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BIOPHYSICS

Drag-induced directionality switching of kinesin-5 Cin8
revealed by cluster-motility analysis

Himanshu Pandey'*, Emanuel Reithmann?*, Alina Goldstein-Levitin', Jawdat Al-Bassam?,

Erwin Frey?', Larisa Gheber'

Directed active motion of motor proteins is a vital process in virtually all eukaryotic cells. Nearly a decade ago, the
discovery of directionality switching of mitotic kinesin-5 motors challenged the long-standing paradigm that
individual kinesin motors are characterized by an intrinsic directionality. The underlying mechanism, however,
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remains unexplained. Here, we studied clustering-induced directionality switching of the bidirectional kinesin-5
Cin8. Based on the characterization of single-molecule and cluster motility, we developed a model that predicts
that directionality switching of Cin8 is caused by an asymmetric response of its active motion to opposing forces,
referred to as drag. The model shows excellent quantitative agreement with experimental data obtained under
high and low ionic strength conditions. Our analysis identifies a robust and general mechanism that explains why
bidirectional motor proteins reverse direction in response to seemingly unrelated experimental factors including
changes in motor density and molecular crowding, and in multimotor motility assays.

INTRODUCTION

The bipolar and tetrameric kinesin-5 motors perform essential func-
tions in mitotic spindle dynamics by cross-linking and sliding anti-
parallel spindle microtubules (MTs) apart (1-3). In kinesin-5 motors,
the catalytic domain is located at the N terminus. Because they
share this attribute with all known plus-end-directed kinesins, they
were previously believed to be exclusively plus-end directed. Recent
studies showed that several kinesin-5 motor proteins, which are minus-
end directed at the single-molecule level, can switch directionality
under various experimental conditions. Thus far, three bidirectional
kinesin-5 motors have been identified (4-7): Cin8 and Kip1 in
Saccharomyces cerevisiae and Cut7 in Schizosaccharomyces pombe.
Their in vitro behavior is puzzling: Single Cin8 and Kip1 motors are
minus-end directed in high ionic strength but switch directionality
under low-ionic-strength conditions (5, 7, 8), as well as in multimotor
gliding assays (5-7). Cin8 was also shown to switch directionality
when engaged in sliding antiparallel MT's apart (6, 7), as a function
of the density of surface-bound motors that interact with MTs in
multimotor gliding assays (9), and when it forms clusters on single
MTs (10). Cut7 is minus-end directed in single-molecule experiments
and multimotor MT gliding assays (4, 11) but switches directionality
as a function of crowding of either motor or nonmotor proteins on
MTs (12). Notably, two kinesin-14 motors were recently demon-
strated to be bidirectional (13, 14), indicating that switchable direc-
tionality is more common in the kinesin superfamily than was
previously appreciated. The plethora of observations related to
directionality switching may indicate that bidirectionality is of
physiological importance, a notion that is also supported by a recent
theoretical study (15).
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Presently, however, there is no mechanistic explanation for all
these intriguing observations, and the remarkable ability of the
kinesin-5 motors to switch directionality remains unexplained. Here,
we study directionality switching due to clustering of motor pro-
teins (10), using a combined experimental and theoretical approach.
We developed a single-molecule fluorescence-based method of
analysis that enabled us to characterize the relationship between Cin8
cluster size and directionality. We found that while single Cin8 mo-
tors show minus-end-directed motion, clusters of Cin8 containing
two and more Cin8 motors are more likely to display plus-end-
directed motion. The motion of single Cin8 motors exhibits a large
diffusive component, which is markedly reduced for Cin8 pairs and
higher-order clusters. To explain these experimental results, we
propose a mechanism based on the interplay between an asymmetric
response of plus-end- and minus-end-directed active motion to
forces that oppose this motion (referred to as “drag”) and weak
attractive forces between motors. The mathematical analysis of a
corresponding theoretical model shows that this mechanism leads
to clustering-induced directionality switching of Cin8 from minus-end-
to plus-end-directed motility for realistic model parameters. The
model shows excellent quantitative agreement with experimental
data obtained under high- and low-ionic-strength conditions.
Moreover, the very same mechanism not only explains directionality
switching due to motor clustering but also provides a rationale
for directionality switching under diverse, previously reported con-
ditions, such as changes in the ionic strength or the motor density
in the motility assay, and molecular crowding with other motor and
nonmotor proteins. Thus, our combined experimental and theoretical
approach provides general insight into the possible mechanism and
origin of bidirectional motion of motor proteins.

RESULTS

Size-based classification of motile Cin8 motors

We have previously reported that clustering of Cin8 motors on MTs
is one of the conditions that can switch its directionality from fast
minus-end- to slow plus-end-directed movement (10). However,
this analysis did not provide quantitative information on the relationship
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between directionality and the number of motors in a cluster, which
is essential for unraveling the underlying mechanism. Hence, to
establish a basis for the analysis of the link between Cin8 clustering
and the preferred direction of motility, we first developed an exper-
imental strategy to measure the cluster size, i.e., the number of Cin8
molecules in a cluster. By following the fluorescence intensity of
Cin8-GFP (green fluorescent protein) as a function of time, we ob-
served single photobleaching events of ~50 arbitrary units (a.u.), most
likely stemming from bleaching of a single GFP molecule (Fig. 1A).
Because single Cin8 motors are tetramers containing four identical
subunits, the maximal fluorescence intensity of a single Cin8 motor
containing four GFP molecules is likely to be ~200 a.u. On the basis
of this method of quantification, the population of Cin8 motors or
clusters was divided into three categories according to the number
of Cin8 molecules in each: (i) individual or “single” tetrameric Cin8
molecules (intensities <200 a.u.); (ii) “pairs” of Cin8 molecules, i.e.,
dimers of single tetrameric Cin8 molecules (intensities 200 to
400 a.u.); and (iii) higher “oligomers” of Cin8 (intensities >400 a.u.)
(Fig. 1B). Pairs and higher oligomers of Cin8 are also referred to as
“clusters” henceforth. “Cin8 motors” refers to moving Cin8 parti-
cles of unspecified cluster size. Further critical assessment of the

experimental approach used to determine the Cin8 cluster size is
given in Materials and Methods.

