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Abstract

The role of the neck-linker (NL) element in regulating the functions of bi-directional kinesins is
unknown. We report that replacing the NL of the bi-directional kinesin-5 Cin8 with sequences from
plus-end directed kinesins produces non-functional Cin8 with defective spindle localization and
abolished minus-end directionality and microtubule-crosslinking in vitro. Mutation of a single glycine
in the NL of Cin8 to asparagine (proposed to serve as an N-latch that stabilizes the docked
conformation of the NL in the plus-end directed kinesins) causes defects in the functions of Cin8.
Strikingly, in a non-functional Cin8 containing the NL of the plus-end directed kinesin-5 Eg5, a single
mutation of the N-latch asparagine back to glycine rescues the in vivo and in vitro defects. Since such
replacement eliminates stabilizing interactions between the docked NL and the motor domain, we
conclude that flexibility of NL during docking is pivotal for the function of bi-directional kinesin

motors.


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Kinesin-5 motor proteins perform essential mitotic functions by providing the force that separates
the spindle poles apart during spindle assembly, maintenance and elongation [reviewed in 1®]. These
motors are homotetramers, with two pairs of catalytic domains located on opposite sides of a
central minifilament 7%, This unique structure enables kinesin-5 motors to crosslink the antiparallel
microtubules (MTs) of the spindle and to slide them apart by moving in the plus-end direction of the
two MTs that they crosslink 1113, Because of the MT architecture within the mitotic spindles, plus-
end directed motility of kinesin-5 motors is essential to separate the spindle poles >°. Moreover,
since the catalytic domains of kinesin-5 motors are located at the N-terminus, it was previously
believed that such N-terminal motors are exclusively plus-end directed. Recently, however, several
studies have demonstrated independently that three kinesin-5 motors — the Saccharomyces
cerevisiae Cin8 and Kip1 and the Schizosaccharomyces pombe Cut7 — move processively towards the
minus-end of the MTs in single-molecule motility assays and switch directionality under different
experimental conditions *2, The above-described body of work notwithstanding, the molecular
mechanism and physiological implications of such bi-directional motility remain elusive.

The majority of kinesin motors share a mechanical structural element of 10-18 amino acids,
termed the neck-linker (NL), which connects the two catalytic domains of the kinesin dimers,
enabling them to step on the same MT. For N-terminal plus-end directed kinesins, the NL is located
at the C-terminal end of the catalytic domain, between the last helix of the catalytic domain (a6) and
the neck helix (a.7) that is required for dimerization 2. It has been proposed that during “hand-
over-hand” stepping in the plus-end direction, the NL isomerizes between a disordered “undocked”
conformation in the presence of ADP and an ordered, motor-domain-bound “docked” conformation
in the presence of ATP 2428, It is believed that the docked conformation is stabilized by N-terminal
sequences upstream to the motor domain, termed the cover strand (CS), which form a B-sheet with
the docked NL 233, Additional stabilization of the docked NL conformation is provided by an
asparagine residue in the middle of the NL that is predicted to serve as a latch (N-latch) holding the
docked NL along the core motor domain and is conserved in processive plus-end directed kinesins 3.
The importance of the isomerization of the NL between the docked and undocked conformations as

24,25,34-36

a force-generating transition in kinesin motors is believed to lie in its role in coordinating

nucleotide binding and hydrolysis 3¢ and regulating motor velocity, processivity and force production
37—44.

During plus-end directed stepping of pairs of motor domains connected via the NL, the
transition to, and stabilization of, the docked NL conformation bring the trailing head forward in the

plus-end direction and are thus critical for plus-end directed motility. Since bi-directional kinesin
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motors can move in both plus- and minus-end directions on the MTs, the dynamics of the NL in
these kinesins has to allow stepping in both directions. Thus far, however, the role of the NL in
regulating the motor functions of bi-directional kinesins has not been reported. To address this
issue, we designed a series of NL variants of the bi-directional kinesin-5 Cin8 motor and examined
their functions in vivo and in vitro. We showed that partial replacement of the NL of Cin8 with
homologous sequences from the NLs of plus-end directed kinesins resulted in the generation of non-
functional Cin8 variants that could neither move in the minus-end direction nor crosslink MTs in
vitro. In contrast, partial replacement of the NL of Cin8 with NL sequences from the bi-directional
kinesin Cut?7 produced a partially active Cin8 variant that was minus-end directed in vitro, indicating
that the NL regulates the directionality and intracellular functions of a bi-directional kinesin.
Strikingly, in the non-functional Cin8 variant containing sequences from the NL of the plus-end
directed vertebrate kinesin-5 Eg5, a single replacement of the conserved N-latch asparagine with
glycine rescued the majority of the defects of the nonfunctional variant, both in vivo and in vitro. The
replacement of the N-latch asparagine with glycine is predicted to eliminate stabilizing interactions
and increase the flexibility of NL during docking 3. Moreover, examination of the structure of the bi-
directional kinesin-5 Cut7 reveals that in the docked conformation, its homologous N-latch
asparagine is not stabilized in the same manner as that in the plus-end directed kinesins, due to
differences in residues at a key position within the motor domain. Thus, we propose that flexibility
of NL during docking is a common trait of bi-directional kinesin motors and is crucial for their

functions.

Results

To examine the role of the NL in regulating the functionality of Cin8, we generated a series of
variants in which some of the amino acids of the Cin8 NL sequence were replaced with homologous
sequences from other kinesin motors (Fig. 1A and B). Based on amino acid alignment, we created
Cin8 variants containing NL sequences from two exclusively plus-end directed motors, human
kinesin 1 KHC (designated here as Cin8xKHC) and Xenopus laevis kinesin-5 Eg5 (Cin8n.Eg5) or
sequences from the bi-directional S. pombe kinesin-5 Cut7 (Cin8y.Cut7). In addition, we created Cin8
NL variants with single amino acid replacements with amino acids from the above-mentioned kinesin
motors (Fig. 1B). These variants were examined in a series of in vivo and in vitro assays to study the

effect of the above-described replacements on the functionality of Cin8.
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Figure 1: Viability of Saccharomyces cerevisiae cells expressing NL variants of Cin8. (A) Schematic
representation of the Cin8 sequence with amino acid numbers at the bottom flanking the main
structural elements of Cin8, indicated on the top; CC: coiled coil. The NL region (green) is expanded
below. (B) Multiple sequence alignment (MSA) of the NL region of members of the kinesin-5 (black) and
kinesin-1 (magenta) families. Known directionality of kinesin motors, i.e., either bi-directional or
exclusively plus end directed, is annotated in blue on the left. The positions flanking the presented
sequence of each kinesin motor are annotated on the right and on the left of each sequence. The MSA
was calculated by the MUSCLE algorithm #° via Unipro UGENE program “6. The amino acids are color
coded by percentage identity with a 55% threshold. (C) Viability of S. cerevisiae cells expressing NL
variants of Cin8, indicated on the left, as a sole source of kinesin-5. Temperatures (°C) at which cell
growth was examined are indicated on the top. Amino acids of the NL are indicated in the middle;
positions in the sequence of Cin8 are indicated on the top. The amino acids highlighted in green are
those of the wt Cin8 sequence. Amino acids in the NL of Cin8 that were mutated to amino acids from
other kinesin motors are highlighted in pink. Asterisks indicate the reduced growth of cells expressing
the Cin8-G522N variant at 35°C and 37°C.
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Cin8 containing NL sequences from plus-end directed kinesin motors is not functional in cells

To assess the intracellular functionality of the NL variants, we first examined their ability to
support yeast viability as the sole source of kinesin-5 function. Since at least one of the two S.
cerevisiae kinesin-5 motors, Cin8 and Kip1, is essential for cell viability 4", the NL variants were
examined on a low-copy centromeric plasmid in cells carrying chromosomal deletions of C/IN8 and
KIP1, following the shuffling-out of the original Cin8 plasmid that covered the double-deletion (Fig.
1C) %51, We found that NL variants carrying a single amino acid replacement at positions where the
consensus of most bi-directional kinesin-5 motors differs from the consensus of the exclusively plus-
end directed kinesin-5 motors (variants Cin8-K516M, Cin8-Q520E, Cin8-M526T, and Cin8-D528K)
were mostly viable (Fig. 1C), thereby indicating these replacements do not significantly affect the
functionality of Cin8 in vivo.

