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Accurate chromosome segregation during cell division relies on coordinated
actions of microtubule (MT)-based motor proteins in the mitotic spindle.

Kinesin-14 motors play vital roles in spindle assembly and maintenance by
crosslinking antiparallel MTs at the spindle midzone and anchoring spindle
MTs’ minus ends at the poles. In this study, we investigate the force generation
and motility of the Kinesin-14 motors HSET and KIpA. Our findings reveal that
both motors are non-processive, producing single load-dependent power
strokes per MT encounter, with estimated load-free power strokes of ~30 and
~35 nm, respectively. Each homodimeric motor generates forces of ~0.5 pN,
but when assembled in teams, they cooperate to generate forces of 1 pN or
more. Notably, the cooperative activity among multiple motors leads to
increased MT-sliding velocities. These results quantitatively elucidate the
structure-function relationship of Kinesin-14 motors and underscore the sig-
nificance of cooperative behavior in their cellular functions.

Accurate chromosome partitioning during cell division relies on the
proper assembly and maintenance of the mitotic spindle, which is
composed of polar and dynamic microtubule (MT) polymers’. MT-
associated motors such as cytoplasmic dynein, mitotic kinesins, and
non-motor MT-associated proteins (MAPs) play crucial roles in the
segregation of sister chromatids toward opposite spindle poles®’.
Cytoplasmic dynein interacts with astral MTs at the cell membrane and
separates duplicated centrosomes at the beginning of mitosis with the
assistance of Kinesin-5 (Eg5 in humans and BimC in Aspergillus nidu-
lans), which pushes the interacting interpolar MTs of opposite polarity
apart. To counterbalance the outward directed forces generated by
Kinesin-5 and prevent excessive separation of the two opposing MT
arrays while the spindle forms, Kinesin-14 motors (HEST in humans and
KIpA in A. nidulans) generate the opposing inward directed forces>**.

Unlike members of the Kinesin-5 family of motor proteins, which
form tetramers with two motor domains at each end of a central
stalk®’, Kinesin-14 members function as dimers, equipped with

C-terminal motor domains and N-terminal MT-binding tail domains, to
crosslink and slide MTs*°. These motors have diverse roles in the
assembly and regulation of the mitotic spindle. For example, Schizo-
saccharomyces pombe Kinesin-14 PkI1 localizes to spindle poles to
anchor the minus ends of spindle MTs, while S. pombe Kinesin-14 Klp2
crosslinks antiparallel MTs from opposite poles within the midzone to
counteract the outward pushing forces generated by Kinesin-5 Cut7®.
HSET and Xenopus laevis Kinesin-14 XCTK2 affect spindle length and
morphology through MT sliding". Not surprisingly, dysfunction or
dysregulation of Kinesin-14 motors can lead to impaired cell division,
including defective spindle assembly and erroneous chromosome
segregation'> ¢,

Structure-function studies have provided valuable insights into
the molecular functions of Kinesin-14 motors’ . However, despite
extensive efforts to understand their mechanisms, a consensus
regarding the precise molecular function of Kinesin-14 motors remains
elusive. For instance, studies have shown that single Ncd molecules (a
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Kinesin-14 motor in Drosophila melanogaster) are non-processive,
minus-end-directed motors, performing a single ATP-triggered power
stroke per MT encounter®*>?-°, On the other hand, KIpA exhibits
processive movement towards the MT plus end at the single-molecule
level but displays canonical minus-end-directed motility in multi-
motor-based MT-gliding and -sliding assays". Furthermore, while sin-
gle Ncd molecules generate forces of ~0.5 pN**%, single HSET mole-
cules have been suggested to generate forces of up to 1.1 pN by taking
multiple processive steps along MTs”. Consequently, it remains
uncertain whether these reported differences are species-specific or
arise from variations in experimental conditions such as the choice of
assay, buffer conditions, and protein preparations.

Here, by combining structure-function studies with single-
molecule fluorescence and optical tweezers assays, we demonstrate
that HSET and KIpA behave as non-processive motors under load
(when attached to a cargo), producing single power strokes per MT
encounter. Our findings suggest that, under load-free conditions, full-
length HSET and KIpA generate effective power strokes of -30 and
~35nm, respectively. However, as the applied load increases, their
power stroke are hindered, resulting in reduced displacements of -2
and -3 nm, respectively, under an applied load of ~-0.7 pN. This load-
dependency of the lever arm, combined with its limited length, pro-
vides an explanation for why Kinesin-14 motors generate forces below
1pN at the single-molecule level.

Contrary to previous studies that reported a decrease in MT-
gliding velocity with an increased number of motors***, our findings
reveal that multiple HSET/KIpA/Ncd molecules work synergistically to
achieve higher velocities in MT-gliding assays. When assembled into
oligomers or other multi-motor configurations, these motors not only
exhibit processive motion toward the MT minus end under both
unloaded (our data and refs. 17,19,21,32) and loaded conditions but
also are capable of generating forces exceeding 1pN. This demon-
strates that, while individually, Kinesin-14 motors act as non-processive
and low-force-generating motors when connected to cargoes such as
antiparallel MTs or, as in our experimental setup, optical trapping
beads, they exhibit enhanced processivity and force generation in
collective configurations.

Results

KIpA is non-processive under load

The force-generation capability of the D. melanogaster Kinesin-14 Ncd
has been extensively studied at the single-molecule level*****3**, In
contrast, the force generation of the A. nidulans Kinesin-14 KlpA
remains unexplored. Unlike Ncd, which is non-processive and gen-
erates a single ATP-triggered working stroke towards the MT minus
end with each MT encounter’®?>?°, KIpA is a processive motor that
moves towards the MT plus end”. The processivity of KIpA critically
depends on its N-terminal MT-binding tail, as KIpA lacking the
N-terminal tail behaves like a non-processive motor”.

To investigate KIpA’s behavior under load, we engineered a GFP-
tagged full-length KIpA construct for the coupling of the N-terminal
tail to anti-GFP antibody-coated polystyrene trapping beads (Fig. 1A, B
and Suppl. Fig. 1A). To assess the force-generation capability of single
KlpA molecules, we conducted optical-trapping experiments at motor
concentrations where less than 30% of the beads interacted with the
coverslip-attached MTs* (Fig. 1B, C). When the tail of KIpA was bound
to al-pm trapping bead, it generated a force of -0.5 pN towards the MT
minus-end (Fig. 1C, D and Suppl. Fig. 2), slightly higher than the force
produced by Ncd, where two Ncd molecules linked through a DNA
scaffold generate approximately 0.5 pN”. Notably, the MT-binding tail
domain of KIpA, which facilitates processive motility in the absence of
its attachment to an anti-parallel MT", ceases to assist KIpA’s proces-
sive motion once bound to a polystyrene trapping bead. This non-
processive state persists even after deactivating the optical trap; fol-
lowing deactivation, beads diffuse away from the MT at the single-

molecule level (Suppl. Fig. 3A), while under multi-motor conditions,
beads exhibit processive motility along MTs (Suppl. Fig. 3B). These
observations suggest that the mere attachment of the cargo bead to
the MT-binding tail domain is sufficient to alter KIpA’s motility, con-
fining it to single power strokes (Fig. 1C, right). In the absence of ATP,
KIpA binds to MTs without causing a detectable displacement, con-
firming that the detected power strokes are driven solely by ATP
binding/hydrolysis®* (Suppl. Fig. 4). Furthermore, in contrast to
previous force measurements on Ncd that reported a displacement
component also in perpendicular direction?*, KIpA generates power
strokes exclusively along the long MT axis (Fig. 1E).

Multiple KIpA molecules work cooperatively to generate

larger forces

KIpA has been shown to form oligomeric complexes comprising
multiple motors that move processively towards the MT minus end”.
To investigate KIpA’s cooperative behavior under load, we conducted
force measurements with varying KIpA concentrations while keeping
the bead concentration constant. To distinguish between KIpA’s self-
oligomerization, which occurs with increasing motor concentrations
(Fig. 1F), and the recruitment of individual KIpA molecules to the bead
surface via anti-GFP antibodies, we introduced increasing concentra-
tions of mCherry-tagged KIpA motors (Suppl. Fig. 1B) to beads that
were pre-bound to GFP-tagged KIpA motors. The concentration of
GFP-tagged motors was carefully selected to ensure that <30% of the
pre-coated beads exhibited force-generation events, suggesting the
presence of only one GFP-tagged motor per force-generating bead™.
Unlike Kinesin-1, which shows minimal dependence on the number of
motors'>***’, multiple KIpA motors cooperatively generate forces of
1pN and higher (Fig. 1G). This cooperative behavior in KIpA resembles
that of Ncd, which also generates additive forces when multiple
motors are engaged”. Although non-specific motor-bead interactions
were observed at higher concentrations of added mCherry-KIpA, the
increase in force generation upon adding mCherry-KIpA was also
influenced by KlpA oligomerization (Fig. 1G, H and Suppl. Fig. 5A). This
statement is supported by our observation that the force generation
consistently increases in the presence of mCherry-KIpA when the
trapping beads are pre-bound to a single GFP-tagged motor, facilitat-
ing oligomerization with mCherry-tagged motors (Suppl. Fig. 5A).