To study the relation between Cin8 cluster size and motility, we
performed experiments at saturating ATP (adenosine 5'-triphosphate)
concentration and high ionic strength (Fig. 1C), where Cin8 motors
were previously shown to be mostly minus-end directed and fast
moving relative to kinesin-5 motors in higher eukaryotes (6, 7, 10, 16).
In accordance with previous reports (6, 7, 10, 16), we observed that
~80% of the total motile Cin8 population was fast moving and
minus-end directed and that almost all these trajectories fell into
the category of single tetrameric Cin8 motors (Fig. 1, A to C; fig.
SAla, left panel; and Table 1, i). The remaining 20% comprise clusters
of Cin8, which exhibit increased incidences of plus-end-directed
and bidirectional trajectories (Fig. 1C; figs. SAla, middle and right
panels, and SA2a; and Table 1, i). We also observed that MT-bound
clusters of Cin8 move along MTs and undergo splitting and merg-
ing events (Fig. 1E), indicating that these are active motors rather
than nonspecific Cin8 aggregates. We found that ~19% of motile
pairs and clusters of Cin8 (n = 96) exhibited splitting events, of
which ~2% split into smaller clusters, ~5% split into a smaller clus-
ter and a single Cin8 molecule, and ~12% split into two single Cin8
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Fig. 1. Motility of Cin8 motors of different size. (A) Photobleaching profile of fluorescent Cin8-GFP motors. Single photobleaching steps, each likely representing the
photobleaching of one GFP, lead to a drop in fluorescence intensity of ~50 a.u. The red, green, and blue traces represent single motors, pairs, and higher oligomers of
Cing, respectively. (B) Intensity distribution of Cin8-GFP motors in the first frame of a time-lapse sequence (inset). The Gaussian peak (red) represents single Cin8-GFP
molecules constituting ~70% of the total Cin8 population. This peak is centered at ~120 a.u., which is the average intensity of a single Cin8 tetramer containing either one,
two, three, or four fluorescent GFP molecules, with each GFP molecule contributing ~50 a.u. to the total intensity. Accordingly, the maximal fluorescence intensity of
single Cin8 tetramers is 200 a.u. (C) Representative kymographs of Cin8-GFP motility along single MTs in the presence of 1 mM ATP. White arrows, fast-moving Cin8
motors; orange arrows, plus-end-directed Cin8 motors; blue arrows, clustering of Cin8 at the minus end of the MTs (70). Polarity of the MTs is indicated at the bottom.
(D) Representative kymographs of Cin8-GFP motility along single MTs in the presence of 1 mM ADP. (E) Representative kymographs depicting dynamic clusters of Cin8-GFP,
which split (yellow arrows) into smaller clusters or individual Cin8 molecules or merge (gray arrows) to form larger clusters while moving on single MTs. Asterisk indicates
the splitting and subsequently plus-end-directed movement of a Cin8 cluster initially accumulated at the minus end.
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Table 1. Velocities and diffusion coefficients obtained from MD/MSD analysis. Values are presented for experimental data (i) and simulated using the fully
quantified model for the collective motion of Cin8 (ii). na, not analyzed due to the paucity of this size of clusters.

(i) Experimental Vmp (nm/s)*

Vmsp (nm/s)*

D x 103 (nm?¥/s)*

Nucleotide* ATP ATP ATP ADP
[KCI] (mM) 165 110 165 110 165 110 165
Single molecules —237+8(71) —-18.1£0.2(39) 229+66 (71) 31£14(39) 102+11(71) 22.3+0.8(39) 10.4+0.1(28)

(ii) Simulation® Vp (nm/s) Vmsp (nm/s) D x 10® (nm?%/s)
Single molecules —229 227 109

Pairs of molecules 23.0 22.0 5.30
Higher oligomers” 16.8 15.7 2.26
Clusters with

three molecules 174 &2 Z=s
Clusters with four

molecules 11.5 9.58 1.79
Clusters with five 0.86 8.25 132

molecules

*Vmp and Viusp represent velocities evaluated from MD and MSD analyses, respectively. Negative values of velocity represent motility in the minus-end

direction. Averages + SEM are presented. Values in parentheses represent the numbers of Cin8 motors analyzed.
§Values were obtained by fitting the linear function (x(t)) = vupt to the temporal evolution of the

MSD analysis. #Nucleotide concentrations are 1 mM.

tDiffusion coefficient evaluated from the

MD, and the quadratic function <x(t)2> = vaSD 2+ 2Dyispt to the temporal evolution of the MSD, where x(t) denotes the position of the respective particles at
time t on the MT, and angle brackets refer to an ensemble average over different trajectories. An attachment rate of k3" = 2- 107°s™" was used. A lattice size of
L = 5000 was used. Other model parameters are listed in table SB1. For further description on the evaluation and tracking method, see sections SB3 and SB4.

Values correspond to experiments under high ionic strength conditions (165 mM KCl) in the presence of saturating ATP concentration.

|| Parameters

obtained from MD and MSD analyses of clusters containing three, four, and five Cin8 molecules, listed in the three lower rows of this table.

molecules. In addition, ~15% of clusters that accumulated at the
minus end of the MT's (n = 46) exhibited directionality reversal and
moved in the plus-end direction during the observation time.
Moreover, clustering occurred regardless of the nucleotide state,
both under high and low ATP concentrations and in the presence of
ADP (adenosine 5'-diphosphate) [Fig. 1, Cand D, and figs. SA1 and
SA2 (b and ¢)], indicating that it is an intrinsic property of Cin8.
Experiments carried out in the presence of ATP clearly showed that
the cluster size correlated with the propensity for plus-end-directed
motion. While only 3% of single-molecule trajectories were, on av-
erage, plus-end directed, 40 and 70% of the trajectories of pairs and
oligomers of Cin8, respectively, exhibited net movement toward the
plus end (fig. SAla). Notably, in each cluster size category, the ve-
locity of minus-end-directed motion was considerably faster than
that of plus-end-directed motility (fig. SAla).

In summary, as a basis for further analyses, we developed an
experimental approach that enabled us to assess the number of
Cin8 molecules in a moving cluster. This, in turn, allowed us to
quantitatively show that the preference for slow, plus-end-directed
motion correlates with increasing size of Cin8 clusters and that
pairs of Cin8 motors can switch directionality.

Individual Cin8 motors exhibit a large diffusive component

To better understand the implications of Cin8 clustering, we next
sought to analyze and compare the motion of single Cin8 molecules
and Cin8 clusters. As central quantities for the characterization of
the motility, we used the average displacement velocity and the dif-
fusion coefficient, obtained from an analysis of the mean displace-
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ment (MD) and mean-squared displacement (MSD) (Fig. 2, A and B,
and Table 1, i). This quantitative analysis further supported the
observation that single Cin8 motors are fast and minus-end di-
rected (v = =237 nm/s), while pairs and clusters of Cin8, on average,
are slow and plus-end directed with velocities of v = 23 nm/s and
v = 11 nm/s, respectively (Fig. 2, A and B, and Table 1, i). In the
presence of ATP, the motor dynamics deviates from diffusive be-
havior (Fig. 2B), confirming that single Cin8 molecules and Cin8
clusters exhibit active motion (8, 17). In contrast and as expected, we
observed only diffusive motion, with no net displacement in the
presence of ADP (Fig. 1D) (8, 17).