In contrast to the single amino acid replacements, Cin8 variants containing partial NL sequences
from exclusively plus-end directed kinesin motors (Cin8xKHC and Cin8y.Eg5) failed to grow at all the
examined temperatures (Fig. 1C), thereby indicating that these variants were not functional in cells.
In addition, cells deleted for Cin8 (but with functional Kip1) and expressing the Cin8y.Eg5 variant
exhibited significantly longer doubling times than cells expressing wild-type (wt) Cin8 (Table 1), as is

consistent with the impaired functionality of this variant. Importantly, cells expressing the Cin8

Table 1: Doubling time of S. cerevisiae cells expressing wt and NL variants of Cin8.

cin8Akip1A%P cin8A°

wt Cin8 152 +1 (3) 127 + 4 (3)
Cin8-G522N 175+ 2 (3)* n.d.
Cin8n.Cut7 210 + 7 (3)** 143 + 3 (4)*
Cin8n.Eg5-NG 191 + 6 (4)** n.d.
Cin8niEg5 n.d. 167 + 4 (4)**

2 Values are average doubling times (min) £ SEM. The number of experiments is shown in
parentheses. 3HA-tagged Cin8 variants were expressed in the kip1Acin8A and cin8A strains.

® |n the cin8Akip1A strain, NL variants and wt Cin8 were examined following shuffling-out of the
parental pMA1208 plasmid (see Materials and Methods).

*p <0.05, **p < 0.01, compared to wt Cin8.

variant with the NL sequence of the bi-directional Cut7 (Cin8n.Cut7) were viable at 23°C and 26°C,

but not at temperatures above 30°C (Fig. 1C), thereby indicating that at least some of the Cin8
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functions are preserved in the Cin8 variant containing the NL sequence from a bi-directional kinesin.
Doubling time of cells expressing the Cin8y.Cut?7 variant was significantly longer than those of cells
expressing wt Cin8 in both the presence and the absence of Kip1 (Table 1), which is consistent with
the partial functionality of this variant. Moreover, in cells with functional Kip1, variants containing
the NL sequence from the plus-end directed Eg5 and bi-directional Cut7 accumulated with
monopolar spindles (Fig. 2), indicating that both variants were defective in the spindle assembly

function in S. cerevisiae cells.
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Figure 2: Intracellular phenotypes of NL variants. The examined cells were deleted for the
chromosomal copy of CIN8 (in the presence of KIP1) and express tdTomato-tagged SPB component
Spc42 and the 3GFP-tagged NL variants. (A and B) Spindle length distribution of cells expressing NL
variants of Cin8. (A) The average percentage of budded cells at the different spindle length
categories; (1) Monopolar, (2) Short <2 pm and (3) Long >2 um (+SEM). NL variants are indicated on
the right. In each experiment, at least 200 cells were examined, and spindles were categorized
according to their shapes and lengths (see Materials and Methods). For each NL variant, 3-4
experiments were performed. *p < 0.05; **p < 0.01, compared to wt Cin8. (B) Live cell images (left)
and schematic representation of cells and spindles (right) of each spindle category, as in (A). BF:
bright field; Bar: 2 um. (C-E) Localization of NL variants of Cin8 in cells with monopolar spindles.

(C) Representative images of cells with small buds and monopolar spindles expressing 3GFP-tagged
NL variants of Cin8 are indicated on the top of each panel. Cells were imaged in bright field (BF), red
(Spc42) and green (Cin8) fluorescence channels. The inserts show a 200% magnification of the
localization of Cin8-3GFP. Yellow arrows indicate co-localization of Cin8-3GFP and Spc42-tdTomato,
and white arrows indicate localization of Cin8, which is diffusive in the nucleus and is associated with
nuclear MTs. Bar: 5 um. (D) Schematic representation of small budded cells with monopolar spindles
showing Cin8-3GFP co-localization with the SPBs (top, as in wt Cin8, Cin8-G522N, Cin8y.Cut7 and
Cin8nEg5-NG) and diffusive Cin8-3GFP localization in the nucleus and in association with nuclear
MTs (bottom, as in Cin8n.Eg5). (E) Average area of Cin8-3GFP localization in the nucleus (+SEM) of
each variant, indicated at the bottom, was calculated by particle analysis function in ImageJ software
(see Materials and Methods). Numbers of the examined cells for each variant are indicated in the
graph columns. **p < 0.01, compared to wt Cin8.

To elucidate which function of Cin8 is maintained in the partially viable Cin8x.Cut7, but not the
non-viable Cin8y.Eg5 variant, we visualized the cellular localization of these variants, tagged with
3GFP, in cells containing functional Kip1 and bearing a tdTomato-tagged spindle-pole-body (SPB)
protein Spc42 (Spca2-tdTomato) °°, Prior to bipolar spindle formation, when the two SPBs had not
yet separated, wt Cin8 and the Cin8 with the NL sequence from the bi-directional Cut7 concentrated
near the SPBs, at the minus-ends of nuclear MTs (Fig. 2C-E). This localization pattern is consistent
with the minus-end directed motility of these variants on the nuclear MTs (Fig. 2D) *2. In contrast,
Cin8 containing the NL sequence from the plus-end directed Eg5 (Cin8n.Eg5) exhibited diffusive
localization in the nucleus (Fig. 2C-E). Quantitative analysis in cells with pre-assembled spindles does
indeed indicate that Cin8x.Eg5 occupied a significantly larger area than wt Cin8 and Cin8y.Cut7 (see
Materials and Methods) (Fig. 2E), suggesting that Cin8x.Eg5 exhibits reduced affinity to nuclear MTs.
Moreover, in contrast to wt Cin8 and Cin8y.Cut7, Cin8y.Eg5 appeared to be attached to the nuclear
MTs (Fig. 2C, white arrow). Such localization, similar to the previously reported pattern of the tailless

Cin8 mutant that had lost its minus-end directionality preference 2°*2

, suggests that the minus-end
directed motility is impaired in the Cin8n.Eg5 variant, although it is maintained in the partially
functional Cin8n.Cut?. This is probably the reason for the ability of Cin8y.Cut7, but not Cin8n.Eg5, to

function as a sole source of kinesin-5 function in cells.


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

In summary, the above experiments indicate that replacement of the Cin8 NL sequence with
the sequence from plus-end directed kinesin motors produced variants that are not functional in
cells, probably due to decreased affinity to MTs and abolished minus-end directed motility on
nuclear MTs prior to spindle assembly. In contrast, replacement of the Cin8 NL sequence with a
sequence from the bi-directional Cut7 probably maintained minus-end directed motility, resulting in

a partially functional variant of Cin8 that can support cell viability as a sole source of kinesin-5.

Glycine at N-latch position is crucial for the intracellular functions of Cin8

Cin8 contains a glycine at position 522 in the NL, whereas the majority of plus-end directed
kinesin motors contain an asparagine at this position (Fig. 1B), which is predicted to serve as a latch
(N-latch) stabilizing the docked NL along the core motor domain . Importantly, we found that the
variant in which this glycine had been replaced with an asparagine, namely, Cin8-G522N, exhibited
reduced viability at 35°C and 37°C, when expressed as the sole source of kinesin-5 (Fig. 1C asterisk).
Consistently, cin84 kip1 A cells expressing the Cin8-G522N variant exhibited longer doubling times
than cells expressing wt Cin8 (Table 1), thereby indicating that the functionality of Cin8 was
undermined by the replacement of glycine at position 522 with asparagine. To examine the role of
this glycine, we generated a mutant of Cin8 containing the NL sequence of the plus-end directed
Eg5, with the asparagine at position 522 mutated back to glycine; this mutant is designated
Cin8nEg5-NG. Strikingly, reinstating the original glycine rescued the non-viable phenotype of the
Cin8n.Eg5 variant, supporting the viability of cin8A4 kip1A cells at temperatures up to 30°C (Fig. 1C).
The doubling time of cin8A4 kip1A cells expressing Cin8x.Eg5-NG was longer than that of cells
expressing wt Cin8 (Table 1). However, in the presence of Kip1, and in contrast to cells expressing
the Cin8n.Eg5, no accumulation of monopolar spindles was observed in cells expressing the
Cin8nEg5-NG variant (Fig. 2A and B). Finally, prior to spindle assembly, the Cin8yEg5-NG variant
localized near the SPBs, at the minus-end of the nuclear MTs, similarly to the localization pattern of
the wt Cin8 (Fig. 2C-E). This pattern suggests that, in contrast to Cin8y.Eg5, minus-end directed
motility is restored in the Cin8nEg5-NG variant, which moves in the minus-end direction on nuclear
MTs and concentrates at the SPBs 3. Taken together, these results indicate that the presence of
glycine at position 522, as in the original sequence of Cin8, rescued the majority of defects of the
non-functional Cin8n.Eg5 variant. These results further indicate that the glycine at position 522 is

critical for the functionality of Cin8 in cells.
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Glycine at the N-latch position regulates the motile properties of Cin8 in vitro