HSET is a non-processive motor that cooperates when working
in teams
Contrasting with previous studies on Ncd'***?*** and our findings on
KlpA (Fig. 1C, D), recent research suggests that HSET, the human
Kinesin-14 ortholog, is processive, capable of multiple 8-nm steps
under loads up to -1.1 pN%. To explore differences under load between
KIpA and HSET, we examined full-length, GFP-tagged HSET (Fig. 2A and
Suppl. Fig. 1C) using optical-trapping experiments. Surprisingly, HSET
generated an average force of 0.5pN (Fig. 2C, D and Suppl. Fig. 6),
contrary to earlier reports® but aligned with our KIpA results
(Fig. 1C, D). Further mirroring our findings with KIpA (Fig. 1E), HSET
also produced displacements solely along the long MT axis (Suppl.
Fig. 7A). Photobleaching experiments on MT-bound HSET in a strong
binding state (induced by AMP-PNP*) predominantly showed two
bleaching steps (Fig. 2G and Suppl. Fig. 8), indicating HSET mainly
forms homodimers, with a smaller proportion (-16%) forming tetra-
mers, corroborated by native-gel analysis (Suppl. Fig. 9). This finding
agrees with our observations on KIpA (Fig. 1H) and is further supported
by fluorescence microscopy, which revealed that at higher con-
centrations, HSET not only forms higher-order particles but also
exhibits processive movement towards the MT minus end (Fig. 2H and
Suppl. Fig. 10A).

Force measurements across varying HSET concentrations fit a
model for a single or more motors, rather than a model for two or more
motors® (Fig. 2B), confirming the -0.5 pN force is generated by a single
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HSET dimer. Our analysis showed non-processive “power strokes”
(Fig. 2C, right), similar to KlIpA (Fig. 1C, right) and Ncd”?**. However, at
higher HSET concentrations, forces exceeded 1pN (Fig. 2I, J), sup-
porting our hypothesis that HSET’s reported 1.1 pN force” is due to the
cooperative activity of multiple molecules. Our findings further
revealed that multiple HSET molecules advance the trapping beads in
~8 nm increments (analyzed for forces up to 1.5 pN) with dwell times in
between steps fitting a single exponential function (Suppl. Fig. 11).
These multi-motor transport properties are significant because the
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previous study suggested such movement pattern indicated single-
motor activity”. In contrast, our results demonstrate that these 8-nm
steps and exponential dwell times can also occur with multiple motors
working in a team. These findings challenge earlier interpretations and
underscore the complexity of HSET’s multi-motor force generation. In
summary, individual HSET molecules demonstrate non-processive,
weak force generation, but in groups, they cooperate to generate
significantly larger forces, paralleling the behavior seen in KIpA (Fig.
1G, H) and Ncd®.
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Fig. 1| KIpA force generation in isolation and in teams. A Structural organization
of the full-length recombinant GFP-KIpA construct: tail (a.a. 1-152), central stalk (a.a.
153-416), neck (a.a. 417-421), and catalytic motor domain (a.a. 422-756). B Optical-
trapping assay: polystyrene bead with a bound Kinesin-14 motor trapped by a near-
infrared beam, positioned above a surface-bound MT (not to scale). C Left: Force-
versus-time trace of bead movement driven by a single KIpA molecule at 1 mM ATP
and Kk¢rap = 0.1 pN/nm. Right: Highlighted trace section showing a single-step dis-
placement (“power stroke”) corresponding to the rectangular box on the left.

D Histogram of forces generated by single KIpA molecules (0.56 + 0.01 pN,

mean + SEM from Gaussian fit, n =260, Kr,p = 0.1 pN/nm; source data are provided
as a Source Data file). E Full-length KIpA exhibits power strokes towards the MT
minus end, with no detectable displacements in the normal direction (Pearson
correlation coefficient, 0.2 <r<0.2). Top row: IRM images of horizontally and
vertically oriented MTs and x-y position plots with Pearson correlation values.
Bottom row: x (black) and y (red) direction signals. Diagonal MT orientation shows

displacements in both directions (right) (k¢rap = 0.1 pN/nm) (source data are pro-
vided as a Source Data file). F Example of MT minus-end-directed processive
motion of a KIpA oligomer consisting of GFP- and mCherry-tagged KlpA molecules
formed by adding 150 pM GFP-KIpA and 150 pM mCherry-KIpA to the slide chamber
(source files are provided as a Source Data file). G Force traces of GFP-KIpA bound
to anti-GFP antibody-coated beads, oligomerized with increasing mCherry-KIpA:
+87 pM (left), +272 pM (middle) and +1.36 nM (right). H Forces generated by oli-
gomerized KIpA motors at different mCherry-KIpA concentrations (kirap = 0.05 pN/
nm) (source data are provided as a Source Data file). Green bars represent the mean
with 95% confidence intervals (Cls). GFP-KIpA at the single-molecule level (14 pM)
without added mCherry-KIpA: 0.51 + 0.01 pN (mean + SEM, n =493); +29 pM
mCherry-KIpA: 1.29 + 0.05 pN (n =232); +87 pM mCherry-KIpA: 1.73 + 0.04 pN
(n=259); +272 pM mCherry-KIpA: 2.62 + 0.07 pN (n =203); and +1.36 nM mCherry-
KIpA: 3.86 + 0.12 pN (n=187). Note: a.a. refers to amino acid.

Full-length and tail-truncated HSET behave indistinguishably
under load

A previous study also indicated that the N-terminal MT-binding tail of
HSET may affect the motility of HSET-coated beads under unloaded
conditions®. However, in the optical-trapping assay, where the tail is
pulled away from the MT surface due to its coupling to the trapping
bead, its interaction with MTs is unlikely. Based on this understanding,
we hypothesized that the force generation of HSET without the
N-terminal tail would be similar to full-length HSET. To test this
hypothesis, we expressed a tail-truncated HSET construct with an
N-terminal GFP (GFP-HSETATail, Fig. 2A) and examined its force gen-
eration. Like full-length HSET, single tail-truncated HSET molecules
generated forces of 0.5 pN (Fig. 2E, F and Suppl. Fig. 12). Additionally,
at the multi-motor level, GFP-HSETATail exhibited cooperative beha-
vior to generate larger forces (Suppl. Fig. 10B). These findings
demonstrate that both KIpA and HSET exhibit comparable force gen-
eration capabilities at both the single- and multi-motor level.

HSET and KIpA perform a single power stroke to generate 0.5 pN
The force generated by single Kinesin-14 molecules, such as HSET and
KIpA, is significantly weaker (-0.5 pN; Figs. 1C, D and 2C, D) than that
generated by Kinesin-1 (-5 pN***) and Kinesin-3 (-3 pN***°). To inves-
tigate why HSET and KIpA produce only ~0.5 pN, we examined the
cryoEM structure of Ncd™, which suggested that despite having two
motor domains, Ncd generates only a single ~9 nm power stroke per
interaction with the MT (MT binding, power stroke, followed by
detachment) (Fig. 3A). Based on these results, we hypothesized that if
the power-stroke size remains constant regardless of the applied load,
the force output in the trapping assay should increase with higher trap
stiffness (corresponding to a higher force per unit displacement). To
test this hypothesis, we measured the force generation of single KIpA
and HSET molecules as a function of trap stiffness and discovered that
the force output indeed increased with increasing trap stiffness up to
0.3 pN/nm (Fig. 3B and Suppl. Fig. 13A). However, this increase in force
was accompanied by a reduction in power-stoke size, suggesting that
the lever-arm movement of Kinesin-14 is increasingly constrained
under higher loads. At the lowest trap stiffness examined (0.05 pN/
nm), KIpA and HSET generated displacements of ~10 and ~8 nm (Fig. 3C
and Suppl. Fig. 13B), respectively, aligning with the cryoEM findings.
However, the Ncd cryoEM study also reported on MT-gliding
assays and measured ATPase activities to estimate the power-stroke
size for different tail-truncated Ncd constructs'. For the longest Ncd
construct studied (encoding amino acids 236-700), the estimated
lever-arm length was ~16 nm, which is more than the power-stroke
length suggested by the structural analysis'®. Given that Ncd is non-
processive, the velocities obtained from a MT-gliding assay depend
not only on the power-stroke sizes but also on the density of Ncd
motors fixed to the cover glass. This complexity suggests that a

comparison of ATPase activities with MT-gliding velocities might not
yield reliable estimates for the power-stroke length for Ncd.

