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Multiple kinesins speed up cargo
transport in crowded environments by
sharing load

Check for updates

Ya-Ting Huang1, Michio Tomishige2, Steven P Gross 3, Pik-Yin Lai 1,4 & Yonggun Jun 1

Kinesinmotors transport cargoes alongmicrotubules inside of cells. Although it is well known that the
cargoes are typically carried by multiple kinesins and that the more motors used, the further the
cargoes travel, it has been challenging to determine the number of motors moving a cargo and any
instant. Further, there is no unified statement on the relationship between cargo velocity and motor
number, especially in the presence of a very crowded cytoplasmic environment. Here, we use a non-
invasive method to quantify instantaneous motor number, and use it to investigate the effects of
crowded environments on cargomotionwhen it is carried bymultiple kinesins. Our experiments reveal
that the velocity of the cargo depends on the number of motors on the cargo and the size of the
crowders in crowded environments. Our finding suggests that kinesin tension plays a role in collective
motion, which has been confirmed through stochastic kinesin simulations. Overall, our study
demonstrates the broad applicability of the non-invasive method to determine engaged motor
numbers and sheds light on the intriguing interplay between macromolecular crowding, kinesin
tension, and kinesin-mediated cargo transport.

Eukaryotic cells rely on intracellular transport for proper functioning. The
movement of cargoes is a critical aspect of this cellular traffic and is facili-
tated by molecular motors such as kinesin1–3. The kinesin motors exhibit
processive movement, fueled by ATP hydrolysis, taking repeated
8-nanometer steps toward the cell’s periphery4. They work in teams to
deliver the cellular cargo further and to overcome obstacles that can block
cargo advance5–7. Numerous in vitro experiments have been conducted
using a DNA scaffold or an antibody to investigate this collectivemotion8–10

andhave found that cargo velocities are constant regardless of thenumberof
engaged kinesin motors. However, this finding contradicts the diverse
velocity distributions observed in cells. Despite extensive studies of the
motors’ behavior in simplified, low-viscosity environments, understanding
their true function within complex and crowded cellular environments
remains a challenge.

A key feature of the interior of cells is the presence of macromolecular
crowding, where 30-40% of the cell volume can be taken up by macro-
molecules and small compounds, creating a highly structured
environment11,12. This phenomenon has pronounced effects on various
biochemical processes, including changes in association rates and enzymatic
activity13,14. Intracellular trafficking is also influenced by macromolecular
crowding5,6,15–17. In vitro experiments have been employed to investigate the

influence ofmacromolecular crowding agents on cargo transport by kinesin
motors18–21. For a single kinesin, crowding agents are small molecules or
proteins that hindermovement.However, for transport bymultiplemotors,
two research groups studying the process disagreed as far as cargo velocity in
different crowded environments. The velocity of the cargo was reported to
decrease with multiple kinesins in the crowded BSA solution21 but was also
reported to stay constant regardless of the number ofmotors in the dextran-
Ficoll solution18. Finally, it was reported to gradually increase with the
increasing number of kinesins in the crowded Xanthan gum solution19.

Overall, we hypothesize that different environments lead to different
velocities in cargo transport. To test this directly,wemeasured thevelocity of
the cargo with an unknown number of motors involved in transport in the
solution of the various concentrations of crowders, such as Xanthan gum,
BSA, and glycerol. We used the fluctuation theorem to identify the number
of activemotors. The results show that a single kinesinmotormoving a bead
slowed down in the presence of crowders of any size. However, multiple
kinesin motors exhibited an increase in cargo velocity in the presence of
large crowders.Motivatedby these data,weperformedaLangevindynamics
simulationand found that the stretchingof thekinesin, and thus force on the
cargo by the kinesins, is reduced for the transport by multiple motors in a
very crowded environment.

