movements toward the plus-ends
of MTs are indicated at the bottom right of each graph. Cin8 variants for (A) and (B) are indicated on the left of the figure.

fig. S7). While the other Cin8 variants exhibited processive motility in
either the minus- or plus-end directions, the Cin8A70-75 mutant ex-
hibited bidirectional motility with frequent changes in directionality
within the same run (Fig. 8 and fig. S7). To determine whether this
behavior was ATP-dependent, we examined the motility of Cin8A70-75
in the presence of adenosine 5’-diphosphate (ADP) (fig. S7). In con-
trast to wt Cin8, which exhibited a minus-end-directed bias in the
presence of ATP but not ADP, the displacement of Cin8A70-75 was
symmetrically bidirectional, with similar instantaneous displacement
distributions in the presence of either one of the nucleotides. These re-
sults indicate that the motility of Cin8A70-75 was ATP-independent
and was mainly diffusion-driven (fig. S7). In keeping with these find-
ings, it was previously demonstrated that, in the absence of N-terminal
sequences, the NL of the human kinesin-5 Eg5 was unable to dock onto
the motor domain (56). Thus, our results indicate that, similar to
kinesin-5 Eg5, at least part of the amino acids 70 to 75 sequence of Cin8
may serve as a cover strand, enabling CNB formation during the
ATPase cycle, which is essential for NL docking, correct ATPase activ-
ity, and ATP-dependent motility.

Examination of the motility of other N-terminal variants revealed
that deletion of the first 38 amino acids (Cin8A1-38) decreased the
percentage of Cin8 clusters bound to MTs (Fig. 8B and Table 1),
which indicates that the first 38 amino acids of Cin8 contribute to the
accumulation in clusters of MT-bound Cin8. In contrast, deletion of
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the first 69 amino acids of the N terminus of Cin8 increased the per-
centage of clusters of MT-bound motile Cin8 (Fig. 8 and Table 1).
The average intensities of the wt and Cin8A1-69 clusters [in arbi-
trary units (a.u.)] were not statistically different [254 + 8 (SEM;
n = 22) versus 310 + 22 (SEM; n = 87) for wt and Cin8A1-69, re-
spectively]. Although the mechanism by which the deletion of NTnmd
increases motor clustering is not clear, a possible explanation for this
finding is that motor clustering contributes to the stability of this mu-
tant (Cin8A1-69).

We found—for both single molecules and clusters of Cin8 variants—
that all the deletions in the N-terminal region, except for amino acids
70 to 75, increased the minus-end-directed bias of Cin8 motors, there-
by increasing the percentage of trajectories in the minus-end direction
and also increasing their velocity (Fig. 8 and Table 1). We have previ-
ously demonstrated that decreasing the affinity between Cin8 and MTs,
either by increasing the ionic strength or by introducing a negatively
charged phospho-mimetic mutation at the motor-MT interface, in-
creased the minus-end-directed bias, thereby increasing the percent-
age and velocity of minus-end-directed trajectories (11, 55). Together,
those results and the findings of the current study suggest that deletions
in the N-terminal region decrease the affinity of Cin8 for the MTs, sup-
porting the notion that the sequences of the N-terminal region of
Cin8 contribute to direct motor-MT interactions. We also found that
the deletion of these sequences of the N-terminal region decreased the
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Table 1. Motile properties of the N-terminal deletion Cin8 variants. MD analysis was used for the determination of velocities (V), durations of motile
episodes, percent of total runs longer than 60 s, and percentages of plus-end-directed movements for Cin8 N-terminal variants that exhibit directional motility.
Negative values of velocity represent motility in the minus-end direction of the MTs; n, number of Cin8 motors analyzed.

Monomers Clusters
Cin8 V+ SD Dura- % of % of to- n V+SD Duration % of % of to- n % of
variant (nm/s) tion of (+)-end  talruns (nm/s) ofmotile (+)-end talruns clusters
motile move- >60s episodes  move- >60s
epi- ments + SEM ments
sodes + (s)
SEM (s)
wt Cin8 —-32+04 38+4 29 17 28 —-18+1 44 +5 41 23 22 44
A1-38 —65+1 34+4 13 23 40 —56 + 1 29+4 28 29 14 26
56 —107 £1 18+1 9 24 96
0 0 46 —205+1 12+1 18 13 39

duration of motile episodes and the total duration of motile runs of
both single molecules and clusters of Cin8 (Fig. 8 and Table 1). This
result is also consistent with the decreased affinity between the mutant
motors and MTs. Last, we recently proposed a molecular model that
explains the directionality switch from minus- to plus-end-directed
motility. According to this model, any force that opposes the minus-
end-directed motility of Cin8 (referred to as drag) induces a change to
the plus-end direction (54). Thus, the NTnmd, which induces such a
switch (Fig. 8 and Table 1), exerts a drag force on the moving Cin8,
consistent with increased MT binding by Cin8 via its NTnmd.