To estimate the load-free power-strokes for full-length KIpA and
HSET, we first accounted for the combined compliance of the motors
and the GFP-antibody linkage by modeling the motors’ stiffness using a
worm-like chain (WLC) model, a non-linear force-extension equation
often used to model the force-induced stretching of DNA* and
proteins****, as detailed in the Methods section (see also Fig. 3D, E and
Suppl. Fig. 13C, D). Our findings show that while the measured power
strokes of KIpA decrease with increasing trap stiffness (Fig. 3C), the
estimated load-free power-stroke length remains independent of the
trap stiffness, as expected (Fig. 3E), since the motors’ stiffness should
not dependent on the optical trap power settings. After adjusting for
the size of the GFP-antibody complex, we obtained load-free power
strokes of 35+3nm and 31+2nm (mean + propagated error; see
“Methods” section for a detailed description of the error calculation)
for KIpA and HSET, respectively (Fig. 3E and Suppl. Fig. 13D). While
there is some uncertainty about the size of the GFP-antibody complex
and how it adheres to the bead surface, we estimate the length of the
complex to be 8 nm (Suppl. Fig. 25).

The longest Ncd construct previously studied consisted of only
112 amino acids in the tail'*, whereas the tails of full-length HSET and
KIpA extend to 310 and 421 amino acids, respectively (Suppl.
Figs. 14 and 15). This led us to hypothesize that the additional coiled-
coil segments in the tails of KIpA and HSET contribute to their longer
lever arms. Supporting this hypothesis, experiments with a tail-
truncated KIpA construct (123 amino acids, encoding amino acids
298-770) yielded an estimated load-free power-stroke of 28 +2 nm,
after accounting for the GFP-antibody linkage (Suppl. Figs. 16 and 17).
Additionally, an Ncd construct with a tail comprising 139 amino acids
(encoding amino acids 209-700, instead of the original 236-700')
resulted in an estimated load-free power-stroke of 29 +2 nm exclu-
sively along the long MT axis (Suppl. Figs. 7B, 18, and 19). Therefore,
our findings suggest that the lever-arm length of Kinesin-14 motors is
considerably larger than previously suggested and occurs solely along
the long MT axis.

Given potential experimental limitations, notably a rotation of the
trapping bead and a decrease in the bead’s height above the MT sur-
face as a result of the power stroke (Suppl. Fig. 20), we acknowledge
that our measurements might underestimate the actual power-stroke
size. Therefore, they should be considered as lower bounds of the
actual values. However, AlphaFold® predicts extensive alpha-helical
coiled-coils in the tail domains of KIpA, HSET, and Ncd, estimating
lengths of approximately 32, 25, and 22 nm, respectively (Suppl.
Figs. 14 and 15). This suggests that our estimates are close to the pre-
dicated coiled-coil values, and our tail-truncation experiments confirm
that even the distant parts of these coiled-coils indeed contribute to
the power stroke.
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In conclusion, our findings reveal that Kinesin-14 motors exhibit
power-stroke sizes significantly larger than previously reported. We
also observed a trend of decreasing power-stroke size with increasing
load (Fig. 3C), indicating that the lever-arm movement becomes
increasingly restricted under hindering loads. This trend is particularly
noticeable in the reduced displacements per MT encounter at high

trap stiffnesses (Fig. 3C and Suppl. Figs. 13B, 16B and 18B), suggesting
that the full potential of the power stroke is realized under conditions
of low or no load. These insights highlight the importance of coop-
erative activities among multiple motors under physiological condi-
tions, where Kinesin-14 work together to achieve significant
displacements despite high loads.
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Fig. 2 | HSET and HSETATail behavior under load. A Structural organization of
full-length HSET (GFP-HSET) and tail-truncated HSET (GFP-HSETATail): tail (a.a. 1-
138), central stalk (a.a. 139-305), neck (a.a. 306-310), and catalytic motor domain
(a.a. 311-673). B Fraction of GFP-HSET-coated beads binding to and moving along
MTs vs. relative motor concentration. The bead concentration was constant,
while the motor concentration was varied (n =321 total number of beads tested;
number of beads tested at each relative concentration: 0.005: n=76; 0.013:
n=43; 0.025: n=47; 0.05: n=48; 0.1: n=46; and 0.13: n=61). The data are
represented as mean values + standard deviation (two technical replicates were
performed). Solid line: fit to the Poisson distribution 1 - exp(-AC) for one or more
motor molecules, where C is the relative motor concentration and A is a fit
parameter (R*=0.933); dotted line: fit to the distribution 1-exp(-AC)—(AC)
exp(-AC) for two or more molecules (R?=0.802) (source data are provided as a
Source Data file). C Force-versus-time trace of bead movement driven by a single
HSET molecule at 1mM ATP and ki,,p = 0.1 pN/nm. D Histogram of forces by
single HSET molecules (0.52 + 0.02 pN, mean + SEM from Gaussian fit, n =214,

kirap = 0.1pN/nm) (source data are provided as a Source Data file). E Force-versus-
time trace of bead movement by a single HSETATail molecule at 1mM ATP and
Kerap = 0.1pN/nm. F Histogram of forces by single HSETATail molecules
(0.45+0.01pN, mean + SEM from Gaussian fit, n=197, kap = 0.1pN/nm) (source
data are provided as a Source Data file). G Photobleaching analysis of GFP-HSET:
one (44), two (156), three (29) and four (8) photobleaching steps (source data are
provided as a Source Data file). H Example of MT minus-end-directed processive
motion of HSET oligomers formed at 1 nM motor concentration. I Force traces of
assemblies of GFP-HSET molecules at increasing concentrations of added GFP-
HSET motors: +2.4 nM, +12.1nM, and +60.6 nM. J Forces by GFP-HSET motors at
varying concentrations of added motors (kir,p = 0.1 pN/nm). Mean values with
95% Cis: single GFP-HEST: 0.48 + 0.01 pN (mean = SEM, n=116); +0.49 nM:
0.72+0.02 pN (n=128); +2.43nM: 1.0 + 0.03 pN (n =201); +12.12 nM:

1.36 £ 0.03 pN (n=232); and +60.63 nM: 1.97 + 0.05 pN (n=191) (source data are
provided as a Source Data file).

Kinesin-14 motors work cooperatively to increase the velocity
during MT gliding

Kinesin-14 motors, which play a critical role in sliding anti-parallel MTs
within the mitotic spindle?, differ from the processive Kinesin-1
motors'*. Unlike Kinesin-1, Kinesin-14 motors engage in non-
processive interactions with MTs and demonstrate cooperative force
generation, similar to the non-processive muscle myosin-2 that drives
muscle contraction**™*5, As myosin-2***°, non-processive Kinesin-14
motors, such as HSET, KIpA, and Ncd, briefly engage with an MT to
perform a power stroke before detaching (Fig. 2C, right). Given their
low duty ratio (the fraction of time the motor spends bound to the
filament is less than 0.5), it might be expected that the velocity of anti-
parallel MTs slid inward by HSET would increase with the number of
stochastically binding motors. However, studies on HSET, Ncd, and the
Xenopus laevis Kinesin-14 XCTK2 have shown that the velocity in MT-
gliding assays (Fig. 4A) decreases as the number of motors
increases**'*°. We replicated this unexpected result using full-length
HSET and full-length Ncd (Fig. 4C and Suppl. Fig. 21A). Although we
immobilized the GFP-tagged motors on the cover-glass surface using
anti-GFP antibodies and employed casein to prevent non-specific
binding, we hypothesized that some motors might non-specifically
bind to the surface such that their N-terminal tails could act as brakes
by binding to the gliding MTs to slow down gliding (Fig. 4A). To test
this hypothesis, we performed a control experiment without surface-
bound anti-GFP antibodies, allowing full-length HSET to non-
specifically absorb onto the coverslip of the microfluidic slide cham-
ber (Fig. 4B). As anticipated, we observed MT gliding and a reductionin
gliding speed with increasing motor concentrations even in the
absence of surface-absorbed antibodies (Fig. 4D), confirming that non-
specifically interacting motors contribute to the decrease in gliding
velocity.

Further experiments with tail-truncated HSET and tail-
truncated Ncd (GFP-HSETATail, Fig. 2A, and GFP-NcdATail)
revealed an increase in MT-gliding velocity with higher motor con-
centrations (Fig. 4E and Suppl. Fig. 21B), as expected for a motor
with a low duty ratio. Additionally, increasing the ionic strength
lessened the effect of motor concentrations on MT-gliding velocity
driven by full-length HEST at 200 mM KCI (Fig. 4F), and resulted in
an overall increase in gliding velocity with increased salt con-
centrations (Fig. 4G), whereas the velocity of the tail-truncated HSET
did not increase with increasing ionic strength (Fig. 4H). This sup-
ports the idea that HSET’s tail engages in strong ionic interactions
with MTs, whereas the interactions between the motor domain and
MTs are less affected by ionic strength changes. At higher ionic
strengths, the motor domain’s weaker MT affinity may lead to
increased velocity, although this could be offset by shorter binding
times during the power stroke, thus reducing velocity.