Next, we focused on the motility of single Cin8 molecules to
establish a basis for a mechanistic model of Cin8 motion. In addi-
tion to the large velocity reported above, single Cin8 molecules also
exhibited an exceptionally high effective diffusion coefficient of
D =~ 102 -10° nm?¥/s in the presence of ATP (Fig. 2B and Table 1, i).
This value may relate to a large bidirectional component in the
motion of Cin8, which could arise from active bidirectional step-
ping, Brownian motion, or a combination of both. In the presence
of ADP, the diffusion coefficient was substantially lower with a value
of D =10 - 10°> nm?/s (Table 1, i). The considerable decrease in the
diffusion coefficient in the presence of ADP relative to ATP sug-
gests at first sight that single Cin8 motors may indeed exhibit active
bidirectional stepping that leads to additional effective diffusive be-
havior, which vanishes in the absence of ATP. There is, however, an
additional counteracting effect. The average dwell times of ADP-
bound Cin8 are longer, indicating an increased affinity of Cin8 for
MTs under this condition (see section SA2.3), which, in turn, is
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Fig. 2. MD and MSD of Cin8 motors of different size. MD (A) and MSD (B) analyses
are shown for single Cin8 molecules (red), pairs of Cin8 (green), and higher oligomers
(blue) in the presence of 1 mM ATP (circles) or ADP (triangles). In the presence of
ADP, every third point is indicated for better visibility of the two plots (single molecules
and pairs). The black solid lines are linear (MD = vt) (MD) or statistically weighted,
second-order polynomial fits (MSD = e+ 2Dt) (MSD). Values of the mean velocity
(V, nanometers per second) and the diffusion coefficient [D, square nanometers per
second (x10%)] are indicated. Error bars represent SEM. Negative values of velocity
represent motility in the minus-end direction. In (B), the inset shows a zoomed-in
plot depicting the MSD curves for Cin8 pairs (green) and oligomers (blue).

expected to reduce the diffusion coefficient. To discriminate be-
tween the different possible origins of the large diffusion coefficient,
we estimated the potential ATP turnover rate required to obtain the
observed diffusion coefficient by active bidirectional stepping alone
and obtained a value of approximately 3000 ATPs/s (see section
SB2.1 for a detailed computation). Such a high turnover rate exceeds
known values for other kinesins by at least one order of magnitude
(18-20). Moreover, the diffusion coefficient measured for Cin8 in
the presence of ATP shows a value that is typical for molecules that
exhibit an ATP-independent diffusive component of motion along
MTs (21-23). Thus, it is likely that the largest contribution to the
diffusion coefficient of individual Cin8 motors originates from
Brownian motion. Here, this argument does not exclude the pres-
ence of an additional, but notably smaller, contribution of ATP-
dependent (active) bidirectional motion to the diffusion coefficient.

Overall, we conclude from the statistical analysis of the ensemble
of stochastic motor trajectories that single Cin8 molecules show an
active, ATP-dependent component, leading to minus-end-directed
motion of single motors and plus-end-directed motion of clusters.
Single Cin8 motors exhibit a strong diffusive component, which is
largely attributable to Brownian motion.

Cin8 motors are subject to weak attractive interactions that
reduce cluster diffusion

We next asked whether clusters of Cin8 display markedly different
behavior. By performing an MSD analysis, as detailed in the previ-
ous section, we found that clusters of Cin8 motors indeed exhibited
a substantially decreased diffusion coefficient as compared with single
Cin8 motors (Fig. 2B and Table 1, i). For example, the diffusion co-
efficient for pairs of Cin8 was approximately 20 times smaller than
that of single motors (Table 1, i). On the basis of our observations,
we hypothesized that weak attractive interactions between Cin8
tetramers cause clustering of motors and might also be the underlying
cause of the reduced diffusion coefficients of clusters.

To test these hypotheses, we formulated a detailed computational
model that integrates molecular features and enabled us to predict
the consequences of such weak interactions for the motion and
clustering of Cin8 motors and, ultimately, for their directionality.
This model comprises two main modules, one for the diffusive and
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one for the active components of the motions of the motors. Thus,
we first quantified the model parameters related to Cin8 inter-
actions by establishing a functional relation between cluster diffusion
and attractive interactions (while neglecting active motion) (Fig. 3A
and see Materials and Methods). This approach is justified as—based
on the above considerations—the diffusive component of motion
mainly reflects the impact of Brownian motion. In a next step (see
the following paragraph), we added a module that accounts for active
motion and its response to motor interactions, thereby establishing
a mechanistic link between clustering and direction switching. Note
that based on previous reports that indicate that the bipolar assembly
domain of kinesin-5 motors is a rigid filament (24-26), we present
in illustration a scenario where one pair of catalytic domains is
bound to a single MT. On the basis of our computational analysis,
increasing Cin8-Cin8 interaction strength decreases the diffusive
motion of a Cin8 pair or cluster (Fig. 3B). From the relationship
between the attractive force F;,; and the diffusion coefficient D, we
inferred that the experimentally measured diffusion coefficient of
D =5 - 10° nm?/s for a pair of Cin8 corresponds to an attractive
force of Fip = 1.4 pN (here, the sign convention is such that positive
signs denote attractive forces) (Fig. 3B, dashed line). This value is
close to the stall force for Cin8 (=1.5 pN) observed in motility assay
experiments (9). Thus, on the basis of the difference in the diffusion
coefficient of single Cin8 molecules and pairs of Cin8, we conclude
that one of the likely mechanisms of Cin8 clustering is the existence
of attractive forces between MT-bound Cin8 molecules. With the
inferred parameter, there is quantitative agreement between the
computational model and experimental observations (see the section
‘Asymmetric response of active motion to drag explains direction-
ality switching of Cin8 clusters’ and section SB5).