Deletion of the first 38 amino acids caused the smallest effect on
the motility of Cin8, as is consistent with the finding that this variant
does not affect cell viability when expressed as the sole source of
kinesin-5 function (Fig. 1B); this finding thus demonstrates a cor-
relation between effects on motor motility and cell viability. Consis-
tently, deletions of the first 69 amino acids and amino acids 39 to 45
produced the most pronounced effect on motor motility (Fig. 8 and
Table 1) and markedly affected cell viability (Fig. 1B).

As mentioned above, we have previously demonstrated that accu-
mulation in clusters of MT-bound motors is one of the major factors
that induces a directionality switch from fast minus-end-directed mo-
tility to slow plus-end—-directed motility of Cin8 (12, 54). In the current
study, deletions within the NTnmd markedly reduced the percentage
of plus-end-directed trajectories of single molecules and clusters, com-
pared to wt Cin8 (Fig. 8B and Table 1). The deletion of almost the en-
tire NTnmd (Cin8A1-69) produced the most dramatic effect: In this
variant, 63% of the moving motors clustered, but only 9% of those clus-
ters moved in the plus-end direction of the MTs (Fig. 8B and Table 1).
In comparison, 43% of the moving wt Cin8 motors clustered, and 41%
of those clusters moved in the plus-end direction of the MTs (Fig. 8B
and Table 1). Thus, our results clearly indicated that deletions within
the NTnmd reduce the ability of Cin8 clusters to switch directionality
from minus- to plus-end-directed motility.

An additional condition under which Cin8 has been demonstrat-
ed to be plus-end-directed is during sliding apart antiparallel MTs
in vitro (10-12). This plus-end-directed motility is believed to enable
kinesin-5s, Cin8 included, to separate the spindle poles apart when
performing their critical role in spindle assembly (12). Since deleting
the whole NTnmd of Cin8 (Cin8A1-69) prevented the switch from
minus- to plus-end-directed motility upon motor clustering in the
single-molecule motility assay (Fig. 8 and Table 1), we examined how
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this mutation affects the ability of Cin8 to produce plus-end-directed
antiparallel MT sliding in vitro (Fig. 9). For this purpose, we labeled
the plus-ends of the MT with a bright rhodamine seed (12) and po-
lymerized two sets of MTs, in the presence and absence of biotin-
labeled tubulin. The biotinylated MTs were attached to the surface,
followed by the addition of biotin-lacking MTs in the presence of
Cin8 (12, 29). Consistent with previous reports (10, 12, 29), we ob-
served that the majority of antiparallel MT sliding events (86%) me-
diated by the wt Cin8 were plus-end-directed (Fig. 9 and movie S1),
as is to be expected from the physiological functions of Cin8 in spin-
dle assembly. In contrast, only a third of the MT sliding events pro-
duced by Cin8A1-69 were plus-end-directed. For this mutant, we
found similar percentages of minus- and plus-end-directed antipar-
allel MT sliding events and bidirectional MT sliding (Fig. 9 and mov-
ies S2 to S4). The average velocity of plus-end-directed sliding events
of the Cin8A1-69 mutant was significantly faster than that of the wt
Cin8 (Fig. 9), similar to the result obtained in the single-molecule
motility assay in the minus-end direction (Figs. 6 and 8 and Table 1).
These results indicate that deletion of the NTnmd severely impairs
the plus-end-directed motility of Cin8 during the sliding of MTs.
Since minus-end-directed and bidirectional MT sliding cannot con-
tribute to spindle pole body (SPB) separation during spindle assem-
bly, this sliding behavior is likely to be the reason for the severely
defective viability of S. cerevisiae cells expressing the Cin8A1-69
variant as the sole source of kinesin-5 activity (Fig. 1B). This result is
also consistent with the notion that—in addition to directly increas-
ing the MT-motor interactions—the NTnmd regulates the direction-
ality of Cin8: The deletion of the NTnmd greatly reduces the ability of
Cin8 to move in the plus-end direction of the MTs under a variety of
experimental conditions.

Together, our structural and motility data indicate that sequenc-
es in the NTnmd of Cin8 interact with the MT lattice via the C-
terminal tubulin tails. This interaction increases the affinity of Cin8
for MTs and affects its velocity, directionality, and ability to induce
plus-end-directed antiparallel MT sliding, thus indicating the im-
portance of the NTnmd for the intracellular functions of Cin8.