1Department of Physics and Center for Complex Systems, National Central University, Taoyuan, 320, Taiwan. 2Department of Physical Sciences, Aoyama Gakuin
University, 252-5258 Kanagawa, Japan. 3Developmental and Cell Biology, University of California, Irvine, CA, 92697, USA. 4Physics Division, National Center for
Theoretical Sciences, Taipei, 10617, Taiwan. e-mail: pylai@phy.ncu.edu.tw; yonggun@phy.ncu.edu.tw

Communications Biology |           (2025) 8:232 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07573-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07573-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07573-3&domain=pdf
http://orcid.org/0000-0001-5992-1793
http://orcid.org/0000-0001-5992-1793
http://orcid.org/0000-0001-5992-1793
http://orcid.org/0000-0001-5992-1793
http://orcid.org/0000-0001-5992-1793
http://orcid.org/0000-0002-3236-5675
http://orcid.org/0000-0002-3236-5675
http://orcid.org/0000-0002-3236-5675
http://orcid.org/0000-0002-3236-5675
http://orcid.org/0000-0002-3236-5675
http://orcid.org/0000-0002-9294-2139
http://orcid.org/0000-0002-9294-2139
http://orcid.org/0000-0002-9294-2139
http://orcid.org/0000-0002-9294-2139
http://orcid.org/0000-0002-9294-2139
mailto:pylai@phy.ncu.edu.tw
mailto:yonggun@phy.ncu.edu.tw
www.nature.com/commsbio


Results
Velocity distribution of cargoes dragged by multiple motors
Kinesin bead assay experiments and data analysis were carried out as pre-
viously described22. Briefly, experiments were performed in the flow chan-
nel, whose inner surface is coated with microtubules (MT). The bead-to-
kinesin ratio (the number of kinesins tethered on a bead) was properly
adjusted, but the number of motors on a specific bead is unknown. To find
out why the cargo velocity in-vivo is broadly distributed compared to that
in vitro5,6,15–17, we first increased the complexity of the kinesin assay buffer
(KAB) using Xanthan gum polymer as crowders. We controlled the con-
centrationsofXanthan in thekinesin assaybuffer (XKAB) to study the effect
of crowder concentration on cargo velocity. We first prepared the master
Xanthan solution and then diluted it from 20% to 60%19. The degree of
crowdedness is determined not only by the concentration but also drag
coefficient, Γ. The latter was obtained from the mean square displacement
method based on the free-diffusion trajectories of the tracers. (Fig. 1a). The
maximum Γ is about 1.18 × 10−3 pN/nm ⋅ s, which is 140 times higher than
the 0%xanthan solution and large enough to check the effect of viscosity on
the velocity of the cargo.

When a particle with kinesins is brought to the MT using optical
tweezers, the kinesins bind to the MT and move linearly along the MT
becauseof theprocessivityof kinesins.As shown inFig. 1b, the cargoesmove
a long distance with multiple kinesins, which agrees well with previous
studies8–10 that multiple kinesins are one of the factors causing the long run
length. For the further analysis, we dropped the trajectorieswhose velocity is
less than 200 nm/s.

Identificationof thenumberofmotors involved incargo transport
As described above, the wide distribution of cargo velocity is well-known to
be due to the collective motion of multiple motors19. However, in general, it
is difficult to identify the number of motors, N, actively involved in cargo
transport. For this, some studies have used optical tweezers to measure the
force of cargo hauled by motors22, but this does not provide the value of N
during cargo transport. Recently, a non-invasive technique using the fluc-
tuation theorem (FT) was implemented to identify the number of motors
engaged in the cargo during transport23–26. FT relates the probability of
observing forward and reverse fluctuations in a system to its thermo-
dynamic properties, and for cargo motion, it can be rewritten as follows:

PðΔxpÞ
Pð�ΔxpÞ

¼ exp
FmΔxp
kBT

� �
; ð1Þ

whereΔxp(Δt)=xp(t+Δt)−xp(t) is thedisplacementof cargoat thegiven time
durationΔt, Fm is the force on cargo bymotors, kB is the Boltzmann constant,
and T is a temperature. From Eq. (1), we define the degree of fluctuation χ:

Fm

kBT
¼ ln

PðΔxpÞ
Pð�ΔxpÞ

" #
=Δxp � χ: ð2Þ

where χ is a function of Δt and represents the level of less fluctuation on a
given time scale.