Asymmetric response of active motion to drag explains
directionality switching of Cin8 clusters
After establishing the role of attractive interactions in the diffusive
motion of Cin8 and cluster formation, we next investigated whether
attractive interactions could cause clustering-induced directionality
switching. To address this question, we extended the computational
model to account for active motion. We assumed that Cin8 performs
active stepping in both plus- and minus-end directions and that
stepping in the two directions responds differently to opposing forces
(Fig. 3C and see Materials and Methods). Note that this response is
independent of the origin of the opposing force (drag) such that the
model should be universally applicable. The observation that attractive
forces between motors are in the range of the stall forces of plus-end-
and minus-end-directed motions of Cin8, as estimated above from
our data, suggests that an asymmetric drag response is likely to play
an important role in collective Cin8 dynamics and could potentially
play an essential role for switching of directionality in Cin8 clusters.
To test these ideas, we performed extensive stochastic simulations
of the full model while accounting for all of the above features (see
sections SB1 and SB2 for a detailed description of the computational
model and the choice of parameters). Notably, we find that our
model for Cin8 motion indeed exhibits directionality switching of
Cin8 clusters. As explained further below, this is not built into the
model per se but an emergent function due to a highly nontrivial
stochastic effect (caterpillar mechanism; see below). The kymographs
obtained from our stochastic simulations clearly show a tendency
for clusters to move toward the plus end of MTs (Fig. 4), in remarkable
agreement with experimental observations (Fig. 1C). To quantify
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Fig. 3. Computational model for collective Cin8 motion. (A) The diffusive module simulates Cin8 motors as random walkers with symmetric dynamics (gray arrows)
due to Brownian motion. Motors attract each other if they are within the interaction range R. The attractive force Fiy; (yellow ring) is assumed to be constant for distances
<R and zero otherwise. Attractive interactions affect motor dynamics (detailed balance) (see the main text and section SB1). (B) The diffusion coefficient of pairs of Cin8in
simulations focusing on the diffusive module (circles) decreased with increasing attractive forces F between motors. Attractive forces of 1.4 pN result in a diffusion
coefficient for Cin8 pairs that corresponds to that identified in vitro (dashed line; see also Table 1, ). (C) Top: Cin8 dynamics in the full computational model is composed
of bidirectional active motion (red/pink arrows) and a diffusive component (gray arrows; illustrated by motor blurring). In the absence of an opposing force, the minus-end-
directed active component is larger than the plus-end-directed component. Both the active and diffusive components are affected by opposing forces, referred to as
drag (gray area in the top right). Drag suppresses Brownian motion exponentially, and minus-end-directed active motion (pink) is more strongly impeded by drag than
is plus-end-directed active motion (red), such that the overall directionality switches under large drag. Bottom: The assumed force-velocity relation used in simulations,
with green shading corresponding to low drag (top left) and yellow shading corresponding to high drag (top right). The sizes of the arrows are chosen for illustrative

purposes only.

this visual impression, we analyzed the stochastic trajectories ob-
tained from the numerical simulation to calculate the MD velocity
and the diffusion coefficient (Table 1, ii, and sections SB3 and SB4).
In agreement with experiments, single Cin8 molecules show a
minus-end-directed MD velocity, opposite to that of pairs and
clusters. The model quantitatively reproduces the measured dis-
placement velocities, as well as diffusion coefficients, of single Cin8
motors, pairs, and higher oligomers of motors to a very high degree
of accuracy (Table 1, ii), with parameters independently determined
from experimental data and general stability arguments but no fur-
ther fitting parameters (see section SB2).

Because our computational model faithfully captured directionality
switching as characterized by the displacement analysis, we per-
formed a more detailed analysis of the distribution of cluster sizes
and motion. To this end, we determined the full statistics of cluster
size-dependent motility in simulations and experiments by com-
puting and measuring the average velocities and degree of cluster
intensity for each trajectory of single Cin8 motors or clusters.
Figure 5 shows that the resulting distribution obtained from simu-
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lations is in excellent agreement with the data obtained from exper-
iments. In addition, we found good agreement between experimental
data and simulation results for the clustering behavior at different
Cin8 concentrations. Increasing the Cin8 concentration in silico as
well as in vitro led to an increased number of clusters (bright traces
in kymographs) that slowly moved either in an undirected or plus-
end-directed manner (Fig. 6, A and B, top). This agreement is sup-
ported by the statistics of simulated and experimentally determined
cluster intensity (Fig. 6, A and B, bottom).

To further understand the mechanism underlying the observed
directionality switching of Cin8 clusters relative to the behavior of
single Cin8 motors, we performed additional simulations in which
we suppressed Brownian motion of Cin8. We found that direction-
ality switching of clusters was absent when motors exhibited negli-
gible Brownian motion (fig. SB6), which points to a decisive role of
Brownian motion in the directionality switching of Cin8 clusters.

Our model for collective Cin8 motion, which accounts for active
as well as Brownian motion, produces concentration-dependent
cluster intensity distributions that agree with experimental data
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Fig. 4. Simulated kymographs exhibit directionality switching due to motor clustering. Cin8 clusters were biased toward the plus end, while single motors were
biased toward the minus end. In the top row, simulation data were convoluted with a point-spread function to obtain images comparable to the experimental data,
where bright traces represent clusters (see section SB9 for details of the convolution method). The bottom row shows the same kymographs, but here, single Cin8 motors
(red), pairs of Cin8 (green), and larger clusters with more than two Cin8 molecules (blue) are depicted in different colors. Note that clusters with more than two motors
(higher oligomers; blue traces) were not further distinguished in this image as motivated by the experimental analysis. Polarity of the MTs is indicated at the bottom.
Identical parameters were used in the three simulations. To allow for initial motor binding and interactions, the first 1000 s of the simulation are not shown in the kymo-
graphs. See section SB2 and table SB1 for a detailed description and a complete list of the parameters used.
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Fig. 5. Relationship between motor intensity and velocity, comparison between simulation results, and experimental data. (A) Relationship between velocity and
intensity of Cin8-GFP motors obtained by simulations based on the computational model. Intensity is determined by multiplying the number of single Cin8 molecules
in a cluster by 200 a.u., the maximal intensity of a single Cin8 tetramer, based on the photobleaching curves (Fig. 1A). A detailed description and a complete list of the
parameters used in (A) are found in section SB2 and table SB1. (B) Same as (A) but measured experimentally. Total n = 134; minus-end-directed n =107, plus-end-direct-
ed n=27. Of the total motors, ~20% are plus-end directed, and 70% of the total minus-end-directed motors are monomers. The majority (~88%) of plus-end-directed
motors are clusters comprising >2 Cin8 molecules. Inset: Closeup distribution of slow-moving Cin8 motors. In (A) and (B), blue and yellow circles represent (-)- and (+)-
end-directed Cin8 molecules, respectively.

(Fig. 6, A and B, bottom). The similarity of these results to those
obtained with the model that accounts for Brownian motion only
(cf. Fig. 6, A to D) further supports the inference that clustering is
only affected to a minor degree by active motion, as argued previously.
Second, in our simulations, we found a sharp transition between a
regime with unstable clusters and one in which cluster formation is
strongly favored with increasing Cin8 concentration (fig. SB7). The
concentration at which this sudden transition occurs agreed excel-
lently with that which marks the onset of cluster formation in our
experiments (see section SB8 for additional data and analysis).