DISCUSSION
The bidirectional kinesin-5s share a large NTnmd of 50 to 70 amino
acids, which is not found in the exclusively plus-end-directed
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Fig. 9. Antiparallel MT sliding induced by wt Cin8 and Cin8A1-69. Representa-
tive time-lapse recordings of different MT sliding events are presented, as indicated
at the top of the figure. For wt Cin8, plus-end-directed antiparallel MT sliding is
shown (movie S1); for Cin8A1-69, plus-end-directed (movie S2), minus-end-directed
(movie S3), and bidirectional (movie S4) antiparallel MT sliding are shown. The time
interval between the frames is indicated at the top of each time-lapse sequence;
total run time: 300 s. White arrowheads indicate the stationary plus-end bright la-
bel of the surface-attached MTs. Yellow arrowheads indicate the mobile plus-end
bright label of the sliding MTs. Top: Schematic representations of the different slid-
ing events. Rhodamine-labeled MTs are shown as light-red tubes; plus-end label-
ing is indicated by dark red coloring of the MTs; surface binding of the MTs via an
avidin-biotin bond is indicated by “B”; Cin8 motors are shown as green vertical
dumbbell shapes; MT polarities are indicated by “+” and “~"; red and magenta ar-
rows indicate the direction of movement of the sliding MT; green arrows indicate
plus-end directionality of the motors; and cyan arrows indicate minus-end direc-
tionality of the motors. Numbers (light gray) and percentages (dark gray) of the
different categories of MT sliding for each variant are indicated at the bottom of the
figure. Average velocities V (+SEM) for the different MT sliding categories are indi-
cated in green at the bottom of the figure. Numbers in parentheses indicate the
number of events. *P < 0.05, compared to plus-end-directed sliding of wt Cin8,
calculated by ANOVA followed by Tukey'’s test.

kinesin-5s. The role of this domain in the regulation of the motile
properties and intracellular functions of the bidirectional kinesin-5s
has not yet been established. To determine the role of this domain in
the function of the bidirectional kinesin-5 Cin8 motors, we com-
bined intracellular and in vitro experiments with N-terminal dele-
tion mutants and a cryo-EM study to examine the structure of the
motor domain of Cin8 bound to MTs in the presence of AMPPNP.
Reconstruction of the structure of the Cin8 motor domain re-
vealed that it exhibits the features of canonical binding to MTs, similar
to kinesin-like motors, with the NL orienting in the plus-end direc-
tion of the MT in the presence of AMPPNP. However, in contrast to
the previously published structures of MT-bound kinesin-5s (4, 15,
24, 30, 37, 42, 47, 57), the Cin8 used in this study contained an addi-
tional 37 amino acids in its N terminus, upstream of the motor do-
main, thus enabling us to examine the structure of this region for
MT-bound Cin8. The presence of these 37 amino acids was manifest-
ed in additional cryo-EM density located close to the MT lattice
(Figs. 4 and 5). Such a density element is absent from the MT-bound
motor domains of other bidirectional and exclusively plus-end-directed
kinesin-5s that lack the NTnmd. This finding indicates that it is likely
that this N-terminal region of Cin8 interacts directly with MTs
(Fig. 5). This mechanism of interaction between the NTnmd of Cin8

Singh et al., Sci. Adv. 10, eadi1367 (2024) 7 February 2024

and the C-terminal tubulin tails was further supported by in vitro ex-
periments on MTs treated with subtilisin (Figs. 6 and 7), which was
previously demonstrated to cleave C-terminal tubulin tails (17, 18).
Although the interaction of the NTnmd with MTs was previously sug-
gested for the bidirectional S. pombe kinesin-5 Cut7 (15), our work
provides direct structural and functional evidence for such interac-
tion for a bidirectional kinesin-5 motor. Moreover, we demonstrated
that the deletion of sequences in this region produced phenotypic de-
fects in intracellular functions, with the deletion of the first 69 amino
acids resulting in a severely defective Cin8 mutant that was unable to
support yeast cell viability as the sole source of kinesin-5 function
(Fig. 1B). In addition, we demonstrated that the motile and MT bind-
ing properties of these deletion mutants were consistent with their
reduced affinity to M Ts (Table 1). We also showed that the N-terminal
deletion mutants exhibited an impaired ability to switch directionality
from minus- to plus-end-directed motility (Fig. 8), which is impor-
tant for their intracellular functions (see below). Last, we demonstrat-
ed that deletion of the entire NTnmd impaired the ability of that
variant to produce efficient plus-end-directed antiparallel M T sliding
(Fig. 9), which was consistent with its inability to support cell viability
as the sole source of kinesin-5 function (Fig. 1B). Together, these find-
ings provide direct structural evidence that the NTnmd of a bidirec-
tional kinesin-5 motor facilitates noncanonical MT binding, which is
important for its motile properties and intracellular functions.