To understand the intracellular phenotypes of the NL variants, we examined their motor function
in vitro. In these assays, we characterized the activity of GFP-tagged full-length NL variants,
overexpressed and purified from S. cerevisiae cells, on fluorescently labeled GMPCPP-stabilized MTs
13, We first compared the MT affinities of the NL variants by determining the average number of MT-
attached motors per MT length at equal motor protein concentrations. We found that all the NL
variants exhibited significantly lower levels of MT-bound motors than wt Cin8 (Fig. 3A), thereby
indicating that NL affects the MT-affinity of Cin8. Moreover, we also found that the Cin8y.Eg5
variant, which was unable to support yeast cell viability as a sole source for kinesin-5, exhibited the
lowest levels of MT-bound motors, indicating that its affinity to MTs is greatly reduced. The majority
of Cin8n.Eg5 motors bound to MTs at 140 mM KCl were not motile (not shown). At a lower salt
concentration, at which the affinity of the motors to MTs is increased *°, Cin8y.Eg5 exhibited only bi-
directional diffusive motility, with no minus-end directed bias, in contrast to wt Cin8, which
exhibited processive minus-end directed motility (Fig. 3B). These results indicate that, consistent
with its intracellular localization (Fig. 2C-E), the Cin8n.Eg5 variant exhibited very low MT affinity and
was unable to move towards the minus-end of the MTs.

We next examined the motility of the functional Cin8 NL variants at a saturating ATP
concentration and at a high ionic strength (140 mM KCI). We found that under these conditions,
consistent with previous reports >!452 all Cin8 NL variants moved processively in the minus-end
direction of the MTs (Fig. 3C). We have previously demonstrated that one of the factors that affects
the directionality and velocity of Cin8 is its accumulation in clusters on MTs 3. Thus, to examine the
effects of mutations in the NL sequence on motility but not on motor clustering, we sorted out single
molecules of Cin8 from a total population of moving Cin8 particles, based on their intensities (see
Materials and Methods). By following the fluorescence intensity of Cin8 particles as a function of
time, we observed single events of intensity decrease, of ~45 arbitrary intensity units (a.u.), most
probably originating from the photobleaching of single GFP molecules (Fig. S1A of the Expanded Vie
section). Since single Cin8 motors are tetramers comprised of four identical subunits >3, the maximal
fluorescence intensity of a single Cin8 molecule containing four GFP molecules is expected to be
~180 a.u. The intensity distribution of the total Cin8-GFP population was consistent with this notion,
in that it exhibited a major intensity peak containing ~65% of Cin8 particles with intensity <180 a.u.
(Fig. S1B). The maximal intensity of the peak was ~120 a.u., consistent with an average intensity of
single Cin8 molecules containing one, two, three or four fluorescent GFP molecules (Fig. S1B). Based

on this analysis (see Materials and Methods), we defined “single Cin8 molecules” as particles of
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intensity lower than 180 a.u. and analyzed the motile properties only of those Cin8 molecules,

thereby ensuring analysis of mainly single molecules of tetrameric Cin8 NL-variants.
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Figure 3: In vitro MT binding and single molecule motility assay of NL variants of Cin8. (A) MT-
binding assay of GFP-tagged NL Cin8 variants in the presence of 1 mM ATP and 140 mM KCI. Left:
Representative images of motors (green) bound to fluorescently labeled MTs (red) of the variants;
bar: 5 um. Right: Average number of Cin8 motors per MT length (xSEM). The total number of MT-
bound Cin8 motors was divided by the total MT length and averaged over 14-25 observation areas,
indicated in the graph columns for each NL variant of 346 um? (see Materials and Methods); NL
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variants are indicated at the bottom. *p < 0.05; **p < 0.005. (B, C) Representative kymographs of
single molecule motility assay of NL variants. (B) 90 mM KCl, (C) 140 mM KCI. The MTs are shown on
the top of the kymographs. The directionality of the MTs, indicated at the bottom of each
kymograph, was assigned according to the bright plus-end label and/or by the directionality of fast
Cin8 minus-end directed movements >4, Yellow, orange and green arrows indicate fast minus-end
directed, bi-directional, and plus-end directed movements, respectively; asterisks indicate Cin8
clustering at minus-end of MTs. (D) Mean displacement (MD) (+SEM) plots of single molecules of
Cin8 NL variants as a function of time. The solid lines represent linear fits of the mean displacement
(MD = v't, where v is the velocity, and t is time). Numbers on the right indicate mean velocity (hm/s
+ SD), calculated from the linear fits of the MD plots as a function of time. Numbers of analyzed
trajectories are indicated in parentheses.

We quantified the motility of single molecules of NL variants by tracing their positions on the
MTs at each time point, followed by mean displacement (MD) analysis (see Materials and Methods).
Consistent with previous reports ¥, we found that under high ionic strength conditions, single
molecules of wt Cin8 exhibited fast processive movements towards the minus ends of MTs, with a
high average velocity of -318+4 nm/s (Fig. 3C and D).

Remarkably, in contrast to the diffusive motility of the Cin8 variant containing the NL sequence
of the plus-end directed Eg5 (Cin8n.Eg5) (Fig. 3B, orange arrows), mutating the asparagine at
position 522 to glycine (Cin8n.Eg5-NG) dramatically changed the motile behavior, inducing
processive minus-end directed motility (Fig. 3B-D). Although the average velocity of the Cin8n.Eg5-
NG variant was lower than that of wt Cin8 (Fig. 3D), the processive minus-end directed motility of
this variant under the high ionic strength conditions indicates that glycine at position 522 plays a
critical role in the interaction with MTs and in stepping in the minus-end direction of the MTs.
Consistently, in wt Cin8, mutation of the glycine at this position to asparagine resulted in
considerably slower minus-end directed motility, compared with that of the original wt Cin8 (Fig.
3D). Furthermore, Cin8y.Cut7, the Cin8 variant with the NL sequence of the bi-directional Cut7
containing asparagine at position 522 (Fig. 1C) also exhibited processive minus-end directed motility,
but with reduced velocity compared with that of wt Cin8 (Fig. 3D). These results further support the
notion that glycine at position 522 is important for maintaining fast and processive minus-end

directed motility of Cin8.

The NL of Cin8 regulates its MT-crosslinking function

The intracellular functions of kinesin-5 motors are attributed mainly to their ability to crosslink
the interpolar MTs of the spindle >, Thus, to establish additional correlations between intracellular
phenotypes and the motor activity of the NL variants, we examined their MT-crosslinking activity in
vitro. In this assay, purified Cin8 variants were mixed with fluorescently labeled GMPCPP-stabilized

MTs in solution, followed by imaging and quantitation of fluorescence intensity of the MTs (see
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Materials and Methods). Consistent with previous reports >*, we found that Cin8 induced the
accumulation of MT bundles, thereby increasing the apparent fluorescence intensity of these
bundles, compared with that of single MTs (Fig. 4). The MT-bundling activity of wt Cin8 was
concentration dependent, inducing MT bundling at a minimal molar ratio of ~1:40 Cin8 motors to

tubulin dimer (Fig. 4D).

Figure 4
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Figure 4: In vitro MT bundling by NL variants of Cin8. (A) Schematic representation of MTs (red)
cross-linked by Cin8 (green). The left panel represents a single MT with a low fluorescence intensity;
the right panel represents a high-fluorescence intensity MT-bundle induced by Cin8.

(B) Representative images of rhodamine-labeled GMPCPP-stabilized MTs (red) in the absence (left)
and presence (right) of Cin8-GFP (green). The MT-bundle presented on the right is induced by wt
Cin8-GFP, which is co-localized with the bright section of the MT-bundle. (C) Representative images
of MT-bundles induced by NL variants of Cin8, indicated on the top. Arrows indicate the bright MT
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bundles. (D) Average intensity of MT bundles (+SEM) as a function of the concentration of Cin8
variants, measured by particle analysis using Imagel (see Materials and Methods). Numbers of
particles analyzed for each variant are indicated in parentheses; black: MTs only without motors.
Color-coded asterisks for each NL variant indicate comparison to average MT intensity in the
absence of motors. *p < 0.05; **p < 0.005.