Asymmetric response to drag is supported by Cin8 motility
experiments at low ionic strength

The analysis based on the theoretical model suggests that the asym-
metric response of Cin8 to drag is the mechanism underlying direc-
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tionality switching from minus-end- to plus-end-directed motility.
Therefore, we asked whether such an asymmetric response could
also be observed more directly in experiments. Single Cin8 motors
are likely to experience increased drag while moving along an MT if
their affinity for the MTs is increased. Such a change of affinity can
be achieved by reducing the ionic strength of the buffer, since electro-
static interactions are less shielded under such conditions. Accord-
ingly, we performed experiments at a salt concentration of 110 mM KCL.
We observed that decreasing the salt concentration drastically in-
creased the number of MT-bound Cin8 motors compared with
high-salt conditions at similar concentrations of Cin8 (Fig. 7A) and
increased the landing rate of Cin8 (see section SA2.2). This indicates
that lowering the salt concentration indeed increases the affinity of
Cin8 for MTs and, hence, results in higher drag on moving Cin8
motors. To compensate for the increased affinity and still achieve a
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Fig. 6. Dependence of motility and clustering on concentration of Cin8. (A) Concentration-dependent clustering in simulations, in the presence of ATP. Top: Kymo-
graphs for different concentrations of Cin8, generated by simulations of the theoretical model. Bottom: Corresponding model-generated histograms of intensities of Cin8
motors bound to MTs at increasing concentrations of Cin8. (B) Experimental data for concentration-dependent clustering of Cin8 on single MTs. Top: Representative ky-
mographs obtained from time-lapse measurements of Cin8 motility at different Cin8 concentrations (see Materials and Methods). Bottom: Corresponding histograms of
intensities of Cin8 motors bound to MTs at increasing concentrations of Cin8. (C and D) Comparison of the distribution of cluster sizes determined in experiments in the
presence of ADP with those obtained in simulations of the model without active motion at different concentrations of Cin8. The nucleotide condition is indicated on the
right. In (A) and (C), the attachment rates were computed on the basis of the measured attachment rate at medium concentrations (1 to 2 pM): kon = {3.62 - 107>, 4.82 -
107%,9.04- 107} s™' from the left to the right. Lattice size in the simulations was L = 2000; other parameters were as in Fig. 5A. The percentage of the respective cluster size
observed in the simulations was computed by relating the summed existence times of all single particles and clusters for each of the different size categories. Concentra-
tions of Cin8 in simulations were ¢ ={0.75 — 1.5,1 — 2, 1.875 — 3.75} pM from the left to the right.

Pandey et al., Sci. Adv. 2021; 7 : eabc1687 5 February 2021 7 of13



SCIENCE ADVANCES | RESEARCH ARTICLE

Low salt (110 mM KCl); [Cin8] = 1.3 pM

High salt (165 mM KCl); [Cin8] = 2.0 pM

Cin8-MT

=)
-
X
S 1.0 1.0
& 0.5
i, " LA, Lol M
< ol 0 A 0lal\e a /j\
€ 0 5 5 10 0 5 10
- Dlstance (um)
B -
=
Q
hs
o
n
)
c
5
-+
C D
o 407 1110 MM Kl, [Cin8] = 0.4 pM 200 [Cing] = 0.4 pM
S W 165 MM KCl, [Cing] = 2.0 pM =
‘é (S0 € 100 V=1+0.02
2 : £
o =
5 8 9
B 2 a
E = 2
= o
z @
o : = Looe
0 100 200 300 400 0 : 0 15 20 25

Intensity (a.u.)

Time interval (s)

Time interval (s)

Fig. 7. Motility of Cin8 under low-salt conditions. (A) MT-bound Cin8 in the presence of low or high salt concentration. Top: Representative images of MT-bound Cin8
at salt concentrations indicated at the top. Bottom: Corresponding Cin8-GFP intensity profile of MT-bound Cin8 motors. (B) Representative kymographs of Cin8-GFP
motility along single polarity-marked MTs (polarity is indicated at the bottom) in the presence of 110 mM KCl and 1 mM ATP. (C) Intensity distribution histogram of
MT-bound Cin8 at high (165 mM KCl, dark gray) and low salt (110 mM KCl, light gray). (D and E) MD (D) and MSD (E) for single Cin8 molecules (red), pairs of Cin8 (green),
and higher oligomers (blue). The black solid lines are linear (MD = vt) (MD) or statistically weighted second-order polynomial fits (MSD = Ve + 2Dt) (MSD). Values of the
mean velocity (V, nanometers per second) and the diffusion coefficient [D, square nanometers per second (x10%)] are indicated. Error bars represent SEM. (A to E) Cin8

concentrations are indicated for each panel.

similar number of motors on the MTs, experiments under low-salt
conditions were performed with ~5-fold lower Cin8 concentration
(Fig. 7, Bto E).

In agreement with previous reports (7, 8, 27, 28), we found that
decreasing the salt concentration increases the fraction of plus-end-
directed Cin8 trajectories and considerably diminishes the average
displacement velocities (Fig. 7, B and D; fig. SA1(b); and Table 1, i).
However, it had previously not been established whether this effect
is caused by stronger Cin8-MT interaction or Cin8 clustering in-
duced by low ionic strength. Our ability to analyze the motility of
single molecules, pairs, and oligomers of Cin8 separately enabled us
to differentiate between these distinct effects on Cin8 motility. In
agreement with our hypothesis of an anisotropic response of active
motion to drag, our analysis revealed that it is not clustering per se
but an increased drag that switches the directionality of Cin8. Under
high-salt conditions, only 3% of the trajectories of single Cin8 mole-
cules were plus-end directed (fig. SAla), while 33% of single Cin8
trajectories showed switched directionality at low ionic strengths
(fig. SA1Db). The observation that additional drag by lowering the
salt concentration gives rise to directionality reversal is also in
accordance with our theoretical model. To show this, we estimated
the additional drag experienced by a single Cin8 motor moving on
the MT in low-salt buffer. According to the Arrhenius law, drag
suppresses diffusive motion by an exponential factor of e *E/kBT,
where AE is the additional energy barrier a motor has to overcome
when moving from one binding site on the MT to the next. We es-
timated that the energy barrier must be surmounted approximately
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halfway between two tubulin dimers, i.e., ~4 nm. Then, following
the Arrhenius law, the fivefold decrease in the diffusion coefficient
observed for single Cin8 molecules in low salt relative to high salt
(Fig. 4E and Table 1, i) implies an additional drag of approximately
1.6 pN. This value agrees with our modeling hypothesis that forces
of this magnitude which antagonize motion switch the directionality
of Cin8 (see Fig. 3C, bottom).