As mentioned above, the structural and functional data presented
here suggest that the NTnmd of Cin8 interacts with the C-terminal
tail of p-tubulin (Figs. 5 to 7 and fig. S6). A similar concept was re-
cently demonstrated for the positively charged insertion in loop 12
(K-loop), which is unique to the kinesin-3 subfamily: It was demon-
strated that the presence of the K-loop increases the ATPase rate and
MT affinity in the kinesin-3 homolog Kifl1B (58). Moreover, it was
demonstrated that the K-loop increases the initial attachment rate of
the kinesin-3 KIF1 to MTs (59, 60) by inducing a weak MT interac-
tion in the presence of ADP (60). It was also suggested that an o helix
immediately adjacent to the K-loop facilitates a specific conformation
of the K-loop that is essential for its function (61). Last, it was demon-
strated that the motility of Kifl1A is regulated by pauses induced by
interactions between the K-loop and the polyglutamylated tubulin C-
terminal tails (62). Thus, it is possible that, similar to the kinesin-3
motors, the bidirectional kinesin-5s interact with the tubulin C-
terminal tail, via the NTnmd, to enable their unique motor functions.

It is, however, puzzling why noncanonical binding to the MTs is
required for bidirectional kinesin-5 motor function. It has previously
been reported that processive plus-end motility of kinesin-1 motors
is achieved, in part, by a gating mechanism that prevents simultane-
ous strong binding of the two kinesin-1 motor domain heads to MTs
(63). It has also been reported that for kinesin-1 to take steps in the
minus-end direction, the motor had to be mutated to enhance the
flexibility of the NL, thereby enabling the production of a two-headed
MT-bound state (64). On the basis of the findings of the current study,
we propose that the noncanonical binding to MTs via the NTnmd
enables the MT two-headed bound state, which may be one of the in-
termediate states leading to bidirectional stepping. Two of our recently
published studies support this notion. In the first, we demonstrated
that the large insert in L8 of Cin8 can bind MTs, without canonical
MT binding on the motor domain of Cin8. We also demonstrated
that the deletion of this large insert is essential for bidirectional
motility on the single-molecule level and in surface MT gliding
assays (13). In the second study, we demonstrated that the flexibility
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of NL anchoring to the motor domain of Cin8 is essential for Cin8
functionality (29). In light of the knowledge that flexibility of the NL
is correlated with the two-headed MT bound state of plus-end-directed
kinesin-motors (65-67), it is possible that the flexibility of the NL
docking of Cin8 may also enable the two-headed bound state, en-
abling stepping in two directions. Thus, we propose that the nonca-
nonical MT binding of Cin8, via the conserved NTnmd and the large
insert in L8, together with the flexible NL docking provide the neces-
sary molecular conditions enabling bidirectional motility.

The three bidirectional kinesin-5s reported to date are motors of
fungal cells (8-11). We have recently proposed a physiological role for
the bidirectional motility of kinesin-5s in these cells, in which the
nuclear envelope does not break down during mitosis. In contrast to
higher eukaryote cells, the dynein motor does not participate in the
initial spindle pole separation during mitotic spindle assembly in fun-
gal cells (1, 3). We thus proposed that the minus-end-directed motil-
ity of kinesin-5s is required to locate these motors near the spindle
poles before spindle assembly. At this location, the motors cluster and
capture MTs from neighboring poles. Then, by switching from minus-

to plus-end-directed motility, clusters of Cin8 slide apart the cap-
tured MTs from neighboring poles (12), providing spindle pole
separation and spindle assembly. On the basis of this model, the abil-
ity to switch from minus- to plus-end-directed motility is critical for
the mitotic function of fungal kinesin-5s. One of the marked differ-
ences between the motile properties of wt Cin8 and the NTnmd mu-
tants is the inability of the mutants to switch to plus-end-directed
motility—as single molecules and as clusters (Fig. 8 and Table 1).
Last, deletion of the greater part of the NTnmd severely impairs the
ability of the mutant to produce plus-end-directed antiparallel MT
sliding (Fig. 9), which in turn, causes defects in spindle pole separa-
tion and formation of the mitotic spindle (12). We thus conclude that
the defective intracellular functionality of the NTnmd mutants, espe-
cially that of Cin8A1-69 (Figs. 1B and 2), results from their reduced
affinity to M Ts and their inability to switch to plus-end-directed mo-
tility and to produce plus-end—-directed MT sliding (Figs. 8 and 9 and
Table 1). These defective motility properties are the direct outcome of
the absence of noncanonical MT binding of the NTnmd mutants.

Although members of the kinesin superfamily share homology in
elements that are involved in the ATPase cycle and canonical MT
binding, the different subfamilies have evolved unique structural ele-
ments that enable specific motile and mechanical properties adapted
to their intracellular functions. The data presented here indicates
that the NTnmd of Cin8 serves as such an element, enabling the non-
canonical MT binding that is essential for its motor and intracellular
functions. Since the NTnmd is a feature common to bidirectional
kinesin-5s, it is likely that the NTnmd is essential for the ability to
step in two directions and the intracellular functions of these motors.