With the exception of Cin8y.Eg5, all NL variants (Fig. 1C) also induced MT bundling in a
concentration-dependent manner, with the fluorescence intensity of bundles induced by high
concentrations of motors being significantly higher than that of MTs without the addition of motors
(Fig. 4D). Moreover, at high motor protein concentrations, the functional NL variants, Cin8-G522N,
Cin8n.Cut?7 and Cin8nEg5-NG, induced MT bundling to a significantly greater extent, compared with
the non-functional Cin8y.Eg5. This result indicates that the MT-bundling activity of the NL variants is
strongly correlated with the ability of these variants to support cell viability as a sole source for
kinesin-5 function (Fig. 1C). However, the functional NL variants exhibited reduced ability to bundle
MTs, compared with wt Cin8, a finding that is consistent with the reduced affinity to MTs of these
variants (Fig. 3A). The Cin8-G255N variant exhibited reduced bundling ability at low and
intermediate protein concentrations but reached the MT-bundling levels of wt Cin8 at high protein
concentrations. In contrast, both the Cin8y.Cut7 and Cin8y.Eg5-NG variants exhibited reduced MT
bundling compared with wt Cin8 at low and high motor concentrations, with Cin8x.Cut7 exhibiting
better MT-bundling activity than Cin8n.Eg5-NG (Fig. 4D). Finally, in contrast to the Cin8y.Eg5 variant
which failed to induce MT bundling, a single change of the asparagine at position 522 of Cin8y.Eg5 to
a glycine, produced a variant that induced MT bundling at high protein concentrations (Fig. 4D),
thereby indicating that glycine at position 522 is also important for the MT-crosslinking and bundling
activity of Cin8.

In summary, data obtained from the in vitro experiments indicates that the NL of Cin8 regulates
both its affinity for MTs and the minus-end directed motility of single Cin8 molecules and their
ability to crosslink MTs. In addition, the data showed that glycine at position 522, which is equivalent
to a conserved asparagine that stabilizes the NL docking in plus-end directed processive kinesins %3, is

crucial for the fast minus-end directed motility of Cin8 and its ability to crosslink MTs in vitro.

Discussion

The role of the NL dynamics in regulating the motor functions of plus-end directed kinesins has
been addressed in a number of studies. However, the current study is the first to demonstrate that
mutations in the NL modulate the motile properties and intracellular functions of a bi-directional N-
terminal kinesin motor. Data presented here indicates that mutations in the NL regulate MT affinity,

minus-end directed motility, and MT crosslinking functions of the bi-directional kinesin-5 Cin8. In
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turn, these motor functions affect the ability of Cin8 to localize at the spindle poles prior to spindle

assembly, to form mitotic spindles, and to support cell viability as a sole source of kinesin-5.

Minus-end directed motility is important for the intracellular function of a bi-directional
kinesin-5

The minus-end directed and switchable directionality of fungal kinesin-5 motors was discovered
nearly a decade ago. Although a recent study, based on theoretical simulations, suggests that the
minus-end directed motility of the bi-directional S. pombe kinesin-5 is necessary for spindle
assembly >, experimental support for this notion is still missing. We have recently proposed that in
fungi cells, which divide via closed mitosis, minus-end motility of kinesin-5 motors is needed to
localize these motors near the spindle poles prior to spindle assembly. At this location, kinesin-5
motors capture and crosslink MTs emanating from the neighboring SPBs and promote SPB
separation via antiparallel sliding of the crosslinked MTs 3. Analysis of in vivo and in vitro functions
of the NL variants of Cin8 presented here support this model. Our data demonstrates that,
compared with wt Cin8, all the examined NL variants exhibited reduced affinity to MTs (Fig. 3A) and
an impaired ability to crosslink MTs in vitro (Fig. 4C-D). Importantly, our data also shows that all NL
variants that can support the viability of yeast cells exhibit two common traits: a) they are able to
move processively in the minus-end direction in vitro (Fig. 3), and b) they localize near the SPBs prior
to spindle assembly (Fig. 2C-E), indicating a connection between intracellular functionality, minus-
end directed motility, and localization at the SPBs. Differences in minus-end directed velocity per se
(Fig. 3C and D) seem to be less important for the intracellular function, as long as the variants can
move processively in the minus-end direction. Thus, we conclude that consistent with our model >%3,
processive minus-end directed motility that localizes the motors near the SPBs prior to spindle

assembly is necessary for mitotic functions of the kinesin-5 Cin8.

Flexibility of the NL during docking and movement in two directions

The profound difference between the activity of the Cin8x.Eg5 and Cin8y Eg5-NG variants
indicates that the glycine at position 522 is crucial for the functions of Cin8. The majority of kinesin
motors contain asparagine at the position equivalent to glycine 522 of Cin8 (Fig. 1B). It has been
suggested that this asparagine plays a central role in the docking of the NL to the catalytic motor
domain of the plus-end directed kinesin-1 motors and serves as an N-latch that holds the NL firmly in
the motor-domain bound state in the presence of ATP 33, Based on the crystal structure of Eg5 in the
ATP-like bound state with a docked NL, it appears that this conserved NL asparagine is stabilized by a

series of hydrogen bonds with residues within the motor domain (Fig. 5A).
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Figure 5
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Figure 5: NL docking stabilization of human (Eg5) and S. pombe (Cut7) kinesin-5 homologs.

(A) Crystal structure of the human Eg5 motor domain (light brown) in an ATP-like nucleotide state
with NL (pink) docked to the motor domain (PDB:3HQD). Selected amino acids are color coded by
element (gray - carbon, red — oxygen, blue — nitrogen, and yellow — sulfur). Nitrogen of asparagine
366 in the NL is in high proximity to the motor domain to enable interaction with the backbone
oxygens of isoleucine 258 in B-strand 7 (B7) and glycine 96 in the loop between a-helix 1 (al) and B-
strand 3 (B3) to form hydrogen bonds (dashed purple lines). It is also in suitable proximity to form a
hydrogen bond with asparagine 98 in B-strand 3 (B3) (dashed green line). (B) Cryo-EM structure of
the motor domain of S. pombe Cut7 with docked NL in the ATP-like nucleotide state (PDB:5MLV).
Color coding of the structural elements as in (A). In the position equivalent to glycine 522 in Cin8,
asparagine 428 in the NL of Cut7 can form hydrogen bonds with the backbone oxygen of alanine 320
in B-strand 7 (B7) (dashed purple lines). (C) Schematic representation and comparison of the
secondary structure and sequence of Eg5, Cut7 and Cin8 (shown in A and B). The secondary
structure of the a-helix and B-strands in the motor domain are annotated by squares and arrows,
respectively. In each panel, the orientation of the NL, from the N-terminus to the C-terminus, is
represented by a purple arrow.

These residues include asparagine 98 in B3 (equivalent to asparagine 159 in Cin8), glycine 96 in the
loop between al and B3 (equivalent to glycine 157 in Cin8), and isoleucine 258 in B7 (equivalent to
isoleucine 414 in Cin8) (Fig. 5A, C and Fig. S2). Plus-end directed kinesin-5 motors are highly
homologous at these positions (Fig. S2), indicating that stabilization of NL docking is conserved in
these kinesin motors. Although these amino acids are also conserved in the motor domain of Cin8

(Fig. S2), the hydrogen bonds that stabilize NL docking in Eg5 are probably missing (Fig. 5C), due to