Together, we found that consistent with our computational model,
trajectories of single Cin8 motors become increasingly biased toward
the plus-end direction along with experiencing a larger drag at low
ionic strengths. Therefore, we conclude that not motor clustering
per se but drag or any external force that opposes motion can switch
the directionality of Cin8.

A caterpillar mechanism for directionality switching

of motion in Cin8 clusters

How the combined effects of diffusive motion and an asymmetric
response of active motion to drag led to clustering-induced direc-
tionality switching can be understood by the following mechanism,
illustrated in Fig. 8. Note that although we do not assume a specific
stepping mechanism, in the model presentation in Fig. 8, we show
one pair of catalytic domains (and not both pairs of the tetrameter)
interacting with a single MT. This presentation relies on previous
reports indicating that the central mini filament of the bipolar
assembly domain is rigid (24-26) and is likely to prevent extreme bend-
ing of the motor, required for simultaneous binding of the two pairs
of catalytic domains to the same MT. We start from a configuration in
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Fig. 8. Model for plus-end directional preference of Cin8 clusters. A fully contracted cluster of two Cin8 motors (1) may expand by movement of either motor away
from the other (cluster stretching, right). Stretching is constrained by the attractive interaction (yellow ring), which opposes both diffusion (gray arrows) and active
motion (red/pink arrows). Conversely, motor clustering implies that diffusion is suppressed exponentially, and active motion is biased toward the plus end owing to the
assumed asymmetric response of the active motion of Cin8 to opposing forces (Fig. 3C). Consequently, stretching is slightly more likely (53%) to occur due to plus-end-
directed motion of the left motor [opaque configuration in (2)] than by minus-end-directed motion of the right motor [transparent configuration in (2)]. Once the motors
have moved further apart (2), the pair most likely contracts again [process (2) — (1) or (2) — (3)]. In the case of contraction (left), the attractive force supports both active
motion and diffusion. Hence, active motion now shows a minus-end-directed bias (see Fig. 3C for supporting illustration). However, diffusive motion dominates cluster
stretching, as it is supported (and not suppressed) by the attractive interaction. Because diffusive motion is inherently undirected, cluster contraction occurs almost
equally often by motion of either motor (50.5% left motor; 49.5% right motor). As cluster stretching shows a weak bias toward the plus end while cluster contraction is
almost unbiased, a pair of motors is more likely to move in a caterpillar-like fashion toward the plus end [sequence of processes (1) — (2) — (3)] than the minus end. The
sizes of the arrows differ for illustrative purposes only; they are not proportional to the model parameters (see section SB6 for a detailed description of stochastic process

and a computation of the conditional probabilities).

which two interacting Cin8 molecules are adjacent to each other on
the MT [Fig. 8, part (1)]. The center of mass of this cluster can
change if either moves away from the other, referred to as stretching
(Fig. 8, right). Therefore, stretching can occur by either plus-end-
directed motion of the left motor or minus-end-directed motion of
the right motor. Both of these (stochastic hopping) processes are
counteracted by the attractive interaction (yellow rings in Fig. 8) be-
tween the motors. Because of the assumed asymmetry in the response
of active motor motion to drag (Fig. 3C), the attractive interaction
between the motors suppresses minus-end-directed active motion
(pink arrows in Fig. 8) more strongly than plus-end-directed active
motion. In other words, the left motor is more likely to move toward
the plus end than the right motor is to shift in the direction of the
minus end, thereby creating an overall bias for cluster motion
toward the plus end, leading to a configuration in which the two
motors have moved further apart [Fig. 8, part (2)]. Now, they can
not only diverge further from each other but also move closer
together, causing “cluster contraction” (Fig. 8, left). For cluster con-
traction, the direction of motion of the motors corresponds to the
direction of the forces at work, i.e., a pulling force instead of a
drag then acts on each of the two motors. In that case, the active
component of motion has the same bias as for zero load, i.e., the left
motor is more likely to move toward the minus end than the motor
on the right is to step toward the plus end (Fig. 3C, bottom). Hence,
this type of contractile motion creates a bias toward the minus
end. Overall, the force-induced bias in the active motion acts in
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opposite directions during cluster stretching and cluster contraction,
respectively.

These two opposing directional biases, however, do no cancel out,
owing to the key role played by diffusive motion. According to the
Arrhenius law, thermal Brownian motion is exponentially reduced
when movement ensues against a force as compared with moving
along the direction of a force with the same magnitude. As a conse-
quence, this thermal component of motor motion is much more
pronounced for cluster contraction than for cluster stretching
(compare gray arrows in the left and right panels of Fig. 8). Adding
up the active and thermal components of motion, this implies that
Brownian motion has very different effects on the relative bias for
cluster motion toward the plus and minus ends. For cluster con-
traction, thermal motion is the dominating mode of motion and
therefore strongly reduces the relative bias in cluster motion toward
the minus end caused by active motion. Consequently, contracting
clusters are almost equally likely to move toward either end (50.5%
motion of the left motor, 49.5% motion of the right motor). In
contrast, during cluster stretching, thermal motion is exponentially
suppressed, such that a clear bias for cluster motion toward the plus
end ensues (53% motion of the left motor, 47% motion of the right
motor; see section SB6 for the computation of the conditional prob-
abilities). Thus, plus-end-directed motion of Cin8 clusters occurs
because they preferentially stretch toward the plus end, while there
is no pronounced directional bias during cluster contraction. Whenever
plus-end-directed cluster stretching is followed by plus-end-directed
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cluster contraction, a wave-like motion of the motors toward the
plus end occurs, reminiscent of caterpillar motion [sequence of pro-
cesses (1) = (2) — (3) of Fig. 8]. Note that although originating
from completely different processes, the proposed caterpillar mecha-
nism for cluster motion is reminiscent of the inchworm mechanism
that was speculated for the motion of the two heads of an individual
kinesin: In both models, motion is the result of a wave-like motion
of the different building blocks (a single kinesin head for the inch-
worm mechanism and an individual tetrameric motor for the cater-
pillar mechanism, respectively), with always the same building
block leading. Last, the same arguments as made here for a pair of
motors can be made for the two outermost motors of a cluster with
more than two motors, such that these motors bias cluster motion
toward the plus end. However, unlike the case for a pair of Cins,
motility is further reduced by the motion of the motor(s) in the cen-
ter of the cluster. Because these motors experience forces from both
directions that cancel each other out, they behave like single motors
with a large diffusive component in their motion and a minus-end-
directed bias. This behavior leads to almost unbiased “steric clashes”
of the center motors with the outermost ones. Hence, the plus-end-
directed motion of the outermost motors will be slowed down but
keep their plus-end-directed bias. Thus, in agreement with experi-
mental data (Fig. 2, A and B, and Table 1, i), the motion of large
clusters in the plus-end direction is slower than that of pairs of Cin8
(Table 1, ii).