MATERIALS AND METHODS

Protein expression and purification

All the functional in vivo and in vitro assays were performed on full-
length Cin8 variants that carried only deletions in the NTnmd. Since
the stalk (bipolar assembly domain) and tail of these variants remain
intact, they are predicted to be tetramers and to localize properly to
the nucleus (5, 28, 57). Only the construct used for the cryo-EM study
lacked the large L8 of Cin8 (replaced by the short L8 of Kip1). This
L8-deleted construct was used so as to eliminate super-stoichiometric
MT binding [with ~4 motor domains bound to one tubulin dimer
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(30)] and to prevent possible masking by the large L8 (30) of the den-
sity contributed by the NTnmd in the cryo-EM map.

For cryo-EM analysis, the sequence encoded for the Cin8ygxip
monomeric motor domain [in which the NTnmd started from M39
and in which the 99-amino acid insert in L8 of Cin8 (amino acids 255
to 353) was replaced with the corresponding 7-amino acid sequence
of Kip1 (amino acids 234 to 240 of Kip1) (fig. S2, A and B)] was cloned
into the pET26B™ vector, with the addition of a 6x His-tag at the C
terminus of the construct. Expression of the 6x His-tagged Cin8ysxip1
construct was induced in 250 ml of BL21-CodonPlus (DE3)-RIPL cell
culture with 0.2 mM isopropyl-p-p-thiogalactopyranoside (IPTG).
The culture was incubated at 18°C for 6 hours, after which the cells
were harvested by centrifugation at 5000 rpm for 15 min at room tem-
perature and resuspended in lysis buffer [50 mM Hepes, 500 mM KCl,
10 mM MgCl,, Triton X-100 0.01%, 0.5 mM tris(2-carboxyethyl)phos-
phine (TCEP), and 10% glycerol (pH 7.5)]. Cells were disrupted with a
probe-type ultrasonicator, followed by centrifugation at 13,500 rpm
for 30 min at 4°C. The 6x His-tagged protein was purified from the
supernatant by Ni-NTA affinity chromatography, followed by size-
exclusion chromatography on a Superdex 200 HR 16/60 column on an
AKTA FPLC system (GE Healthcare) equilibrated with size exclusion
elution buffer [50 mM Hepes, 250 mM KCI, 1 mM MgCl,, Triton
X-100 0.002%, 0.5 mM TCEP, and 6% glycerol (pH 7.5)]. The eluted
proteins were fractionated on SDS—polyacrylamide gel electrophore-
sis and stained with Coomassie Brilliant Blue dye (fig. S2C). For
single-molecule motility experiments, full-length GFP- and 6X His-
tagged Cin8 was overexpressed and purified from S. cerevisiae cells
using Ni-NTA affinity and Superose 6 size exclusion columns, as pre-
viously described (12, 54).

Sample preparation for cryo-EM

The MT polymerization reaction mixture contained final concentra-
tions of porcine tubulin (10 mg/ml; Cytoskeleton Inc.) and 1.5 mM
GTP in general tubulin buffer (GTB; Cytoskeleton Inc.). The mixture
was incubated for 50 min at 37°C, followed by the addition of Taxol
(Sigma-Aldrich) to a final concentration of 100 pM, and another
20-min incubation at 37°C. After the polymerization of the MTs, the
mixture was diluted ninefold with GTB supplemented with 10 pM
Taxol (GTB-Tx), and centrifuged for 20 min at 15,000g. The superna-
tant was discarded, and the pellet was resuspended in 40 pl of GTB-
Tx. A pre-reaction mixture was then prepared so as to provide final
concentrations of 0.1 mM AMPPNP and 100 mM KCl in GTB-Tx. The
Cin8gkip1 construct was added in a ratio of 4:1 to the MTs (tubulin
concentration of the MTs was ~0.13 mg/ml). The mixture was mixed
gently and incubated for 10 min. Cryo-EM samples were prepared by
plunge-freezing into liquid ethane. Thereafter, 3 pl of the mixture was
applied onto glow-discharged Lacey F/C grids (01883-F), blotted for
20 s, and then vitrified by rapidly plunging into liquid ethane using an
FEI Vitrobot operating at room temperature and 100% humidity. The
frozen samples were stored in liquid nitrogen until imaging.

Cryo-EM data collection and structure determination

Samples were loaded under cryogenic conditions and imaged in low-
dose mode on an FEI Tecnai F30 Polara microscope (FEI, Eindhoven)
operated at 300 kV. Datasets were collected using SerialEM (68) and an
in-house prepared semiautomated data collection script (69). Images
were collected by a K2 Summit direct electron detector fitted behind
an energy filter (Gatan Quantum GIF) set to +10 eV around the zero-
loss peak. The calibrated pixel size in the sample plane was 1.1 A. The
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detector was operated in a dose-fractionated counting mode at a dose
rate of ~8 &/pixel per second. Each dose-fractionated movie comprised
50 frames, with a total electron dose of 80 &/A?. Data were collected at
a defocus range of —1.0 to —2.0 um (fig. S2, E and F).