15


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

the presence of glycine rather than asparagine at position 522, which probably results in more
flexible NL in the docked conformation in Cin8. In contrast, it is likely that such stabilizing hydrogen
bonds are present in the non-functional Cin8y.Eg5 variant and in the partially active Cin8y.Cut7 and
Cin8-G522N variants, which contain asparagine at position 522 (Fig. 1). Replacing this asparagine
with the original glycine in the Cin8n.Eg5-NG variant probably abolishes these stabilizing hydrogen
bonds, thereby partially reinstating the original flexibility of the NL during docking that is required
for Cin8 functions. Moreover, based on a recently published CryoEM reconstructed structure, the NL
of the bi-directional S. pombe kinesin-5 Cut7 is not stabilized by the same interactions as those in
Eg5 (Fig. 5B); this difference is probably due to the absence of isoleucine at the position equivalent
to 1414 in Cin8 (Fig. 5B and C, S2B), indicating that the NL docking of the bi-directional Cut7 is also
more flexible than NL docking of the plus-end directed Eg5. Based on these structures, we suggest
that flexibility of the NL during docking may be a common trait of bi-directional kinesin-5 motors.
Recent studies indicate that processive stepping in the plus-end direction of kinesin-1 motors is
achieved, in part, by a gating mechanism that prevents simultaneous strong binding of the two
kinesin-1 motor-domain heads to MTs °®. It is believed that this gating is achieved by the coupling
between the orientation of the NL, the inter-head tension, and ATP binding and hydrolysis, such that
ATP binding in the leading head is prevented until the rear head assumes a weakly bound state or
detaches 27355751 However, a different gating mechanism probably takes place during motility of
plus-end directed kinesin-5 motors *, which allows for simultaneous strong MT-binding of two
motor domains of a dimer in a rigor state with no nucleotides 523, The two-head strongly bound
state has been attributed to the longer and more flexible NL of kinesin-5 motors *°%%* and may be
necessary for force production during antiparallel sliding of MTs in spindle assembly and elongation
47,6568 The bi-directional kinesin-5 motors have the ability to move in both plus-end and minus-end
directions, in addition to their ability to crosslink and slide apart antiparallel MTs. Thus, their NL
dynamics has to be adapted for bi-directional stepping. Since inducing flexibility by extending the
length of the NL was previously shown to enable minus-end directed back-stepping of kinesin-1
dimers 3%, we propose that increased flexibility during docking of the NL of Cin8, compared to Eg5

(Fig. 5), provides the necessary adaptation to allow bi-directional motility.

Requirement for flexibility of the NL during docking for the functioning of bi-directional
kinesins

In a recent study, the role of NL-docking stabilization in regulating the motility of kinesin-1 was
experimentally examined 2. That study reported that mutating the N-latch asparagine in the NL of

kinesin-1 (equivalent to glycine 522 in Cin8) to alanine, which eliminates stabilizing interactions,
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increased the plus-end directed motor velocity in a single-molecule motility assay “2. Strikingly, we
observed the same effect on the velocity of single-molecules of Cin8 during processive movement in
the minus-end direction. The velocity of Cin8 variants that contain asparagine in position 522 was
significantly slower in the minus-end direction than that of wt Cin8 and Cin8n Eg5-NG, which contain
glycine at this position (Fig. 3D). These results are consistent with recent CryoEM reports indicating
that in the ATP-bound state the NLs of bi-directional kinesin-5 motors assume the docked
conformation &2%%° similarly to kinesin-1 motors 7®’1, Our results further suggest that stabilization
of the NL docking plays similar role in controlling the velocity of plus- and minus-end directed N-
terminal kinesin motors.

Although increased flexibility of NL docking similarly affects the velocity of minus-end directed
motility of Cin8 and of plus-end directed motility of kinesin-1 [Fig. 3C and D; and #?], the intracellular
requirements for such flexibility are different for the two types of motor. Whereas for kinesin-1
increased flexibility of the NL reduced force production and impaired the ability of the mutant
motors to transport high-load Golgi cargo vesicles %%, the intracellular functions of the bi-directional
Cin8, reflected in cell viability, localization to the spindle and doubling times, are defective in cells
expressing Cin8 variants containing asparagine at position 522 (Fig. 1-3, and Table 1). Furthermore,
intracellular functions as well as minus-end directed motility and MT crosslinking were drastically
improved by introducing glycine to replace asparagine at position 522 of a non-functional Cin8
variant containing sequences from the NL of Eg5 (Figs. 1-4). Since, as mentioned above, in the
presence of glycine, stabilizing interactions of NL docking are considerably reduced (Fig. 5), we
conclude that in contrast to plus-end directed kinesin-1, flexibility of NL in the docked conformation

is critical for the intracellular functions of bi-directional kinesin-5 motors.

Materials and methods

Molecular cloning and strains

NL variants were generated using standard molecular cloning techniques. All mutations were
confirmed by sequencing. Plasmids and S. cerevisiae strains used in this study are listed in Tables S1 and

S2 of the Expanded View section.

Multiple sequence alignments (MSAs)
MSAs were calculated by the MUSCLE algorithm via Unipro UGENE program #*, color coded by
percentage identity with a 50-55% threshold. Sequences of the organisms presented in Fig. 1B and Fig.

S2 are (from top to bottom): ScCin8 - Saccharomyces cerevisiae, Cin8; ScKipl - Saccharomyces
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cerevisiae, Kip1; SpCu7 - Schizosaccharomyces pombe, Cut7; AnBimC - Aspergillus nidulans, BimC;
kinesin-like protein of Saccharomyces arboricola; kinesin-like protein of Schizosaccharomyces japonicus;
DmKIp61F - Drosophila melanogaster, Klp61F; XIEg5 - Xenopus laevis, Eg5; human Kifll — Homo sapiens
Eg5; DmKHC - D. melanogaster, kinesin-1 heavy chain; mouse KHC - Mus musculus, kinesin-1 heavy

chain; human KHC - H. sapiens, kinesin heavy chain isoform 5A.

Viability assay

The viability of S. cerevisiae cells expressing NL variants of Cin8 as the sole source of kinesin-5
was determined as described previously 13294951 (Fig, 1). S. cerevisiae strains used for this assay were
deleted for their chromosomal copies of CIN8 and KIP1 and contained an endogenic recessive
cycloheximide resistance gene (cin8Akip1Acyh’), containing a plasmid (pMA1208) encoding for wt
Cin8 and a wt dominant cycloheximide sensitivity gene (CYH); see Table S2 for the list of S. cerevisiae
strains. Following transformation with a plasmid encoding for Cin8 NL variants, the pMA1208
plasmid was shuffled out by growth on yeast extract-peptone-dextrose (YPD) medium containing 7.5

pg/mL cycloheximide at 23°C and at elevated temperatures.

Imaging of S. cerevisiae cells

Imaging was performed as previously described *>*° on S. cerevisiae cells deleted of the
chromosomal copy of CINS8, expressing 3GFP-tagged Cin8 NL variants from its native promoter on a
centromeric plasmid, and endogenously expressing a SPB component Spc42 with a tdTomato
fluorescent protein. Cells were grown overnight and diluted 2 h prior to imaging. Z-stacks of yeast
cells were acquired using Zeiss Axiovert 200M microscope controlled by the MicroManager
software. Spindle length was measured on 2D projections of the Z-stacks as the distance between
the two Spc42-tdTomato SPB components. Cells with monopolar spindles were defined as cells with
a small bud and a single Spc42-tdTomato SPB signal. For each variant, three sets of 113-411 cells
were categorized according to their SPB morphology and length into three categories: monopolar
cells, cells with a short <2 um spindle, and cells with a long spindle of length > 2 um. The percentage
of budded cells in each category was averaged for three to four experiments for each of the variants,
and a statistical analysis was performed by Dunnett’s test 7> compared to wt Cin8 at each spindle
length category; degrees of freedom (DF) = 10, and F factors 2.89 (a=0.05) and 3.88 (a=0.01).
Analysis of Cin8 localization in cells with monopolar spindles (Fig. 2C-E) was performed on 2D
projections generated by ImageJ software of monopolar cells. The area of Cin8 localization was
measured on images of the fluorescent signal of Cin8-3GFP as follows. First, we generated a mask by

thresholding the image using Phansalkar local threshold method of Cin8-3GFP signal in Imagel. Then,

18


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

the mask was applied to the original image, resulting an image with zero background. Finally, the
area occupied by the Cin8 signal was measured using the particle analysis function in Imagel. This
analysis was performed for 15-19 cells for each Cin8 NL variant and averaged as indicated in the
graph columns in Fig. 2E. Statistical analysis was performed by Dunnett’s test ’%; DF =92, and F

factors 2.55 (a=0.05) and 3.12 (a=0.01).