Consequently, multiple Kinesin-14 molecules collaborate, with
their tails binding to adjacent MTs (not the same MT), enhancing both
force generation and velocity during MT sliding. Further supporting
the role of the tail in determining power-stroke length, while the
velocity of KIpA-powered MT-gliding increased when the MT-binding
tail sequence was removed (a construct encoding amino acids 250-770
instead of 1-770), the velocity decreased when the tail was further
truncated from 520 to 472 amino acids (encoding amino acids 298-700
instead of 250-700) (Suppl. Fig. 21C), suggesting that these distant tail
sequences contribute to the motors lever arm. In support of this
conclusion, AlphaFold predicts alpha-helical coiled-coils up to amino
acid 196 (Suppl. Figs. 14A and 15).

Discussion

This study presents a comprehensive analysis of the force generation
and motility of Kinesin-14 motors, specifically addressing previous
inconsistencies through structure-function studies and single-
molecule analyses. Our results clarify that both KIpA from A. nidu-
lans and its human counterpart, HSET, exhibit non-processive beha-
vior under load. Despite having two motor domains, they perform a
single power stroke per MT encounter, generating relatively weak
forces of about 0.5pN. However, when Kinesin-14 motors function
collectively as a team, they display remarkable processivity and can
generate forces of 1 pN and higher.

The finding that KIpA generates a~ 0.5 pN force towards the MT
minus end and behaves non-processively under load (Fig. 1C, D) might
be unexpected as we previously demonstrated that KIpA moves pro-
cessively towards the MT plus end in the absence of load". Typically,
processive kinesin motors generate forces of 1pN or more®™ >,
However, we have shown that KlpA’s processivity depends on its
N-terminal MT-binding tail, as removal of this tail abolishes its ability to
move processively”. In our trapping assay, KIpA'’s tail is bound to a
polystyrene bead, mimicking its in vivo role of cross-linking two anti-
parallel MTs. This configuration prevents the tail from interacting with
the same MT as the motor domains (if the tail would bind to the same
MT as the motor domains, the motor would not contribute to MT
sliding), thereby explaining the non-processive behavior of KIpA
under load.

In contrast to KlpA, both HSET and Ncd are non-processive in
single-molecule fluorescence assays”?. However, when a flexible
polypeptide is inserted into the central stalk domain of KIpA and Ncd,
both motors exhibit processive movement towards the MT minus
end”. This observation underscores the importance of both the MT-
binding tails and the stiffness or flexibility of the dimerizing stalk
in determining the motors’ processive capabilities”. Once the tail
is bound to its cargo, such as a neighboring, antiparallel MT in
the mitotic spindle or a polystyrene trapping bead, the flexibility of
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Fig. 3 | KIpA power stroke and force generation as a function of trap stiffness.
A Schematic representation of the power stroke by KIpA/HSET under no load or low
load conditions, and restrained power stroke under increased loads. B Force gen-
erated by single full-length KIpA molecules as a function of increasing trap stiff-
nesses. Green bars indicate the median values with 95% CIs. krap = 0.05 pN/nm: 0.53
(0.50, 0.56) pN (11 =142); kirap = 0.1 pN/nm: 0.57 (0.55, 0.60) pN (n=260);

Kirap = 0.2 pN/nm: 0.65 (0.61, 0.72) pN (n=156); and Kirap = 0.3 pN/nm: 0.73 (0.68,
0.78) pN (n =247). Statistical significance was determined using a two-tailed
unpaired Welch’s ¢-test (*P=0.0126; **P=0.0075; ***P < 0.0001) (source data are
provided as a Source Data file). C As in B, but for the measured displacements as a
function of increasing trap stiffnesses. kirap =0.05 pN/nm: 10.1 (9.6, 10.7) nm
(n=142); kirap= 0.1 pN/nm: 5.7 (5.5, 6.0) nm (11 =260); kirap = 0.2 pN/nm: 3.2 (3.0, 3.5)
nm (n=156); and kap=0.3 pN/nm: 2.6 (2.4, 2.8) pN (n=247) (source data are
provided as a Source Data file). D Measured local stiffness of full-length KIpA and

Trap stiffness (pN/nm)

bead linkage, kn.ink (Mean + SEM), as function of force for increasing trap stiff-
nesses (see “Methods” section for details underlying the stiffness calculations)
(Kirap = 0.05 pN/nm: 11 =142; Kirap = 0.1 pN/nm: n =156; Kkirap = 0.2 pN/nm: n=156;
Kirap = 0.3 pN/nm: n=247). The solid black line shows the model fitted to all data,
which considers the motor and bead-linkage as a worm-like chain (WLC) (see
“Methods” section for a description of the model and parameters used for fitting)
(source data are provided as a Source Data file). E As in B, but for the estimated load-
free power strokes for the four different trap stiffnesses (see “Methods” section for
a description of the calculation of the estimated load-free power strokes). Green
bars indicate the mean values with 95% ClIs. kirap = 0.05 pN/nm: 42.9 (36.8, 49.0) nm
(n=142). kirap=0.1pN/nm: 41.4 (36.4, 46.5) nm (n=260); Kirap = 0.2 pN/nm: 41.8
(36.5, 41.0) nm (n=156); and kirap = 0.3 pN/nm: 44.5 (40.3, 49.2) pN (n=247). Sta-
tistical significance was determined using a two-tailed unpaired Welch's t-test (ns:
not significant; **P=0.0002) (source data are provided as a Source Data file).

the central stalk becomes irrelevant, resulting in non-processive
behavior under load.

Our study also uncovers that both HSET and KIpA have the cap-
ability to oligomerize, and these multi-motor complexes show pro-
cessive movement towards the minus ends of MTs (Figs. 1F, 2H and
Suppl. Fig.10). Consistent with these findings, our force measurements
reveal that GFP-KIpA can oligomerize with mCherry-KIpA, leading to
increased force generation (Fig. 1G, H). This cooperative behavior
differs significantly from the relatively weak dependence on the
number of motors observed in the processive Kinesin-1'°¢%’, Our
results suggest that the non-processive nature of Kinesin-14 motors is
crucial for their cooperative ability. Motors with low duty ratios, like
the non-processive ones, are less likely to interfere with the

functioning of other motors compared to high duty ratio, processive
motors. This is analogous to the role of non-processive myosin-2 in
muscle filament sliding**™*%, suggesting that Kinesin-14 motors are
evolutionarily adapted to work collectively in driving the inward-
directed sliding motion of anti-parallel MTs and countering the
outward-directed forces of mitotic Kinesin-5 motors, which act
oppositely on the same MT pairs during metaphase’.

Furthermore, our study shows that single HSET molecules are
non-processive under load, performing single power strokes per MT
encounter and generating forces of only -0.5pN (Fig. 2C, D). This
contradicts earlier assertions of HSET’s processivity and higher force
generation®. Our experiments, including photo-bleaching (to rule out
motor aggregation) and motor-dilution experiments using the optical-

Nature Communications | (2024)15:6564



Article

https://doi.org/10.1038/s41467-024-50990-x

A B

direction of movement

HSET motor domain
/

tail domain
: ).' X
glass coverslip anti-GFP antibodies
C D E
120 — 120— 120 —
i N i N
100 — 100 100 — ¢
= 1 8 s 1 3 % :
(2 -~ =
= 80 i S 80— - S 80— i
= . [ ] 5 n 5 T
> 60— - 2 60— 2 60— !
(8] a [$] a Y o .
ke % & S . ke
o 40 > e = o 40 * o 40 g
i = i N
20 ’ ! 20-{ ¢ = ‘*‘ 20—
0 I I I 0 | T 0 I I I
15 5.8 29.1 15 5.8 29.1 1.2 49 247
Concentration (nM) Concentration (nM) Concentration (nM)
F G H
120— 120— 120 —
100— 100 100—
— B ° — - Py m
(2] (2 (2]
IS 80 . c 80 e 80
£ 7 £ 7 £ 7
> 60— > 60— > 60—
g g g 1
o 40— © 40— © 40—
> i > i > i
20— 20— 20—
0 I I 0 I I I I 0 I I I
5.8 29.1 N ) N N I\ N N
\®) &) Q ) \%) &) %)
Concentration (nM) rb@’“ & & ¢ %Q‘J‘" & &
¥ & &Ee NI
SN \2\@ N Q Q\@ Qs‘