To determine P(Δxp) at the given timeΔt, let us consider a single cargo
trajectory, as shown in Fig. 2a. To determine the mean velocity, we per-
formed a linear fit (brown line) on the cargo trajectory (black line). Inset
shows the fluctuating nature of cargo motion during transport. From this,
we obtained P(Δxp) (symbols) atΔt=190ms, 380ms, and 760ms, as shown
in Fig. 2b. When P(Δxp) are good approximations of the Gaussian dis-
tributions (solid lines), χ canbe rewritten as χ=2μ/σ2 whereμ ¼ hΔxpi is the
mean value and σ2 ¼ hΔx2pi � μ2 is the variance. Figure 2c of XC=40%
shows that χ increases for a short time Δt, indicating that cargo fluctuations
dominate. For a sufficiently large time interval (about≥150ms), χ converges
to a constant, indicating that the ratio of mean velocity to velocity variance
becomes saturated. In our data, about 65%of χ trajectories becomeconstant,
so the rest of themaredropped fromfurther analysis.We took the average of
a single trajectory of χ over saturated Δt to determine the saturated fluc-
tuation unit, χ*, in Fig. 2d. Due to the additivity of the kinesin force, the
appearance of peaks in the histogram of χ at an integral multiple of around
0.1 (Fig. 2d) corresponds to a signature for the identification of the number
of motors, which is in agreement with other experiments on kinesin23 and
dynein26.

Kinesins share the load to move fast
Next, we determined the mean cargo velocity, vh i, which is determined by
averagingbetween [0.1i−0.05, 0.1i+0.05]nm−1 (i is an integer), fordifferent
numbers of kinesins at different concentrations of XKAB. In 0% XKAB, vh i
remains constant, 780nm/s, regardless of thenumberof kinesins in the cargo,
while the velocities of each cargo, v, are broadly distributed (Fig. 2e). In
contrast, vh i in a 60% XKAB environment is approximately 700 nm/s for a
single motor and gradually increases with increasing numbers of kinesins.
(Fig. 2f). Figure 2g shows the average cargo velocities rescaledby the saturated
velocity v0 in various XKAB concentrations. For a single kinesin, cargo
velocity becomes lower as the crowdedness increases, while the cargo velocity
ofmore kinesins becomes higher and saturated, as shown in Fig. 2g. This can
be explained by the shared-loadmodel that states that the load on the cargo is
evenly shared by each kinesin involved19,27,28. Hayashi et al. reported a similar
trend in the transport of a synaptic vesicle precursor in axonal transport23.

Furthermore, we investigated the effect of the size of the crowder
molecules on cargo motion dragged by multiple kinesins. The sizes of the
glycerol and BSA molecules are much smaller than that of Xanthan gum
(185 nm), i.e., 1 nm and 3.62 nm, respectively29–31. We measured the mean
speedof the cargo in the presence of smaller crowders.However, ourfinding
indicates that cargo speeds slow down and are constant regardless of the
concentrations of small crowders, such as BSA and glycerol (see Supple-
mentary Fig. 1). When the assay buffer has smaller molecules, they directly
interfere with the kinesin heads, causing significant changes to the stepping
potentialwell, leading to a lowermean cargo velocity21.However,with larger
molecules in the assay buffer, such asXKAB, the load is greater on the cargo,
but there is nodirect interferencewith individual kinesinmotion.Therefore,

Fig. 1 | Friction coefficients, Γ and cargomotion in
various XCs. a The friction coefficients measured in
various xanthan concentrations. b Trajectories of
cargo in different concentrations of xanthan solu-
tion. (red: 0% XC, orange: 20% XC, green: 40% XC,
and purple: 60%XC), respectively. For 60%Xanthan
Concentration (XC), the drag coefficient Γ is more
than a hundred times higher than that of XC = 0%,
which is large enough to check the effect of crowders
on kinesin velocity. Γ
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multiple kinesinswork together to share the load on the cargo. This suggests
that molecular size is also a factor that affects cargo velocity.