DISCUSSION

Although bidirectional motility of kinesin motors was found nearly
a decade ago (6, 7), the underlying mechanisms had remained
obscure. Our analysis strongly suggests that clustering-induced
switching of motor directionality arises from an interplay between
active motion in the minus- and plus-end direction, a substantial
diffusive component, and an asymmetric response of active motion
to forces that oppose this motion.

How could the mechanistic features of the computational model,
which agrees so well with a broad range of experimental observa-
tions, be related to known molecular structural-functional features
of kinesin motors in general and Cin8 in particular? First, in the
model, we assume that Cin8 has the ability to actively step in two
directions. The kinesin neck-linker has been shown to be the major
structural determinant that differentiates between the directionality
of the N-terminal (plus-end-directed) and the C-terminal (minus-
end-directed) kinesins (29-33) and modulates the stepping mecha-
nism and processivity of plus-end-directed kinesin motors (34, 35).
Hence, we speculate that to enable stepping in two directions, the
neck-linker of Cin8 exhibits a higher degree of flexibility than those
of unidirectional kinesin motors. Second, the model predicts that
directionality reversal of Cin8 clusters can be facilitated by attractive
forces between Cin8 molecules in a cluster. Regarding this model
feature, it has recently been demonstrated that the large insert in
loop 8 within the catalytic domain of Cin8, which is important for
directionality switching (7), is required for the noncanonical bind-
ing of three to four motor domains of Cin8 per tubulin dimer, prob-
ably via an attractive motor-motor interaction (36). In light of this
finding, we hypothesize that loop 8 of Cin8 may be one of the fac-
tors responsible for the weak attractive forces between Cin8 tetramers
that enable them to form clusters. Last, the large loop 8 of Cin8 can
interact with MTs, which may well affect the level of drag experi-
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enced by motors as they move along an MT and could therefore
contribute directly to directionality switching. Future studies will
likely shed light on how these and additional molecular domains
affect their bidirectional motility of kinesin motors.

The asymmetric force-velocity relation of bidirectional motion
of Cin8 proposed in this study explains why directionality switch-
ing can be triggered by a multitude of different factors, as observed
previously. The asymmetric response to drag explains directionality
switching due to clustering of motors as well as changes in motor
concentration and/or ionic strength. It readily also explains several
seemingly unrelated observations previously reported for directionality
switching (5-7, 9, 10, 12). First, drag acting on motors can originate
not only from interactions between Cin8 motors on MTs and their
interactions with MT's but also in multimotor gliding and antiparal-
lel sliding assays, in which a large ensemble of motors interact with
the same MT. In such assays, changing the surface density of molec-
ular motors alters the binding strength of the moving MT with the
motor-covered surface. This, in turn, is expected to affect the drag
underlying the gliding motion. Hence, an asymmetric response of
active Cin8 motion to drag also explains the directionality switch-
ing in surface gliding and antiparallel sliding assays reported for the
two kinesin-5 motors Cin8 and Kip1 (6, 7, 10). Note that from our
modeling perspective, drag can be generated in a multimotor MT
gliding assay for full-length tetrameric and truncated dimeric pro-
teins, as long as a sufficient number of pairs of catalytic domains are
interacting with the same MT at any given time. These conclusions
are further supported by recent simulations of a gliding assay (37)
in which a directionality switch in the motion of gliding MT's was
observed when the displacement velocity of Cin8 motors depended
asymmetrically on opposing forces—which is equivalent to our ba-
sic assumption of an asymmetric response of active motion to drag.
Moreover, drag acting on a motor can also result from interactions
with other proteins (with or without motor activity) that are bound
to MTs. Our analysis suggests that such interactions lead to direc-
tionality switching, in agreement with recent findings indicating that
crowding on MTs with nonmotor proteins switches the directionality
of the bidirectional S. pombe kinesin-5 Cut7 (12). Last, directionality
switching has also been observed for mitotic kinesin-14 motors (13, 14),
and an asymmetric response to force has been directly demonstrated
for the S. cerevisiae kinesin-14 Kar3 (14). Thus, the suggested mech-
anism of an asymmetric response of motor motion to drag may also
explain directionality switching of other kinesins, therefore provid-
ing a unified view of directionality switching of kinesin motors.

MATERIALS AND METHODS

Experimental procedures

Full-length Cin8 purification from S. cerevisiae cells as well as MT
polymerization and in vitro single-molecule motility experiments
were performed as previously described (10) (see sections SA1.1
and SA1.2).

Data analysis

Directionality of the MTs was assigned on the basis of plus-end
labeling and/or the direction of fast-moving minus-end-directed
Cin8 molecules (10). Kymographs were created using ImageJ-Fiji
software. MD and MSD analyses were performed as previously de-
scribed (8, 17, 27). The coordinates of motile Cin8-GFP molecules
and clusters were determined with the TrackMate plugin of the
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Image]-Fiji software or by manual tracking of the intensity center
over time. Only those Cin8-GFP motors (Cin8 motors refers to
moving Cin8 particles of unspecified cluster size) that moved more
than three pixels were considered motile, and only those with mo-
tility times >4 s were tracked. Movements of the same molecule that
included >6-s stall were considered as two separate movements.
The number of Cin8-GFP motors traced in each size category is
indicated in Table 1 (i). The coordinates obtained were used to cal-
culate the Cin8-GFP displacement for each time interval. The MD
and the MSD values were obtained by averaging the displacements
and squared displacements, respectively, calculated for all motility
recordings of Cin8-GFP on the MTs. Mean velocities (v) and diffu-
sion constants (D) were derived by fitting the average MSD values
to a weighted second-order polynomial equation MSD = v*£* + 2Dt
for facilitated directional motility conditions and to the linear equa-
tion MSD = 2Dt for purely diffusive motility conditions (17). Mean
velocities (v) were also derived by fitting the MD functions to the
linear equation MD = vt. For each time point, the average values
and the SEM are indicated (Fig. 2, A and B). MSD data were plotted
with statistically weighted second-order polynomial MSD curves,
by using the Origin (OriginLab) software, in such a way as to give
higher weight to the initial time points, as these points represent
more data. The MSD plot fitting for the motility of pairs of Cin8
molecules at 165 mM KCl and 1 mM ATP was performed after 15 s
so as to exclude the initial nonlinear part of the curve. The v and D
values for single Cin8 molecules, pairs of Cin8 molecules, and oligo-
mers of Cin8 obtained from the MSD and MD analyses are summa-
rized in Table 1 (i). Each motor was categorized as MT plus-end
directed if its net displacement was in the plus-end direction and if
it remained continuously plus-end-directed for at least three quar-
ters of the length of its overall run. All other moving motors were
classified as minus-end directed.