Purification of Cin8-GFP

Overexpression and purification of Cin8-GFP from S. cerevisiae cells was performed as
previously described *1°, Cells expressing Cin8-TEV-GFP-6HIS in a protease-deficient S. cerevisiae
strain under the GAL1 promoter on a 2u plasmid were grown in liquid medium supplemented with
2% raffinose. For overexpression, 2% galactose was added for 5 h. Cells were re-suspended in a
lysis/binding buffer (50 mM Tris, 30 mM PIPES, 500 mM NacCl, glycerol 10%, 2 mM B-
mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 1 mM MgCl,, 0.1 mM ATP, 0.2% Triton X-
100, Complete Protease Inhibitor (Roche), pH 7.5) and snap-frozen in liquid nitrogen. Cell extracts
were prepared by manually grinding in liquid nitrogen in lysis/binding buffer. Ni-NTA beads
(Invitrogen) were then incubated with the cell extract for 1.5 h at 4°C, loaded onto a column, and
washed with washing buffer (50 mM Tris, 30 mM PIPES, 500 mM NaCl, 30 mM imidazole, 10%
glycerol, 1.5 mM B-mercaptoethanol, 0.1 mM Mg-ATP, 0.2% Triton X-100, pH 7.5). Cin8 was eluted
with 6 ml of elution buffer (50 mM Tris, 30 mM PIPES, 500 mM NaCl, 250 mM imidazole, 10%
glycerol, 1.5 mM B-mercaptoethanol, 0.1 mM Mg-ATP, and 0.2% Triton X-100, pH 7.5). Eluted

samples were analyzed by SDS-PAGE and kept frozen in -80°C for further use.

Single molecule motility assay

The single molecule motility assay was performed on piranha-cleaned salinized coverslips as
previously described 13: MTs were polymerized by incubating a tubulin mixture containing
biotinylated tubulin (T333P), rhodamine-labeled tubulin (TL590M), and unlabeled tubulin (T240) for
1 h at 37°C with guanosine-5’-[(a,B)-methyleno]triphosphate (GMPCPP). Then, additional
rhodamine-labeled tubulin was added to the polymerizing MTs for 1 h at 37°C to form a bright plus-
end labeled cap. Flow chambers with immobilized MTs were prepared as previously described 3.
Cin8, 1.3-0.01 ng/ml, in motility buffer (50 mM Tris, 30 mM PIPES, 110-140 mM KCl, 5% glycerol, 2
mM MgCly, 1 mM EGTA, 30 pg/ml casein, 1 mM DTT, 1 mM ATP, pH 7.2 ATP-regeneration system
containing 0.05 mg/mL of phosphocreatine and 0.01 M creatine-kinase) was added to the

immobilized MTs and immediately imaged by a Zeiss Axiovert 200M-based microscope, with a 100x
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objective, equipped with a sSCMOS Neo camera. One frame of MTs was captured, followed by time

sequence imaging of 90 s with 1-s intervals of Cin8-GFP signal.

Image and data analysis of the motility assay

Kymographs were generated using Imagel software for MTs with both ends visible.
Directionality of the MTs was assigned on the basis of bright plus-end labeling or by the direction of
fast-moving Cin8 particles under high salt conditions >4, To distinguish between single Cin8-GFP
tetramers and clusters, we followed the intensity of stationary Cin8-GFP particles on background-
subtracted and corrected for uneven illuminations 90 s with intervals of 1 s by using TrackMate
plugin in Imagel) 7374, Since GFP stochastically and irreversibly photobleaches over time, we observed
single photobleaching steps, probably representing photobleaching of a single GFP molecule (Fig.
S1A). Averaging of the intensity of the photobleaching steps over seven observation fields yielded a
value of 45+1 a.u. (SEM) (n = 37), representing the intensity contribution of a single GFP molecule.
Therefore, Cin8-GFP particles that have the intensity of four GFPs or less are likely to be single Cin8-
GFP tetramers 7%, MD analysis was performed as previously described 7>, For MD analysis only
moving particles with the fluorescence intensity of a single Cin8-GFP molecule (< 180 a.u.) were
measured. In addition, measures were taken to minimize the effect of GFP photobleaching on the
determination of the Cin8 cluster size. We determined the lifetime of a GFP molecule before
photobleaching under our experimental conditions to be 2313 (SEM) s (n = 40). Consequently, based
on this estimation, all the motility measurements were performed only on those Cin8 motors that
moved within the first 30 s of each measurement. MD analysis was performed by following the
position of such particles, either using TrackMate plugin in Imagel) ”® or manually, thereby deducing
the displacement at each time interval, followed by averaging the displacement. Average velocity
was calculated by fitting the MD analysis to a linear fit corresponding to the equation M D =v ' t,

where v is the velocity and t is time.

Affinity of Cin8 to MTs

The affinity of Cin8 to MTs was measured on stationary GMPCPP-stabilized fluorescently
labeled MTs in the presence of 1 mM ATP and 140 mM KCl, as in the single molecule motility assay,
keeping the concentration of Cin8-GFP NL variants constant at ~2.7 ng/ml. One frame of MTs was
captured, followed by a one frame of Cin8-GFP signal. Background subtraction was performed by
Imagel software, followed by recognition of Cin8-GFP particles attached to MTs by TrackMate plugin
in Imagel) 7 in an observation area of 346 um?. For each observation area, the number of MT-bound

Cin8-GFP particles was divided by the total length of the MTs and averaged for 14-25 observation
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areas for each Cin8 NL variant as indicated in the graph columns in Fig. 3A. Statistical analysis was
performed by one-way ANOVA all pairwise comparison analysis with Tukey correction; DF =4, and F

factor 61.7.

MT bundling assay

The MT bundling assay was performed by mixing GMPCPP-stabilized fluorescently labeled MTs,
as in the single molecule motility assay, with Cin8-GFP NL variants at concentrations ranging from 0
to 0.5 pg/ml in the presence of 140 mM KCI (and the absence of ATP). The mixture was incubated for
10 min at room temperature and imaged by a Zeiss Axiovert 200M-based microscope, as described
for the single molecule motility assay. All images were captured under the same illumination
conditions and processed by ImagelJ, without any manipulation of images. To calculate the average
intensity of MT bundles or single MTs, we first generated a mask by thresholding the image using
Phansalkar local threshold method of rhodamine-labeled MTs signal in Imagel. Then, the mask was
applied to the original image, resulting an image with zero background. Finally, average intensity of
the MTs or MT-bundles was calculated by particle analysis function in Image), keeping a constant
threshold, and averaged for 111-270 MTs/MT bundles for each Cin8-GFP NL variant concentration.
Statistical analysis was performed by one-way ANOVA all pairwise analysis with Tukey correction; DF
=3 and F factor 49.1, and DF = 5 and F factor 70.8 for Cin8 concentrations of 0.17 pg/ml and 0.5

ug/ml respectively.

Doubling time of S. cerevisiae cells

The doubling time of S. cerevisiae cells was determined as follows: cin84 or cin8Akip1Acyh’ cells
were transformed with a centromeric plasmid expressing one of the Cin8 NL variants and grown
overnight. In cin8Akip1Acyh" cells, the original plasmid encoding a wt Cin8 and a dominant
cycloheximide sensitive gene (CYH) (pMA1208) was shuffled out by addition of 7.5 ug/ml
cycloheximide to the growth medium. The cells were diluted to ODggo~0.2 2 h prior to the start of

the experiment. The ODgoo Of cells then was measured over time for a culture growing at 26°C, and a

0 . . . . .
plot of In (O—Ll:t) as a function of time was generated, where OD: is the OD¢go at a given time, and ODg
0

is the ODsqo at the initial time point. Finally, the doubling time was calculated using the slope of the

. . , , In2 . .
plot generated according to the equation: doubling time = SIZ?. For each variant, the experiment

was repeated three to four times. Statistical analysis was performed by Dunnett’s 72 test compared
to wt Cin8; DF = 10, and F factors 2.67 (a=0.05) and 3.77 (a=0.01), and DF =9, and F factors 2.76

(0=0.05) and 3.74 (a=0.01) for cin8A and cin8Akip1A respectively.
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Statistical analysis

Data was first examined for normality by the Kolmogorov-Smirnov test “°. If normality was
rejected, data was subjected to an appropriate Box-Cox transformation ’/ to yield normal
distributions. Next, significant differences were assessed using ANOVA, followed by either all
pairwise comparisons with Tukey correction %, or comparisons to wt Cin8 as a control, according to

Dunnett’s method 72.

3D model structural modeling
3D structural models of H. sapiens Eg5 (PDB ID: 3HQD) and S. pombe Cut7 (PDB: 5MLV) motor
domains in an adenylyl imidodiphosphate (AMPPNP)-bound state were depicted by UCSF Chimera

software 7°.