Fig. 4 | Cooperative effect of multiple HSET molecules on MT-gliding velocity.
A MT-gliding assay: GFP-HEST bound to cover glass via anti-GFP antibodies; non-
specifically bound motors interact with the gliding MT through their tails. B MT-
gliding assay without surface-bound antibodies: motors are non-specifically
absorbed to the cover glass. Increased interactions between the motor tails and the
gliding MT occur due to random motor orientations. C MT-gliding velocities with
increasing HSET concentrations bound to the cover glass via anti-GFP antibodies.
Green bars represent the mean values with 95% Cls. MT-gliding velocity in
HME30K50 buffer (HME30 buffer (HEPES 30 mM, pH 7.2, MgCl, 2 mM, EGTA 1 mM)
with 50 mM KCI) at 1.5nM: 56.7 1.6 nm/s (n=92); 5.8 nM: 44.7 £ 1.1nm/s (n=75);
and 29.1 nM: 31.8 + 0.8 nm/s (n = 81) (source data are provided as a Source Data file).
D MT-gliding velocities for non-specifically bound HSET in HME30KS50 buffer.
Green bars represent the mean values with 95% Cls. 1.5 nM: 50.3 + 1.7 nm/s (n = 69);
5.8nM: 31.9 £ 0.9 nm/s (n="78); and 29.1nM: 24.3 + 0.6 nm/s (n=77) (source data
are provided as a Source Data file). E MT-gliding velocities for GFP-HSETATail
bound via anti-GFP antibodies in HME30KS50 buffer. Green bars represent the mean
values with 95% Cls. 1.2 nM: 56.56 +1.18 nm/s (n =195); 4.9 nM: 60.72 + 0.91 nm/s

(n=193); and 24.7 nM: 65.82 + 0.67 nm/s (n =176). The velocity increases are sta-
tistically significant (P=0.0054 and P< 0.0001, two-tailed t-test) (source data are
provided as a Source Data file). F MT-gliding velocity of HSET in HME30 buffer
containing 200 mM KCI. Green bars represent the mean values with 95% Cls.
5.8nM: 59.2 +1.3 nm/s (n=88); and 29.1 nM: 59.7 + 0.8 nm/s (n = 81) (source data
are provided as a Source Data file). G MT-gliding velocity of HSET vs. ionic strength
(HME30 buffer with varying KCl): 29.1 nM GFP-HSET. HME30K50 buffer: 31.8 + 0.8
(mean = SEM) nm/s (n = 81); HME30K150: 42.4 + 0.7 nm/s (n = 81); HME30K200:
59.7 + 0.8 nm/s (n = 81); HME30K250: 81.7 + 1.4 nm/s (n = 83). The whiskers indicate
the range from minimum to maximum values. The boxes extend from the 25th to
75th percentiles, with the middle lines indicating the median values (source data are
provided as a Source Data file). H MT-gliding velocities of GFP-HSET-ATail bound to
via anti-GFP antibodies vs. ionic strength (24.7 nM GFP-HSET-ATail): HME30K50
buffer: 65.7 £ 0.9 nm/s (mean + SEM) (n =99); HME30K150: 70 + 1 nm/s (n=102);
and HME30K250: 68.8 + 0.9 nm/s (n=97) (source data are provided as a Source
Data file).
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trapping assay, reinforce the conclusion that the previously reported
1.1pN force likely resulted from the cooperative action of multiple
HSET molecules. Importantly, we verified that the expression system
was not a source of error, as HSET expressed in insect cells and E. coli
bacteria generated similar ~0.5 pN forces (Fig. 2C, D and Suppl. Fig. 22).
The weak force-generation capabilities of HSET we report here is fur-
ther substantiated by observations that achieving a force of approxi-
mately 1pN necessitates the collaboration of 2-3 Ncd molecules®.

At higher motor concentrations, we observed substantial forces
up to ~8 pN for KIpA and ~4 pN for HSET. The measured forces depend
on factors such as the maximum number of motors in an oligomer and
the presence of motors that non-specifically bind to the bead surfaces,
contributing to force generation. These forces required movements
spanning over ~100 nm under load (Fig. 1G and Fig. 2I). This observa-
tion suggests that multiple KIpA and HSET molecules exhibit proces-
sive motion when working collectively. The generality of this property
within the Kinesin-14 family is supported by studies on Ncd. Ncd not
only generates additive forces when functioning in teams but also
demonstrates processive movement under unloaded conditions when
assembled in groups using DNA scaffolds'. Additionally, assemblies of
the Saccharomyces cerevisiae Kinesin-14 motor PklI1 exhibit processive
motion along MTs when bound to a single quantum dot*’. Hence, the
cooperative behavior observed among non-processive Kinesin-14
motors appears to be conserved across different species.

The limited force production of Kinesin-14 motors can be
explained by a cryoEM study that investigated the ATP-driven power
stroke of Ncd'. In contrast to the processive movement of Kinesin-1,
which takes ATP-hydrolysis driven hand-over-hand steps of -8 nm
along MT filaments®*, Ncd exhibits a distinct mechanism. During each
encounter with a MT, Ncd'’s coiled-coil stalk undergoes a single ATP-
driven rotation of ~70° towards the minus-end of the MTs'". This
angular displacement can be used to relate the estimated load-free
power strokes we report here to the lever-arm lengths of the motors.

Our analysis from tail-truncation experiments, integrated with
motor stiffness measurements, revealed that the load-free power-
stroke lengths for both full-length KIpA and HSET are in the vicinity of
35 and 31 nm, respectively. This finding is supported by predictions
from AlphaFold®, which suggest lever-arm lengths of about 32 and
25 nm for KIpA and HSET, respectively (Suppl. Fig. 14), corresponding
to power stroke lengths of 39 and 31 nm when accounting for the 70°
angular displacement™ (Suppl. Fig. 23). Thus, the estimated load-free
power strokes we present here for KIpA and HSET are in close agree-
ment with the predictions from AlphaFold, suggesting that the
approximation of the motor’s force-dependent stiffnesses by a WLC
model results in rather accurate estimation of the actual power-stroke
lengths. Notably, our finding of a 32 nm lever arm means that KIpA has
the largest known lever arm among molecular motors today, sur-
passing Myosin V, which has a lever arm length of 26 nm>. Interest-
ingly, our measurements show a closer agreement for HSET, likely due
to sequence variations in the coiled-coils and the resulting differences
in the persistence lengths of the lever arms. Moreover, our assay-
specific considerations indicate that these measurements represent
the minimal detectable power-stroke sizes, considering potential bead
rotation and axial position shifts during the power stroke (Suppl.
Fig. 20). In addition, while we assume a 70° angular displacement that
is symmetric about the optical axis of the optical trap (Suppl. Fig. 23), it
is possible that the starting angle and the range of the power stroke
differ between different members of the Kinesin-14 family. Finally, it is
possible that other non-linear models may describe the force-
dependent stiffnesses of Kinesin-14 motors more accurately than the
WLC model we used here. However, we don’t expect that other models
will result in significantly improved estimates for the lever-arm lengths
of Kinesin-14 motors as the AlphaFold predictions and our combined
lever-arm truncations and optical trapping studies agree already rather
well despite the possible shortcomings described above.

The discrepancy in a previous three-bead optical tweezers study
of full-length Ncd (amino acids 1-700), which reported a power stroke
of only -9 nm even after compliance correction?, likely stems from
non-specific motor binding to the pedestal bead. This binding method
likely rendered the measurements less sensitive to variations in tail
length. Supporting this hypothesis, our measurements on a tail-
truncated Ncd construct (amino acids 209-700) revealed an uncor-
rected power stroke of ~9 nm, in contrast to the ~6 nm reported for full-
length Ncd®. This difference suggests that a substantial portion of the
tail’s coiled-coil did not contribute to the power stroke in the earlier
measurements. AlphaFold’s prediction of a~22 nm lever arm for full-
length Ncd (Suppl. Fig. 14C) and the corresponding power stroke of
~27 nm (Suppl. Fig. 23) is largely consistent with the estimated load-
free power stroke of ~29 nm for a slightly shorter Ncd construct (Suppl.
Figs. 14C and 18D). That our estimated load-free power stroke size for
the shorter Ncd construct is somewhat larger than the power stroke
size that one calculates from the predicted length of the full-length
lever arm, not only underscores the importance of the length of the
coiled-coil sequences but also implies that additional sequences in the
unstructured tail region (amino acids 1-194 in Ncd) may also contribute
to the motor’s lever-arm length.