We also checked the relation between the average velocity of the cargo
and the drag force, Fd ¼ Γ vh i on cargo (see Fig. 3a). Moreover, when it is
replotted in termsof the force, fd=Fd/N, exertedby individualmotors, all the
points fall into a single curve (Fig. 3b). This is similar to the force-velocity
relation determined by optical tweezers32. This suggests that kinesinmotors
work together to share the load and enable the cargo to move faster, par-
ticularly under high load conditions.

Numerical simulation of cargo motion
To further investigate the increase in velocity with increasing numbers of
kinesins in crowded environments, we performed Langevin dynamics
simulationsbasedon the two-state kineticmodelofkinesinmovements33–35, as
shown in Fig. 4a. The transition rate from state 1 to state 2 is kc, and the
transition rates tomake a forward or backward step in the stepping state are kf

andkb, respectively.Here,kf andkbhave anArrhenius-type forcedependency.
Themotormakes a forward or backward step of length d, and the cargo has a
damping coefficient of Γ. Here, we consider thatNmotors are tethered to the
cargo and attempt to move in the positive x direction. Let the instantaneous
positionof the cargobexp(t), and let theheadand tail positions of the j

thmotor
be denoted by xp(t) + δj and xj(t), respectively (see Fig. 4b). The motor is
attached to theparticlebya springof stiffnessKj. The intrinsic force-free sizeof
the spring is denoted by ℓoj. The equations of motion are

Γ _xp ¼ �
XN
j¼1

KjΔ‘j þ ξpðtÞ; ð3Þ

where Δℓj ≡ xp+ δj+ ℓoj− xj corresponds to the stretched length of the j
th

kinesin, and ξp is white Gaussian thermal fluctuations that satisfy hξpi ¼ 0
and hξpðtÞξpðt0Þi ¼ 2ΓkBTδðt � t0Þ. The forward or backward rate kðjÞf ;b
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velocities in functionsofχ* forXC=0%and60%, respectively.gThemeanvelocitiesof cargo
rescaled by the velocity at XC=0% for various XCs. Error bars are the standard deviations.
The total numbers of trajectories are 66, 51, 47, 73, and 72 fromXC=0 to 60%, respectively.

Fig. 3 | Mean velocities vs. drag force in
various XCs. a The mean velocity as a function of
the drag force Fd. It has the same symbols as Fig. 2g.
b The mean velocity as a function of a single kinesin
force fd (the drag force Fd rescaled by N). The solid
line is the theoretical line of the cargo velocity hauled
by a single kinesin under the load based on the two-
state model. Error bars are the standard deviations.
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depends on the force experienced by themotor and is modeled by the Bell’s
equation:

kðjÞf ;b ¼ kðjÞ0f ;be
βdðjÞ

f ;b
KjΔ‘j ; ð4Þ

where dðjÞf ;b are some characteristic distances.

The simulations were conductedwith Langevin dynamics of the cargo,
which is connected to the kinetic kinesinmodel via an elastic linker (Fig. 4b),
using Eq. (14). The parameters used in the numerical simulation are taken
from Ref. 35, such as kc=1002s

−1, k0f =102s
−1, k0b=27.3s

−1. We also selected
the stiffness of the kinesin stalk is 0.75 × 10−4 N/m, and the cargo radius is
250 nm. To verify the validity of our numerical simulation, we performed
the simulation of cargodraggedby a single kinesinunder the load.As shown
in Supplementary Fig. 2, it is in good agreement with a theoretical model of
the two-state model of kinesin steps34,35.