Acknowledgements

We thank Prof. Levi Gheber, Department of Biotechnology Engineering, BGU, for assistance
with image analysis and statistical analysis of the data. We thank Dr. Mary Popov, Ms. Nurit Siegler
and Ms. Tatiana Zvagelsky of the L.G. group for critical reading of this manuscript. This research was
supported in part by the Israel Science Foundation grant (ISF-386/18) and the United States - Israel
Binational Science Foundation grant (BSF-2015851), awarded to L.G.

Author contributions
A.G.L. Designed and performed experiments, analyzed data and wrote the manuscript; K.A.
Performed experiments and analyzed data. H.P. analyzed data and wrote the manuscript; L.G.

Conceived the study, designed experiments, analyzed data and wrote the manuscript.

Conflict of interest

The authors declare no conflict of interest.

22


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

References

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Goulet, A. & Moores, C. New insights into the mechanism of force generation by kinesin-5
molecular motors. Int Rev Cell Mol Biol 304, 419-466, doi:10.1016/b978-0-12-407696-
9.00008-7 (2013).

Waitzman, J. S. & Rice, S. E. Mechanism and regulation of kinesin-5, an essential motor for
the mitotic spindle. Biol Cell 106, 1-12, d0i:10.1111/boc.201300054 (2014).

Scholey, J. M., Civelekoglu-Scholey, G. & Brust-Mascher, |. Anaphase B. Biology (Basel) 5
(2016).

Kapoor, T. M. Metaphase Spindle Assembly. Biology (Basel) 6 (2017).

Singh, S. K., Pandey, H., Al-Bassam, J. & Gheber, L. Bidirectional motility of kinesin-5 motor
proteins: structural determinants, cumulative functions and physiological roles. Cell Mol Life
Sci, 1757-1771, doi:10.1007/s00018-018-2754-7(2018).

Mann, B. J. & Wadsworth, P. Kinesin-5 Regulation and Function in Mitosis. Trends Cell Biol
29, 66-79, do0i:10.1016/j.tcb.2018.08.004 (2019).

Kashina, A. S. et al. A bipolar kinesin. Nature 379, 270-272 (1996).

Gordon, D. M. & Roof, D. M. The kinesin-related protein Kip1p of Saccharomyces cerevisiae
is bipolar. J Biol Chem 274, 28779-28786 (1999).

Acar, S. et al. The bipolar assembly domain of the mitotic motor kinesin-5. Nat Commun 4,
1343, d0i:10.1038/ncomms2348 (2013).

Scholey, J. E., Nithianantham, S., Scholey, J. M. & Al-Bassam, J. Structural basis for the
assembly of the mitotic motor Kinesin-5 into bipolar tetramers. Elife 3, e02217,
doi:10.7554/elife.02217 (2014).

Kapitein, L. C. et al. The bipolar mitotic kinesin Eg5 moves on both microtubules that it
crosslinks. Nature 435, 114-118 (2005).

Shimamoto, Y., Forth, S. & Kapoor, T. M. Measuring Pushing and Braking Forces Generated
by Ensembles of Kinesin-5 Crosslinking Two Microtubules. Dev Cell 34, 669-681 (2015).
Shapira, 0., Goldstein, A., Al-Bassam, J. & Gheber, L. A potential physiological role for bi-
directional motility and motor clustering of mitotic kinesin-5 Cin8 in yeast mitosis. J Cell Sci
130, 725-734 (2017).

Gerson-Gurwitz, A. et al. Directionality of individual kinesin-5 Cin8 motors is modulated by
loop 8, ionic strength and microtubule geometry. The EMBO journal 30, 4942-4954 (2011).
Roostalu, J. et al. Directional switching of the Kinesin cin8 through motor coupling. Science
332, 94-99 (2011).

Fridman, V. et al. Kinesin-5 Kip1 is a bi-directional motor that stabilizes microtubules and
tracks their plus-ends in vivo. J Cell Sci 126, 4147-4159, doi:10.1242/jcs.125153 (2013).
Edamatsu, M. Bidirectional motility of the fission yeast kinesin-5, Cut7. Biochem Biophys Res
Commun 446, 231-234 (2014).

Britto, M. et al. Schizosaccharomyces pombe kinesin-5 switches direction using a steric
blocking mechanism. Proc Natl Acad Sci U S A 113, E7483-E7489 (2016).

Shapira, O. & Gheber, L. Motile properties of the bi-directional kinesin-5 Cin8 are affected by
phosphorylation in its motor domain. Sci Rep 6, 25597 (2016).

Duselder, A. et al. Deletion of the Tail Domain of the Kinesin-5 Cin8 affects its directionality. J
Biol Chem 19, 620799 (2015).

Fallesen, T., Roostalu, J., Duellberg, C., Pruessner, G. & Surrey, T. Ensembles of Bidirectional
Kinesin Cin8 Produce Additive Forces in Both Directions of Movement. Biophys J 113, 2055-
2067, doi:S0006-3495(17)31017-2 (2017).

Vale, R. D. & Fletterick, R. J. The design plan of kinesin motors. Annu Rev Cell Dev Biol 13,
745-177 (1997).

Kozielski, F. et al. The crystal structure of dimeric kinesin and implications for microtubule-
dependent motility. Cell 91, 985-994 (1997).

23


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

made available under aCC-BY-NC-ND 4.0 International license.

Goulet, A. et al. Comprehensive structural model of the mechanochemical cycle of a mitotic
motor highlights molecular adaptations in the kinesin family. Proc Natl Acad Sci U S A 111,
1837-1842, doi:10.1073/pnas.1319848111 (2014).

Gigant, B. et al. Structure of a kinesin-tubulin complex and implications for kinesin motility.
Nat Struct Mol Biol 20, 1001-1007 (2013).

Rice, S. et al. A structural change in the kinesin motor protein that drives motility. Nature
402, 778-784, doi:10.1038/45483 (1999).

Rosenfeld, S. S., Jefferson, G. M. & King, P. H. ATP reorients the neck linker of kinesin in two
sequential steps. J Biol Chem 276, 40167-40174, doi:10.1074/jbc.M103899200 (2001).
Tomishige, M., Stuurman, N. & Vale, R. D. Single-molecule observations of neck linker
conformational changes in the kinesin motor protein. Nat Struct Mol Biol 13, 887-894 (2006).
von Loeffelholz, O., Pena, A., Drummond, D. R., Cross, R. & Moores, C. A. Cryo-EM Structure
(4.5-A) of Yeast Kinesin-5-Microtubule Complex Reveals a Distinct Binding Footprint and
Mechanism of Drug Resistance. Journal of molecular biology 431, 864-872,
do0i:10.1016/j.jmb.2019.01.011 (2019).

Geng, Y.-Z, Li, T., Ji, Q. & Yan, S. Simulation Study of Interactions Between Kinesin’s Neck
Linker and Motor Domain. Cellular and molecular bioengineering 7, 99-105,
doi:10.1007/s12195-014-0320-4 (2014).

Goulet, A. et al. The structural basis of force generation by the mitotic motor kinesin-5. J Biol
Chem 287, 44654-44666, doi:M112.404228 (2012).

Khalil, A. S. et al. Kinesin's cover-neck bundle folds forward to generate force. Proceedings of
the National Academy of Sciences 105, 19247-19252 (2008).

Hwang, W., Lang, M. J. & Karplus, M. Force generation in kinesin hinges on cover-neck
bundle formation. Structure 16, 62-71 (2008).

Shang, Z. et al. High-resolution structures of kinesin on microtubules provide a basis for
nucleotide-gated force-generation. Elife 3, e04686 (2014).

Cao, L. et al. The structure of apo-kinesin bound to tubulin links the nucleotide cycle to
movement. Nat Commun 5, 5364, doi:10.1038/ncomms6364 (2014).

Clancy, B. E., Behnke-Parks, W. M., Andreasson, J. O., Rosenfeld, S. S. & Block, S. M. A
universal pathway for kinesin stepping. Nat Struct Mol Biol 18, 1020-1027 (2011).

Schief, W. R. & Howard, J. Conformational changes during kinesin motility. Current opinion in
cell biology 13, 19-28 (2001).

Higuchi, H. & Endow, S. A. Directionality and processivity of molecular motors. Current
opinion in cell biology 14, 50-57 (2002).

Duselder, A., Thiede, C., Schmidt, C. F. & Lakamper, S. Neck-Linker Length Dependence of
Processive Kinesin-5 Motility. Journal of molecular biology (2012).