Movies were motion-corrected using the MotionCor2 program
(70) and contrast transfer function estimation was done with the ctf-
find4.1 program (71). All further processing was done on the motion-
corrected micrographs. Particles were picked “start to end” manually
with the RELION program (72). MT image segments from selected
imaged filaments (approximately one per 8-nm repeat) were initially
sorted on the basis of their symmetry type by using RELION 3D clas-
sification. Kinesin-decorated 12, 13, and 14 protofilament MT models
synthetically generated from PDB models were used to seed the clas-
sification. Segments from the resulting 14 protofilament MT class were
then subjected to 3D structure refinement using RELION with “asym-
metric” helical repeats (14-fold tubular symmetry was not applied).

Additional “protofilament refinement” steps followed the scheme
presented in (73). Refined MT segment alignment parameters were
then “smoothed” to remove outliers and to fill in the gaps along the fila-
ment trajectories (74). Smoothed alignments were then 14-fold sym-
metrized to obtain coordinates and Euler angle particles corresponding
to individual protofilaments. A wedge-shaped mask was then used to
remove a single protofilament from the refined, 14-protofilament MT
map. The resulting “13-protofilament” map was subtracted from the
initial particle stack to generate a stack of protofilament particles. Ad-
ditional rounds of RELION refinement were then performed using the
wedge mask, and the resulting protofilament coordinates and 3D vol-
ume were used for a second round of subtraction: 13 individually
aligned, projected protofilaments were subtracted from each segment
to generate a stack of improved protofilament particles. This stack was
then classified to determine the shift register of (i.e., to identify) the al-
ternating a- and p-tubulin subunits within each protofilament. Shifts
were then applied to protofilament coordinates to put all the protofila-
ments in the correct o/p register, and lastly, the protofilament particles
were subjected to an additional round of 3D structure refinement with
RELION. The nominal resolution of the resulting map (0.143 “gold
standard”) was 6.1 A. An initial Cin8ygkip; motor domain cryo-EM
structure model, based on the crystal structure of Eg5 with AMPPNP
as a nucleotide (PDB: 3HQD), was generated using SWISS-MODEL
and fitted into the density map by manual real-space refinement using
Coot v0.9. Figures of the maps and the fitted models were prepared us-
ing UCSF-Chimera (75). The cryo-EM map has been deposited in the
EMDB (accession code EMD-10625).

Homology modeling

To determine the conformation of the NTnmd, homology modeling
was performed. The outcome was then fitted to the experimental den-
sity map obtained by cryo-EM. Initially, the 3D structure of the hu-
man kinesin-like protein KIF2A [6BBN (52)] was used as a template
to model the 3D structure of the kinesin-5 Cin8 (Cin8ygxip1 motor
domain; amino acids 39 to 438). MODELLER v9.25 was used to build
1000 homology models of Cin8 (76), and the models were sorted ac-
cording to a discrete optimized protein energy (DOPE-HR; using a
bin size of 0.0125 nm) score. Thereafter, the modeled parts were fitted
into the density seen in the cryo-EM, as described above.

Molecular dynamics
Simulation systems were prepared using the VMD package version
1.93 (77). The simulated protein was solvated in a water box with a
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minimum solvation shell of 15 A thickness. Simulated systems were
then neutralized by adding counter ions at random positions. Before
initiating free molecular dynamics simulations, all systems were mini-
mized and equilibrated. Initially, each system was submitted to 20K
steps of conjugate gradient minimization in which the protein’s heavy
atoms were positionally restrained. This minimization was followed
by two steps of equilibration. First, simulation systems were heated to
300 K while simulated for 200 ps under NVT conditions [moles (N)
volume (V) and temperature (T) are kept constant] with the solute’s
heavy atoms restrained. Second, all systems were simulated using the
NPT ensemble for 100 ns, while restraints were gradually removed.
Last, each system was submitted to free NPT 200-ns length molecular
dynamics simulations. Simulations were run in triplicate starting from
different random seeds.

During the simulations, a time step of 2 fs was used. In all simu-
lations, periodic boundary conditions with the PME algorithm for
electrostatics were used (78). All simulations were performed at 300 K
and 1 atm, using Langevin dynamics with a Langevin piston with a
damping coefficient of 1 ps™, an oscillation period of 100 fs, and a
decay time of 50 fs; switching and cutoff distances were 1 and 1.2 nm,
respectively, and pair list distance was 1.4 nm.

All simulations were performed using the NAMD molecular dy-
namics simulation package version 2.13 (78) with CUDA extensions
for accelerated calculation of long-range electrostatic potentials and
nonbonded forces on graphics processing units (79). All structures
were modeled with the CHARMM 36/CMAP force field (80), and
water was explicitly represented by the TIP3P model (81).

Sequence alignments
All sequence alignments were calculated by the MUSCLE algorithm
(82) and by the Jalview 2.11.1.0 program (83).