Cin8 cluster size determination

To determine the size of Cin8 clusters, we performed photobleaching
experiments to determine the contribution of single GFP molecules
to the total intensity of these clusters (Fig. 1A). We followed the
fluorescence intensity of Cin8-GFP as a function of time within a
circle of radius of four pixels, using the TrackMate plugin of the
Image]J-Fiji software (38), following correction for uneven illumina-
tion and background subtraction. We observed that single photo-
bleaching steps, probably representing photobleaching of one GFP,
caused a reduction of ~50 a.u. in fluorescence (Fig. 1A). Because
each Cin8 tetramer contains four GFP molecules, all the Cin8
motors having an intensity <200 a.u. are likely to be single tetrameric
Cin8 molecules.

The intensity distribution analysis of Cin8-GFP motors was per-
formed on a rectangular section (75 x 42 um) in the middle of the
full field of view (79 x 66 um), avoiding the edges of the full field of
view. This analysis was consistent with the determination of the
cluster size of Cin8-GFP from the photobleaching experiments. The
intensities of all the fluorescent Cin8-GFP motors in the first frame
of a time-lapse sequence were measured as described above. The
major peak of the histogram of Cin8-GFP motor intensity distribu-
tion was fitted to a Gaussian curve (Fig. 1B). The center of the
Gaussian peak lays at ~120 a.u., which was consistent with the average
intensity of single Cin8 molecules containing one, two, three, or
four fluorescent (nonbleached) GFP molecules, with each fluores-
cent GFP molecule contributing ~50 a.u. to the total intensity. Thus,
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the Cin8 population within this Gaussian peak, which constituted
~70% of the total Cin8 population, probably represents single Cin8
molecules. In addition, measures were taken to minimize the effect
of GFP photobleaching on the determination of the Cin8 cluster size.
First, we determined the lifetime of a GFP molecule before photo-
bleaching under our experimental conditions as 26 + 4 (SEM) s
(n = 22). Consequently, on the basis of this estimation, all our
motility—cluster size measurements were performed only on those
Cin8 motors that moved within the first 30 s of each measurement.
Last, for motile Cin8 molecules and clusters, we measured the fluo-
rescence intensity only in the first frame of their appearance, there-
by substantially reducing the likelihood of photobleaching. By this
method, we assigned intensity ranges of Cin8 motor fluorescence as
<200, 200 to 400, and >400 for single Cin8 molecules, pairs of Cin8
molecules, and Cin8 oligomers, respectively.

For cluster size versus velocity analysis (Fig. 5B), the velocity of
each Cin8-GFP particle was determined by measuring the slope of
each end-to-end motility event on the kymograph. The intensities
of MT-bound Cin8-GFP motors were measured in the same manner
as for the intensity distribution analysis described above, but only
for the motile MT-attached Cin8 motors. The intensity profile of
MT-bound Cin8-GFP motors was determined using line-scan analysis
in Image]-Fiji software and plotted using the Origin (Originlab)
software (Fig. 7A).

Theoretical modeling and simulations

Modeling of the diffusive component of Cin8 motion

In the module that captures the diffusive behavior, we considered
each single, noninteracting Cin8 molecule as a random walker
moving bidirectionally on the MT lattice with equal hopping rates
to the plus and minus ends; the hopping rate was obtained from the
measured diffusion coefficient for single Cin8 molecules (Fig. 2B
and Table 1, i). We assumed that Cin8 molecules interact via a weak
and constant force Fiy, if they are within a given interaction range R
of each other (Fig. 3A; see also section SB1.3 for a detailed descrip-
tion of this choice). As dictated by equilibrium statistical physics
(detailed balance), this force must exert an effect on the hopping
rates of interacting Cin8 motors through a Boltzmann factor e 2287,
where AE = Fy a is the energy required to move two motors a dis-
tance of a = 8.4 nm (the length of a tubulin dimer) apart [see section
SB1 for a technical description of the stochastic model and the nu-
merical implementation of the stochastic particle dynamics using a
Gillespie algorithm (39)]. An in silico parameter scan over different
values for the magnitude of the attractive force and the interaction
range vielded two crucial insights. First, our simulations strongly
suggested an interaction range of approximately R = 25 nm, because
smaller or larger values led to unstable clusters or very large clus-
ters, respectively, which is at variance with experimental observa-
tions (see fig. SB3 and section SB2 for the corresponding simulation
results with different values of R). Notably, this interaction range is
in accordance with the length of kinesin-5 motors [approximately
80 nm (24-26, 40)]. Second, we observed that increasing the attrac-
tive force Fi between Cin8 molecules indeed causes a strong de-
crease in the diffusion coefficient of Cin8 pairs (as shown in Fig. 3B).
This monotonic decrease originates from the fact that the inter-
action between two motors effectively acts as a load or drag when
the motors move away from each other. As a consequence, increasing
Cin8 interaction strength decreases the diffusive motion of a Cin8
pair or cluster.
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Modeling of the active component of Cin8 motion

To account for both the diffusive and active components of Cin8
motility, we expand the theoretical model based on the following
assumptions (Fig. 3C). First, motivated by the difference in diffu-
sion coefficients of single Cin8 motors in the presence of ATP and
ADP observed in vitro (Table 1, i), we hypothesized that single Cin8
motors show bidirectional active motion toward both ends (red/
pink arrows in Fig. 3C). As single Cin8 molecules were found to be
biased toward the minus end in the experiments, such active bi-
directional motion must also be biased in this direction in the absence
of external forces. Second, as a basic mechanism that could poten-
tially switch the directionality of clusters (Fig. 2A and fig. SAla), we
hypothesized that motors that are moving toward the plus and minus
ends, respectively, respond differently to forces that oppose this motion
(collectively termed drag). Specifically, we assumed that drag sup-
presses active motion toward the minus end more effectively than
movement toward the plus end; see the illustration in Fig. 3C and
the corresponding force-velocity relations (Fig. 3C, bottom). Note
that an asymmetric impact of drag on active forward and backward
stepping very similar to that suggested here was recently observed
experimentally for the kinesin-14 Kar3 of S. cerevisiae (14). Drag
has different effects on the Brownian and the active components of
the model. While it symmetrically reduces Brownian motion without
introducing any bias toward either end of the MT, the asymmetric
drag response of active motion leads, for large enough values, to a
reversal of the existing bias at zero force (toward the minus end).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eabc1687/DC1

View/request a protocol for this paper from Bio-protocol.
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