Hughes, J., Hancock, W. O. & Fricks, J. Kinesins with extended neck linkers: a
chemomechanical model for variable-length stepping. Bull Math Biol 74, 1066-1097 (2012).
Shastry, S. & Hancock, W. O. Interhead tension determines processivity across diverse N-
terminal kinesins. Proc Natl/ Acad Sci U S A 108, 16253-16258 (2011).

Budaitis, B. G. et al. Neck linker docking is critical for Kinesin-1 force generation in cells but
at a. Elife 14, 44146 (2019).

Muretta, J. M. et al. A posttranslational modification of the mitotic kinesin Eg5 that
enhances its mechanochemical coupling and alters its mitotic function. Proc Natl Acad Sci U
SA115,E1779-e1788, doi:10.1073/pnas.1718290115 (2018).

Muretta, J. M. et al. The structural kinetics of switch-1 and the neck linker explain the
functions of kinesin-1 and Eg5. Proc Natl Acad Sci U S A 112, E6606-6613 (2015).

Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced time and space
complexity. BMC Bioinformatics 5, 113 (2004).

Okonechnikov, K., Golosova O Fau - Fursov, M. & Fursov, M. Unipro UGENE: a unified
bioinformatics toolkit. Bioinformatics 28, 1166-1167 (2012).

24


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

made available under aCC-BY-NC-ND 4.0 International license.

Saunders, W. S. & Hoyt, M. A. Kinesin-related proteins required for structural integrity of the
mitotic spindle. Cell 70, 451-458 (1992).

Roof, D. M., Meluh, P. B. & Rose, M. D. Kinesin-related proteins required for assembly of the
mitotic spindle. J. Cell Biol. 118, 95-108 (1992).

Goldstein, A. et al. Synthetic-evolution reveals narrow paths to regulation of the
saccharomyces cerevisiae mitotic kinesin-5 Cin8. International Journal of Biological Sciences
15, 1125-1138, doi:10.7150/ijbs.30543 (2019).

Goldstein, A. et al. Three Cdk1 sites in the kinesin-5 Cin8 catalytic domain coordinate motor
localization and activity during anaphase. Cell Mol Life Sci 74, 3395-3412,
doi:10.1007/s00018-017-2523-z (2017).

Avunie-Masala, R. et al. Phospho-regulation of kinesin-5 during anaphase spindle elongation.
J Cell Sci 124, 873-878 (2011).

Shapira, O., Goldstein, A., Al-Bassam, J. & Gheber, L. Regulation and Possible Physiological
Role of Bl-Directional Motility of the Kinesin-5 Cin8. Biophysical Journal 110, 460a,
doi:10.1016/j.bpj.2015.11.2462 (2016).

Hildebrandst, E. R., Gheber, L., Kingsbury, T. & Hoyt, M. A. Homotetrameric form of Cin8p, a
Saccharomyces cerevisiae kinesin-5 motor, is essential for its in vivo function. J Biol Chem
281, 26004-26013 (2006).

Gheber, L., Kuo, S. C. & Hoyt, M. A. Motile properties of the kinesin-related Cin8p spindle
motor extracted from Saccharomyces cerevisiae cells. J Biol Chem 274, 9564-9572 (1999).
Blackwell, R. et al. Physical determinants of bipolar mitotic spindle assembly and stability in
fission yeast. Sci Adv 3, e1601603 (2017).

Block, S. M. Kinesin motor mechanics: binding, stepping, tracking, gating, and limping.
Biophys J 92, 2986-2995 (2007).

Schief, W. R., Clark, R. H., Crevenna, A. H. & Howard, J. Inhibition of kinesin motility by ADP
and phosphate supports a hand-over-hand mechanism. Proc Nat/ Acad Sci U S A 101, 1183-
1188 (2004).

Dogan, M. Y., Can, S., Cleary, F. B., Purde, V. & Yildiz, A. Kinesin's front head is gated by the
backward orientation of its neck linker. Cell Rep 10, 1967-1973 (2015).

Yildiz, A., Tomishige, M., Gennerich, A. & Vale, R. D. Intramolecular strain coordinates kinesin
stepping behavior along microtubules. Cell 134, 1030-1041, doi:10.1016/j.cell.2008.07.018
(2008).

Guydosh, N. R. & Block, S. M. Backsteps induced by nucleotide analogs suggest the front
head of kinesin is gated by strain. Proc Nat/ Acad Sci U S A 103, 8054-8059 (2006).

Klumpp, L. M., Hoenger, A. & Gilbert, S. P. Kinesin's second step. Proc Natl Acad Sci U S A
101, 3444-3449 (2004).

Krzysiak, T. C., Grabe, M. & Gilbert, S. P. Getting in sync with dimeric Eg5. Initiation and
regulation of the processive run. J Biol Chem 283, 2078-2087 (2008).

Chen, G. Y., Mickolajczyk, K. J. & Hancock, W. O. The Kinesin-5 Chemomechanical Cycle Is
Dominated by a Two-heads-bound State. J Biol Chem 291, 20283-20294 (2016).

Shastry, S. & Hancock, W. O. Neck linker length determines the degree of processivity in
kinesin-1 and kinesin-2 motors. Curr Biol 20, 939-943 (2010).

Gerson-Gurwitz, A. et al. Mid-anaphase arrest in S. cerevisiae cells eliminated for the
function of Cin8 and dynein. Cell Mol Life Sci 66, 301-313 (2009).

Movshovich, N. et al. SIk19-dependent mid-anaphase pause in kinesin-5-mutated cells. J Cell
Sci 121, 2529-2539 (2008).

Sharp, D. J. et al. The bipolar kinesin, KLP61F, cross-links microtubules within interpolar
microtubule bundles of Drosophila embryonic mitotic spindles. J Cell Biol 144, 125-138
(1999).

25


https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.118430; this version posted May 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

68

69

70

71

72

73

74

75

76

77

78

79

made available under aCC-BY-NC-ND 4.0 International license.

Leary, A. et al. Successive Kinesin-5 Microtubule Crosslinking and Sliding Promote Fast,
Irreversible Formation of a Stereotyped Bipolar Spindle. Curr Biol 29, 3825-3837 e3823
(2019).

Bell, K. M., Cha, H. K., Sindelar, C. V. & Cochran, J. C. The yeast kinesin-5 Cin8 interacts with
the microtubule in a noncanonical manner. J Biol Chem 12, 797662 (2017).

Sindelar, C. V. & Downing, K. H. An atomic-level mechanism for activation of the kinesin
molecular motors. Proc Natl Acad Sci U S A 107, 4111-4116 (2010).

Sindelar, C. V. et al. Two conformations in the human kinesin power stroke defined by X-ray
crystallography and EPR spectroscopy. Nat Struct Biol 9, 844-848 (2002).

Dunnett, C. W. A Multiple Comparison Procedure for Comparing Several Treatments with a
Control. Journal of the American Statistical Association 50, 1096-1121,
do0i:10.1080/01621459.1955.10501294 (1955).

Tinevez, J. Y. et al. TrackMate: An open and extensible platform for single-particle tracking.
Methods 115, 80-90 (2017).

Pandey, H. et al. Drag-induced directionality reversal of the kinesin-5 Cin8 revealed from
cluster-motility analysis. bioRxiv doi: https://doi.orq/10.1101/2020.01.24.918714
[PREPRINT], doi:https://doi.org/10.1101/2020.01.24.918714 (2020).

Kapitein, L. C. et al. Microtubule cross-linking triggers the directional motility of kinesin-5. J
Cell Biol 182, 421-428 (2008).

Massey, F. J. The Kolmogorov-Smirnov Test for Goodness of Fit. Journal of the American
Statistical Association 46, 68-78, doi:10.1080/01621459.1951.10500769 (1951).

Sakia, R. M. The Box-Cox Transformation Technique: A Review. Journal of the Royal
Statistical Society. Series D (The Statistician) 41, 169-178, doi:10.2307/2348250 (1992).
Tukey, J. W. Comparing individual means in the analysis of variance. Biometrics 5, 99-114,
doi:D - CLML: 4917:4191 OTO - NLM (1949).

Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory research and
analysis. Journal of computational chemistry 25, 1605-1612 (2004).

26


https://doi.org/10.1101/2020.01.24.918714
https://doi.org/10.1101/2020.01.24.918714
https://doi.org/10.1101/2020.05.27.118430
http://creativecommons.org/licenses/by-nc-nd/4.0/