S. cerevisiae cell viability assay

Viability assays of cells expressing HA-tagged Cin8 variants as the sole
source of kinesin-5 were performed as previously described (13, 29).
Briefly, the S. cerevisiae strains used for the assay were deleted of their
chromosomal copies of CIN8 and KIPI and contained an endogenic
recessive cycloheximide-resistance gene (cin8Akip1 Acyh'), along with
a plasmid (pMA1208) encoding for wt Cin8 and a wt dominant cyclo-
heximide sensitivity gene (CYH). Following transformation with a
plasmid encoding for a specific Cin8 variant, the pMA1208 plasmid
was shuffled out by growth on yeast extract, peptone, and dextrose
medium containing cycloheximide (7.5 pg/ml) at different tempera-
tures. On plates containing cycloheximide, the shuffle plasmid was
removed and only cells expressing functional Cin8 remained viable.

Live cell imaging

Live cells were imaged as previously described (25, 26) using a
S. cerevisiae strain deleted of the chromosomal copy of CIN8 and en-
dogenously expressing both the tdTomato-tagged SPB component
Spc42 (strains listed in table S2), and 3GFP-tagged Cin8 variants un-
der a Cin8 native promoter from a centromeric plasmid, listed in ta-
ble S3. S. cerevisiae cells were grown overnight and diluted for 2 hours
before imaging in a medium lacking tryptophan. Images of 15 Z-stack
planes of live yeast cells placed on a low-fluorescence agarose gel at
room temperature were acquired in three channels—bright field,
green fluorescence, and red fluorescence, with a 0.5-pm separation be-
tween the planes. For each variant, three to four experiments were per-
formed in which at least 200 cells were examined for each experiment.
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For spindle length distribution in budded cells, as shown in Fig. 2,
the distance between the two Spc42-tdTomato SPB components was
measured on the projections of the Z-stacks. Accordingly, for each
variant, budded cells were categorized into four categories: monopo-
lar cells, short bipolar cells with a short <1.8-pm spindle, early ana-
phase cells with a spindle length of 1.8 to 4 pm, and late anaphase cells
with a long spindle of length >4 pm. In addition, the budded cells
were categorized into three phenotypes, according to Cin8 localiza-
tion (as shown in Fig. 2) as normal, mislocalized, and no Cin8 signal,
except in the anaphase stages, where Cin8 normally has a diffusive/
mislocalized localization. Cells with monopolar spindles were de-
fined as budded cells with a single Spc42-tdTomato SPB signal in the
mother cell. The percentage of budded cells in each category was av-
eraged for three experiments for each variant. For each variant, three
to four experiments were performed in which at least 200 cells were
examined for each experiment. Statistical analysis was performed by
one-way analysis of variance (ANOVA), followed by Dunnett’s analy-
sis (84), compared to wt Cin8 in each spindle length category; degrees
of freedom = 12, and F factors 2.90 (o = 0.05) and 3.81 (o« = 0.01).

Single-molecule motility assay

This assay was performed as previously described (12, 54), using
commercially available tubulin (Cytoskeleton Inc., USA). Briefly,
GMPCPP-stabilized, fluorescently labeled, biotinylated MTs were
polymerized with tubulin (1 mg/ml), biotinylated tubulin (0.08 mg/
ml), and rhodamine-labeled tubulin (0.08 mg/ml), in the presence
of 1 mM GMPCPP for 1 hour at 37°C in GTB [80 mM Pipes, 0.5 mM
EGTA, and 2 mM MgCl, (pH 6.9)]. For plus-end polarity labeling,
additional rhodamine-labeled tubulin at a concentration of 0.1 mg/ml
was added to the polymerized MTs, and the mixture was further
incubated for 45 min at 37°C. After polymerization, the mixture
was diluted 10-fold in GTB containing 20 pM Taxol and centrifuged
for 15 min at 17,000g. The supernatant was discarded, and the MT
pellet was resuspended in 50 pl of GTB with 20 pM Taxol and stored
at 28°C. To prepare subtilisin-treated MTs (17, 18), the MTs were
stabilized after polymerization with 20 pM Taxol and then exposed
to subtilisin (400 pg/ml) for 30 min at 37°C; thereafter, proteolysis
was inactivated with 10 mM phenylmethylsulfonyl fluoride. The
workup for the resulting mixture was then continued in the same
way as that for the nontreated M Ts. Coverslips, silanized with 0.1%
dimethyldichlorosilane in trichloroethylene and assembled into
flow cells, were coated with biotinylated bovine serum albumin
(Sigma-Aldrich) and then with NeutrAvidin (Life Technologies).
Following the attachment of the biotinylated MTs to the coverslips
through biotin-NeutrAvidin interaction, 20 pl of the GFP-labeled
Cin8 N-terminal variant in motility buffer [50 mM tris-HCI, 30 mM
Pipes, 110 mM KCl, 2 mM MgCl,, 1 mM EGTA, casein (50 pg/ml),
1 mM dithiothreitol, 1 mM ATP, 10 mM glucose, glucose oxidase
(100 pg/ml), catalase (80 pg/ml), 10 mM phosphocreatine, and
creatine kinase (50 pg/ml) (pH 7.2)] was perfused into the flow cell.
For the Cin8 inhibition assay, STLC stock solution at 50 mM in
100% Me,SO was prepared and subsequently diluted in Me,SO be-
fore addition to the motility buffer so as to maintain a constant
Me,SO concentration of 2%. Motility without STLC but in the pres-
ence of 2% Me,SO was also investigated to ascertain any Me,SO
inhibition effect. For Cin8-GFP motility and photobleaching ex-
periments, 90 images were acquired at 1 fps with an exposure time
of 800 ms. All data were acquired in at least three independent
experiments.
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MT sliding assay