Measurements on Ncd at limiting ATP concentrations also indi-
cated a~2 nm axial displacement upon initial MT binding, along with
a-2nm off-axis component®. In contrast, our measurements for all
tested Kinesin-14 motors did not show any measurable displacements
upon MT binding in the absence of ATP (Suppl. Figure 4). This dis-
crepancy may arise from the method of attaching the MT to the
trapping beads in the three-bead assay, where the MT is connected not
at its ends but at sites along the MT. Such an attachment leads to MT
bending when force is applied through the attached beads, potentially
causing off-axis measurements and initial off-axis displacements upon
motor binding. In contrast, in our single-bead assay, where the MT is
attached to the cover-glass surface and the bead is directly centered on
top of the MT, all three tested Kinesin-14 motors completed the power
stroke in a single ATP-driven step along the MT’s long axis (Fig. 1E and
Suppl. Fig. 7). Therefore, for more accurate measurements of power
strokes in MT-associated kinesins, the single-bead assay seems more
appropriate, unless the MTs are attached end-on to the trapping beads
in the three-bead assay.

Beyond resolving discrepancies from previous studies, our
research reveals that the force generation of Kinesin-14 motors is
limited by their ability to displace the lever arm under load and the
force produced per unit of displacement. Our study demonstrates that
the force output of HSET increases with trap stiffness (Suppl. Fig. 13A),
while the displacement it generates decreases (Suppl. Fig. 13B). This
indicates that a higher load restricts HSET’s ability to complete a full
power stroke, similar to an arm-wrestler facing a stronger opponent.
Consequently, the finite length and load-dependency of their lever
arms lead to HSET and KIpA generating an average force of merely
around 0.5 pN. While it has been previously suggested that a pair of
Ncd molecules is required to generate a force of about 0.5 pN¥, the
lower trap stiffnesses used in this study (0.014-0.027 pN/nm) might
have limited the ability to observe the full force-generation potential of
individual Ncd molecules. In summary, Kinesin-14 motors, although
non-processive and relatively weak in force generation when operating
individually under load, display processive motion and generate sub-
stantial forces when operating collectively.

Finally, we have successfully identified the root cause of the pre-
viously observed negative cooperativity of HSET and Ncd in multi-
motor assemblies during MT-gliding assays***". We discovered that
this phenomenon arises from unwanted interactions between the
N-terminal MT-binding tails of the Kinesin-14 motors and the trans-
ported MT, facilitated by non-specific motor interactions with the
cover glass. Essentially, these interactions act as brakes, impeding the
gliding motion. Confirming our hypothesis, MT-gliding assays with tail-
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less variants of HSET and KIpA showed increases in velocity as the
motor concentrations were raised. Thus, akin to the functioning of
myosin-2 motors in muscle***’, Kinesin-14 motors have evolved to
collaborate effectively in sliding anti-parallel MTs inward within the
mitotic spindle. This cooperative behavior generates substantial forces
that counterbalance the opposing forces generated by the MT plus-
end-directed tetrameric Kinesin-5 motors during metaphase.

Methods

Plasmids

The pET-17b plasmid containing the codon-optimized GFP-KIpA
construct is from a previous study”. The truncated KIpA constructs
KIpA-T1 (amino acids 298-770) and KIpA-T2 (250-770) were gener-
ated using Gibson Assembly (NEB, #E5510). The mCherry-KIpA con-
struct was derived by replacing the N-terminal GFP of GFP-KIpA with
the sequence of mCherry. The full-length HEST and the tail-truncated
HSET (HSETATail) constructs were prepared using the HSET cDNA
corresponding to Gen Bank Accession Number BC121041. The full-
length HSET construct (amino acids 1-673) and the HSETATail con-
struct (amino acids 139-673) were fused with the N-terminal ZZ-Tev
tag for purification as well as the GFP sequence for fluorescence
microscopy and for binding to anti-GFP antibody-coated trapping
beads. These constructs were integrated into the pFastbac vector
using Gibson Assembly (NEB, #E5510) for insect-cell expression. Full-
length Ncd (amino acids 1-700) and tail-truncated Ncd (NcdATail)
were prepared using the Ncd ¢cDNA corresponding to Gen Bank
Accession Number NM_057303.5. Both constructs were then fused at
the N-terminus to a His-tag for purification purposes and a GFP for
TIRF microscopy and for the binding to anti-GFP antibody-coated
trapping beads.

Protein expression and purification from E. coli

GFP-KIpA, KIpA-T1, KIpA-T2, mCherry-KIpA, GFP-Ncd and NcdATail
were expressed in E. coil cells**’. Briefly, plasmids were transformed
into BL21-CodonPlus (DE3)-RIPL competent cells (Agilent Technolo-
gies, #230280) with heat shock at 42 °C for 45 s followed by recovery
at 37 °C for 1 h in SOC medium. The cells were then plated onto Luria-
Bertani (LB) agar plate containing 50 pg/mL ampicillin and 30 pg/mL
chloramphenicol. Subsequently, a single colony was carefully selec-
ted and inoculated in 3 mL of LB broth for optimal growth. The 3-mL
culture was incubated at 37 °C overnight with continuous shaking. It
was then used to inoculate 400 mL of LB broth supplemented with
50 pg/mL ampicillin and 30 pg/mL chloramphenicol. The 400-mL
culture was incubated at 37 °C with vigorous shaking for 4-5h and
subsequently cooled on ice for 1h. To induce expression, isopropyl
- d-1-thiogalactopyranoside (IPTG) was added to the culture at a
final concentration of 0.1 mM. For the expression of GFP-KIpA, KIpA-
T1, KIpA-T2, and mCherry-KIpA, the culture was shaken at 18 °C
overnight. For the expression of GFP-Ncd and NcdATail, the culture
was shaken at 18 °C for only 4 h to minimize protein degradation. The
cells were harvested by centrifugation at 3000 x g for 10 minutes at
4 °C. Following the removal of the supernatant, the cell pellet was
fully resuspended in 5mL of B-PER complete bacterial protein
extraction reagent (Thermo Fisher Scientific, #89821) containing
2mM MgCl,, 1mM EGTA, 1mM DTT, 0.1mM ATP, 2 mM PMSF, and
10% glycerol. The fully resuspended cells were flash-frozen and
stored at -80 °C for further use.

The frozen cells were thawed at 37 °C. Following thawing, the
solution was nutated at room temperature for 20 minutes to allow
the lysozyme in the B-PER extraction reagent-containing solution to
lyse the cells. The cells were then further lysed by douncing on ice
with 10 strokes. The resulting cell lysate was clarified by centrifuga-
tion at 265,000 x g for 10 minutes at 4 °C using a TLA-110 rotor in a
Beckman Coulter tabletop ultracentrifuge unit. The lysate super-
natant was mixed with 200 uL of Ni-nitrilotriacetic acid (Ni-NTA)

resin (Roche Complete His-Tag purification resin, MilliporeSigma,
#5893682001) and incubated at 4 °C with gentle nutation for 1h.
Afterwards, the resin was washed with wash buffer (50 mM HEPES,
300 mM KCI, 2mM MgCl,, 1mM EGTA, 1mM DTT, 1mM PMSF,
0.1mM ATP, 0.1% Triton X-100, 10% glycerol, pH 7.2). Then, the
protein was eluted using elution buffer (wash buffer with 250 mM
imidazole). The eluate was flash-frozen and stored at -80 °C for fur-
ther use.

Protein expression and purification from insect cells

HSET and HSETATail were expressed in Sf9 cells (Gibco, #11496015)°.
Briefly, the pFastBac plasmid containing either HSET or HSETATail was
transformed into DH10Bac-competent cells (Gibco, #10361012) by
subjecting the cells to heat shock at 42°C for 45s, followed by
recovery at 37 °C for 4 h in S.0.C. medium (Gibco, #15544034). Sub-
sequently, the transformed cells were plated onto LB agar plates
supplemented with kanamycin (50 pg/mL), gentamicin (7 pg/mL),
tetracycline (10 pg/mL), BluoGal (100 pg/mL), and IPTG (40 pg/mL).
After a 36-h incubation period, positive clones were identified based
on the blue/white color screen. Subsequently, a single white colony
was carefully selected and inoculated in 3 mL LB broth supplemented
with kanamycin (50 pg/mL), gentamicin (7 pg/mL), tetracycline (10 pg/
mL) followed by incubation at 37°C overnight. Bacmid DNA was
extracted from overnight culture using an isopropanol precipitation
method with Qiagen buffer (Qiagen, #27104). For the generation of
baculovirus intended for Sf9 insect cell transfection, 2 mL of Sf9 cells
at a density of 0.5 x 10° cells per mL were seeded into six-well plates
(Corning, #3516). Subsequently, transfection was carried out by adding
2 pg of freshly prepared bacmid DNA and 6 pL of FuGene HD trans-
fection reagent (Promega, #E2311), following the instructions provided
by the manufacturer. The cells were incubated for 4 days, and the
supernatant containing PO virus was collected. To generate P1 virus,
0.5 mL of PO virus was used to transfect 50 mL of Sf9 cells at 1.5 x 10°
cells per mL. The supernatant containing P1 virus was collected by
centrifugation at 200 x g for 5 minutes at 4 °C after 3 days. The P1 virus
was stored at 4 °C in the dark until use. To initiate protein expression,
5mL of the P1 virus was utilized to transfect 500 mL of Sf9 cells at a
density of 2 x 10° cells per mL. Following a 60-h incubation period, the
cells were harvested by centrifugation at 3000 x g for 10 minutes at
4 °C. The resulting cell pellet was resuspended in 15 mL of ice-cold PBS
and subjected to another round of centrifugation. After removing the
supernatant, the cell pellet was flash-frozen in liquid nitrogen and
stored at -80 °C for subsequent use.