MT sliding assay was performed on piranha-cleaned salinized cover-
slips as previously described (29). MTs were polymerized using com-
mercially available tubulin (Cytoskeleton Inc.) with bright seeds at
their plus-ends, with and without biotinylated tubulin. Biotinylated
MTs were first adhered to the coverslips via biotin-NeutrAvidin inter-
action, and then Cin8 was added in motility buffer containing 120 mM
KCl supplemented with 5 pM Taxol, followed by a ~4-min incubation
of immobilized MTs with Cin8. Then, free MTs (polymerized without
biotinylated tubulin) were added to the motility buffer, as above, and
incubated for an additional ~4 min before imaging. Time-lapse imag-
ing for 300 s with 1-s exposure and 10-s intervals was then acquired.
Motor concentration was in the range of 0.08 to 0.28 mg/ml, adjusted
such that sufficient MT sliding events could be observed without ex-
tensive MT bundling. The velocity of the moving MTs was calculated
by dividing the distance of displacement on the MT by the corre-
sponding time. The directionality of sliding was classified according
to the plus-end labeling of the stationary and sliding MTs. Bidirec-
tional sliding was assigned when both plus- and minus-end-directed
sliding of free MTs along stationary MTs was observed in the same
300-s time-lapse sequence. Statistical analysis of sliding velocities
compared to antiparallel plus-end-directed sliding of wt Cin8 was
calculated by ANOVA followed by Tukey’s test (85).

Imaging

Imaging was performed using a wide-field illumination Micro-
Manager controlled Zeiss Axiovert 200M microscope equipped with
a cooled CCD Andor Neo sCMOS camera and a Plan-Apochromat
DIC 100%/1.4NA objective (pixel size: 124 nm). Filter sets (Chro-
ma) #49002, ET-eGFP (FITC/Cy2) [for GFP] and #49004: ET-CY3/
TRITC [for rhodamine and tdTomato] were used for imaging Cin8-
GFP, rhodamine-MTs, and tdTomato-tagged SPB, respectively.

Single-molecule motility and MT binding analyses
MT polarity was assigned based on bright plus-end labeling (12).
Image analysis and kymographs were conducted with Image]-Fiji
software (86). The x-y coordinates of motile GFP-labeled motors for
MD analysis from the obtained kymographs were determined with
the Kymobutler program (87). MD analysis was performed as previ-
ously described (13, 29, 54). The MD values for all possible time inter-
vals (T) were calculated by averaging each time interval displacement,
calculated for all motility recordings of Cin8-GFP on the MTs. Aver-
age velocities (V) were derived from the linear MD fit, MD = V-T.
The sorting of Cin8 motors into single molecules and clusters was
performed as previously described (13, 29, 53, 54). Our examination
of the fluorescence intensity of fluorescent Cin8 molecules as a
function of time showed that the intensity was bleached in steps of
~50 a.u., with each step representing the photobleaching of 1 GFP.
Since Cin8 is a homotetrameric motor and one GFP is attached to
each subunit chain, the Cin8 tetramer (referred to as a single Cin8
molecule in this article) contains four GFPs. Hence, all Cin8 motors
having an intensity <200 a.u. were likely to be single tetrameric
Cin8 molecules. To minimize the effect of GFP photobleaching on
the determination of the Cin8 cluster size, all motility measurements
were performed only on those Cin8 motors that started moving
within the first 30 s of each measurement. In addition, the Cin8-GFP
fluorescence intensity was measured only in the first frame of its ap-
pearance, thereby reducing the likelihood of estimating the cluster
size of a photobleached motor. Using this method, we assigned
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intensity ranges of Cin8-GFP fluorescence as <200 and >200 a.u. for
single Cin8 molecules and Cin8 clusters, respectively.

Binding to MTs by the different Cin8 variants was quantitatively

determined as previously described (13, 29). The total number of MT-
bound motors was divided by the total MT length in fields of 500 pm?.
The average number of MT-bound motors per MT length (+SEM)
was determined in a number of fields, as indicated in Fig. 7B.

Supplementary Materials
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Figs.S1to S7

Tables S1to S3
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