HSET and HSETATail were purified from frozen Sf9 pellets®. The
frozen pellets from a 500-mL insect cell culture were thawed on ice
and resuspended in lysis buffer (50 mM HEPES, pH 7.4, 2 mM MgCl,,
1mMEGTA, 100 mM NaCl, 1 mM DTT, 0.1 mM ATP, 10% [v/v] glycerol,
2mM PMSF) supplemented with one protease inhibitor cocktail
tablet (cOmplete-EDTA free, Roche, #11836170001) to a final volume
of 50 mL. The cells were lysed using a dounce homogenizer with
20 strokes, and the resulting lysate was cleared by centrifugation at
265,000 x g for 10 minutes at 4 °C using a TLA-110 rotor in a Beckman
Coulter tabletop ultracentrifuge unit. The clarified supernatant was
incubated with 3 mL of IgG Sepharose 6 Fast Flow beads (Cytiva,
#17096901) for 4 h with rotation. Following the incubation period,
the protein-bound IgG beads were transferred to a gravity flow col-
umn. The beads were then washed sequentially with 100 mL of lysis
buffer and 100 mL of TEV buffer (50 mM Tris-HCI, pH 8.0, 250 mM
KAc, 2mM MgCl,, 1mM EGTA, 1mM DTT, 0.1 mM Mg-ATP and 10%
[v/v] glycerol). Subsequently, the beads were resuspended in TEV
buffer with a final volume of 5 mL. Then, 100 pL of TEV protease (New
England Biolabs, #P8112S) was added, and the mixture was incubated
at 4°C on a roller overnight. After TEV cleavage, the beads were
separated by centrifugation at 1000 x g for 1 minute at 4 °C, and the
protein of interest was concentrated to 1mL using a 50kDa
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molecular weight cut-off (MWCO) centrifugal filter (Millipore,
#UFC505024). Finally, the concentrated protein was flash-frozen in
liquid nitrogen for storage.

Polymerization of polarity-marked MTs

Polarity-marked MTs were polymerized from tubulins®®. Briefly, unla-
beled porcine brain tubulin (Cytoskeleton, #TL590M), biotin-tagged
tubulin (Cytoskeleton, #T333P) and rhodamine-labeled tubulin
(Cytoskeleton, #T240) were dissolved in buffer (80 mM PIPES, 2 mM
MgCl,, 1mM EGTA, 10% glycerol, 1mM DTT, 1mM GTP) to a final
concentration of 2mg/mL. To create the brighter MT ends (“the
seeds”), 0.3 pL of each tubulin was mixed and then incubated at 37 °C
for 5min. 6 puL of unlabeled tubulin, 0.3 pL of biotin-tagged tubulin,
and 0.3 pL of rhodamine-labeled tubulin were added to this mixture,
followed by a further 20-minute incubation at 37 °C. Subsequently,
paclitaxel was added to the mixture to reach a final concentration of
1mM, and the mixture was incubated for an additional 10 minutes at
37°C. To remove un-incorporated tubulin, the tubulin mixture was
carefully layered over a 60-uL glycerol cushion (80 mM PIPES, 2 mM
MgCl,, 1mM EGTA, 1mM DTT, 10 uM paclitaxel, and 60% glycerol) and
centrifuged at 280,000 x g) for 10 minutes at room temperature using
a TLA-100 rotor in a Beckman Coulter tabletop ultracentrifuge unit.
Following the centrifugation, the supernatant was removed and the
pellet was washed twice by pipetting 20 pL buffer (80 mM PIPES, 2 mM
MgCl,, 1mMEGTA, 1 mM DTT, 10 uM paclitaxel, and 10% glycerol) onto
the pellet, followed by immediate removal of the buffer. Finally, the
pellet was resuspended in 7.5 pL buffer (80 mM PIPES, 2 mM MgCl,,
1mM EGTA, 1mM DTT, 10 uM paclitaxel, and 10% glycerol) by gentle
pipetting. The final MT stock solution was stored at room temperature
in the dark and used within 2 days.

MT-binding and -release assay

MT-binding and -release purification was performed to further purify
the motor proteins and to remove any inactive motors and aggregates.
50 uL of purified protein was buffer exchanged into low-salt buffer
(30 mM HEPES, pH 7.2, 50 mM KCI, 2mM MgCl,, 1mM EGTA, 1mM
DTT, and 0.1 mM AMPPNP) using a 0.5-mL Zeba spin desalting column
(7-kD molecular weight cutoff, Thermo Fisher Scientific, #89882).
AMP-PNP and paclitaxel were added to the flow-through to final con-
centrations of 1 mM and 10 uM, respectively. After adding 5 uL of 5 mg/
mL paclitaxel-stabilized MTs to the mixture, the solution was incu-
bated at room temperature for 5 minutes to allow motors to bind to
the MTs. The mixture was centrifuged through a 100-uL glycerol
cushion (80 mM PIPES, 2 mM MgCl,, 1mM EGTA, 1mM DTT, 10 uM
paclitaxel, and 60% glycerol) at 60,000 x g for 10 minutes at room
temperature using a TLA-100 rotor in a Beckman Coulter tabletop
ultracentrifuge unit. Subsequently, the supernatant was carefully
removed, and the pellet was resuspended in 50 uL of high-salt buffer
(30 mM Hepes, 300 mM KCI, 2mM MgCl,, 1mM EGTA, 1mM DTT,
10 uM paclitaxel, 3 mM ATP, and 10% glycerol). The MTs were sepa-
rated by centrifugation at 60,000 x g for 5 minutes at room tempera-
ture. The resulting supernatant, namely the MT-release (MT-R)
fraction, was collected and divided into aliquots. The aliquots were
then flash-frozen in liquid nitrogen and stored at -80 °C for further use.

MT-gliding assay

The flow chamber was assembled using a cleaned coverslip, a glass
slide, and two stripes of parafilms®. To immobilize motors on the
coverslip surface, 12 uL of a 0.4 mg/mL rabbit monoclonal anti-GFP
antibody solution was introduced into the slide chamber and incu-
bated for 10 min. The chamber was then washed twice with 20 pL of
blocking buffer (80 mM PIPES, 2 mM MgCl,, 1 mM EGTA, 1% Pluronic F-
127, and 1 mg/mL «-casein). The blocking buffer was incubated for an
additional 10 minutes to block the glass surface. After the blocking
step, the slide chamber was washed twice with 20 pL motility buffer

(HEPES 30 mM, pH 7.2, MgCl, 2 mM, EGTA 1 mM, with appropriate KCI
concentration). Subsequently, 10 pL of the motor solution (appro-
priately diluted in motility buffer) was introduced into the slide
chamber and incubated for 2 min. The flow chamber was then washed
twice with 20 pL motility buffer to remove unbound motors. A final
20 pL motility buffer containing fluorescently labeled MTs and sup-
plied with 1mM ATP, 20 uM paclitaxel, 50 mM glucose, and 1L of
oxygen scavenger system (gloxy) was introduced into the chamber.
MTs were visualized and imaged with an acquisition time of 200 ms for
a total of 200 frames per movie with a commercial total internal
reflection fluorescence (TIRF) microscope (Cairn and BioVision). The
velocity was analyzed using Fiji (ImageJ2), and the statistical analysis
and data visualization were performed using GraphPad Prism
(version 10).

Optical tweezers assay

Force measurements using optical tweezers were conducted with a
LUMICKS" C-Trap combined with TIRF and interference reflection
microscopy (IRM). The slide chamber assembly and polarity-marked
MTs were prepared as described in sections “MT-gliding assay” and
“Polymerization of polarity-marked MTs”*, The polarity-marked, rho-
damine X-labeled, and biotinylated MTs were immobilized onto a glass
coverslip using a-casein-biotin and streptavidin. For single-molecule
level measurements, each motor protein was appropriately diluted in
motility buffer (30 mM HEPES, 50 mM KAc, 2 mM MgCl,, 1 mM EGTA,
1mM DTT, 10 uM paclitaxel, 50 mM glucose, gloxy, 0.75mg/mL a-
casein, 0.25% Pluronic F-127, pH 7.2) and incubated with anti-GFP
antibody-coated beads (-1 um in diameter; carboxyl-modified poly-
styrene microspheres, Polysciences, #08226-15) for 10 min. The mix-
ture was then supplemented with 1mM ATP and introduced into the
slide chamber. Trapping assays were performed at 25 °C, using trap
stiffnesses ranging from 0.05 to 0.3 pN/nm. For force measurements
involving multi-motor KIpA complexes, anti-GFP antibody-coated
beads were initially incubated with GFP-tagged KIpA at single-molecule
concentrations for 10 minutes on ice. Following this, the beads were
centrifuged at 1000 x g for 2 min, and the supernatant was carefully
removed. The beads were then resuspended in 10 pL of motility buffer
containing appropriately diluted mCherry-tagged KIpA and incubated
on ice for an additional 5 min. After a second centrifugation at 1000 x g
for 2 minutes and the subsequent removal of the supernatant, the
beads were resuspended in 40 pL of motility buffer supplemented with
1mM ATP and then introduced into the chamber. While some residual
mCherry-tagged motors remain in solution following this procedure,
these motors do not accumulate on the MTs due to their brief, non-
processive power strokes (Suppl. Fig. 5B). Therefore, the residual
motors will not affect the bead-based force measurements, except
through their binding to the trapping beads. This binding would
enhance the force measurements rather than negatively impact them.

Analysis of optical trapping data

The optical trapping data were initially sampled at a rate of 20 MHz
and then digitally down-sampled by a factor of 256, resulting in a final
sample rate of 78.125 kHz. An anti-aliasing filter was applied to achieve
a passband of 31.25kHz, and the resulting data were fitted to the
Lorentzian power spectrum. The data, sampled at 78.125kHz, were
then transferred to a secure data server, and subsequently processed
using a custom-written MATLAB program. Within this program, an
averaging window spanning 200 data points was applied to the data
for visualization, serving to reduce noise while retaining the key fea-
tures of the data. Motor-MT interactions were identified by a notice-
able decrease in noise within the z-signal (Suppl. Figure 4), indicative of
motor binding to the MT. A binding event was classified as a power
stroke if it resulted in an average displacement of -2nm or more,
aligning with the detection limit of our measurements. To quantify the
power-stroke magnitude and associated force, we placed the
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positional markers to the initiation and termination points of the dis-
placement deviation (Suppl. Fig. 24). This positioning automatically
triggered the calculation of the average distance from the trapping
center (indicating the power-stroke size), the variance in position
during the post-power stroke phase (to calculate the motor’s com-
pliance), and the corresponding force generated, using the non-
averaged data.

Calculation of the compliance of the motor- and GFP-antibody
bead linkage and correction of the power stroke

The motor and the GFP-antibody bead linkage together create a series
compliance with the bead. Consequently, the measured bead dis-
placement during the motor’s power stroke is smaller than the actual
motor displacement, behaving like springs under load. To estimate the
compliance-corrected motor displacement, we analyzed the variance
0% (x,) of the bead’s position under a force produced during a power
stroke. This method, previously applied to kinesin-1 stepping along
MTs in a stationary optical trap®*“°, is based on the equipartition the-
orem and assumes a linear force-extension relation for the elastic
elements with force-independent stiffnesses. The combined stiffness
of the motor and bead-linkage, km.iink, is defined by:

kgT
Km _link = azfxb) — ktrap- @

Given that kn.in accounts for various unknown elastic elements
and fluctuations, we anticipated its dependency on force. We, there-
fore, consider kq.ink as a local property in the vicinity of a given force
and refer to it as a local stiffness. To determine the force-dependent
stiffness, we measured the variance of the trapped bead during each
power stroke. The trap stiffness k., derived from the optical trap’s
active calibration® accounts for processes such as parasitic filtering of
the position-sensitive detector (PSD)®. The variance analysis does not
consider these processes; hence, we compared the variance of the
trapped bead during the power stroke to the baseline position variance
before and after the power stroke. These variance values were then
used to calculate knjink. The calculated kjinc Values were subse-
quently smoothened using a sliding window of 0.1 pN width (see, for
example, Fig. 3D).

The observed increase in the local stiffness with force suggests a
non-linear elasticity of the bead’s linkage to the filament. To determine
the relation between the compliance-corrected motor displacement
and the measured bead position for a given trap stiffness, we used the
worm-like chain (WLC) model. This model describes the non-linear
elasticity of biological polymers, including DNA* and proteins****. The
WLC force-extension relation is approximated as®*:

KT 1

_ (Xm
Fyic(xp) = E(“ 1-

21 —Xxp)
% + T), 2)

(xm — xb)

Ly )
where Lo is the contour length and I, is the persistence length. Both
parameters are free fit parameters in our model. This approach treats
the motor’s three-dimensional geometry with its lever arm as a one-
dimensional problem, combining effects from bending and stretching
of the lever arm and motor domain into one non-linear force-extension
relation. Consequently, it is challenging to relate the contour length
and the persistence length obtained from the WLC model to the
physical length scales of the motor protein’s lever arm.

The potential energy of the trapped bead is defined by the
quadratic potential from the optical trap and the non-linear potential
from the WLC as:

k
t;wxi _/FWLCdxb' (€)

V(xp)=

This integral can be solved analytically. Assuming mechanical
equilibrium, the variance is given by:

) 0o 2
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(o 0] o0
where P(xp) is the normalized Boltzmann distribution:

e Vo) /KT
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These integrals are numerically solvable, and we implemented
their solution into a fitting procedure that minimizes the squared
distance between the model’s local stiffness and the experimentally
obtained local stiffness. We used Python’s numpy and scipy packages
for minimization and integration. For the unknown motor position x,,,
(i.e., the proximal end of the lever arm), we used a range from 1 to
120 nm. Including variance measurements for low forces (<0.2 pN)
resulted in unrealistic large estimated motor displacements (>70 nm).
We reasoned that a hinge-like flexibility of the lever arm at low forces
could contribute to the variance, and that the variances above 0.2 pN
more faithfully reflect the elasticity of the coiled-coil lever arm. To
address this, we introduced the lower-bound k" iy =0.01pN/nm
for the local stiffness for all constructs. This lower bound defines the
stiffness of the WLC for small forces and provides a constraint between
the two free parameters:

3kT
IP = min
2Lk

m-—link

(6)

By using this constraint, the WLC model was reduced to a single
free model parameter, Lo, resulting in a very robust fitting procedure.
The results of these fits (KIpA: Lo =77.59 nm; HSET: Lo = 89.39 nm; Ncd:
Lo=67.05nm; KIpA-T1: Lo =71.89 nm) are shown in Fig. 3D and Sup-
plementary Figs. S13C, S16C, and S18C. Atomic force microscopy
measurements®* suggests that the contour lengths of the coiled-coils
of 223 residues (KIpA), 169 residues (HSET), 151 residues (Ncd), and 110
residues (KIpA-T1) (Suppl. Fig. 14A) are approximately 80, 60, 55, and
40 nm (0.36 nm per residue®), respectively, when the coiled-coils are
stretched. While the chosen k%n_link is extrapolated and we propose
that Kinesin-14’s coiled-coils bend under load rather than being stret-
ched, the reported measurements suggest that the contour lengths we
obtain from our WLC model may be close to the true contour lengths
of Kinesin-14’s lever arms even under bending.

With the calibrated WLC model, we could numerically invert the
functions to determine the corrected motor position x,, for a bead
displacement at a given trap stiffness, which we then interpret as an
estimate for the load-free power stroke. We calculated the error range
for the estimated load-free power strokes by performing two addi-
tional fits of the WLC model to the local stiffness data: one by adding
the associated SEM to the stiffness data and another by subtracting the
SEM. These fits provided the upper and lower bounds of the estimated
load-free power strokes. We used these bounds to calculate single
value errors, termed “propagated error”, by determining the differ-
ence between the value of the mean and the upper and lower bounds,
then choosing then the larger difference as the presented error of
the mean.

Finally, to compare the estimated load-free power stroke length
with the power stroke length predicated by AlphaFold (Suppl.
Fig. 23), we adjusted for the length of the GFP-antibody bead linkage
by subtracting 8 nm. This adjustment accounts for the 4-nm length of
GFP and a part of the ~-8-nm-long antibody complex (Suppl. Fig. 25).
The antibody’s heavy chains are ~-8.5 nm long, with about half of this
length forming the variable light chains®. Depending on which part
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of the entire antibody complex adheres to the bead surface during
the cross-linking process, we estimate that approximately 8 nm
effectively contributes to the length of the GFP-antibody bead link-

age once the GFP

is bound to the antigen-binding sites

(Suppl. Fig. 25).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the
corresponding author upon request. Source data are provided with
this paper.
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