Figure 5a shows the trajectories of the cargo carried by a single kine-
sin(s) forΓ=3×10−5 pN/nm ⋅ s andΓ=3×10−3 pN/nm ⋅ s, respectively. For
the low Γ, the cargo fluctuates around the kinesin position, indicating that
thermal force can overcome the viscous drag force, while cargo is always
behind the kinesin for high Γ and moves slowly compared with the low Γ
case. The cargo fluctuates less for the five motors hauling for low Γ, and the
motor positions are everywhere around the cargo (Fig. 5b). For high Γ,
however, all kinesins are stretched to pull the cargo.We thendetermined the
cargo velocity by linear fitting the cargo trajectories. As shown in Fig. 5c, at
low Γ, the mean velocity vh i is constant, which agrees well with the
experimental results of Fig. 2e. At high Γ, the cargo pulled by a single motor
moves slowly, increases, and asymptotically approaches v0 with an
increasing number of kinesins.

In Fig. 6a and b, we checked the kinesin stretching during transport,
which cannot be obtained in real experiments. As the crowder concentra-
tion increases, the peak of the distribution for the length of a single kinesin
moves to the right, indicating that the elastic force by the kinesin increases.
For the case of multiple motors, the situation is similar, but the kinesin
length for the high concentration is shorter than that of the low
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steps

Forward
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Fig. 4 | Schematic of the two-state model. aThe two-state kinetic model for kinesin
movement. The transition rate from the halt state to the stepping state is kc, and the
transition rates tomake a forward or backward step in the stepping state are kf and kb,
respectively. b The schematic of multiple motors (green) on a cargo (gray circle). N
motors are tethered to the cargo andmove in the positive x direction with the step of
8 nm. The instantaneous position of the cargo is xp(t), and the tail and head positions
of the jth motor are denoted by xp(t) + δj and xj(t), respectively. When the cargo’s
velocity is v, the friction force Fd = Γv on the cargo is subject to a thermal force ξp.

Fig. 5 | Simulation of the cargo movement in
various environments.Cargo trajectories hauled by
a single kinesin (a) and five kinesins (b) for
Γ1 = 3 × 10−5 pN/nm ⋅ s and Γ4 = 3 × 10−3 pN/nm ⋅ s.
c Average cargo velocity with different numbers of
kinesin involved in cargo transport. The same color
indicates the same concentration of crowding
agents. Error bars are the standard deviations from
1000 trajectories.
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concentration situation, that is, the load on a single kinesin is lower.We also
examine the force, Fm � PN

j¼1KjΔ‘j, acting on the cargo by multiple
motors (Fig. 6c) and the force f = F/N exerted by a single kinesin (Fig. 6d).
Although the force Fm of the total number of motors increases as N
increases, force permotor, fm, decreases withN, indicating that the load on a
single kinesin is reduced with more motors. This is evenmore dramatic for
high-drag situations. Figure 6e, f presents vh i=v0 against Fm and fm,
respectively. They agree well with the experimental result in Fig. 3.

Discussion
In our study, we measured the velocity of the cargo transported by various
numbers of kinesins in solutions with different molecular sizes and found
two tendencies of velocity that varywith the numberof kinesins involved. In
small-crowder solutions, such as BSA or glycerol, the cargo velocity is lower
than that in a solution without any crowders, regardless of the number of
kinesins. This can be rationalized by the argument that small crowders
directly affect the kinesin motion20,21. In contrast, larger crowders (Xanthan
gum) cannot directly affect kinesin motion; they interact only with the
cargo. Cargo velocity increases with the increasing number of kinesins,
which agreeswell with previous results18,19. Themeandrag force exerted by a
single kinesin or the force exerted by a single kinesin stretching collapses
into a single curve of the cargo velocity carried by a single motor under
external force (solid lines in Figs. 3b and 6f), indicating that the kinesins
share the load on the cargo to move faster. Our finding seems to contradict
the report that multiple kinesins are unable to generate force against the
applied load cooperatively8,36. However, other studies in cells argue that it is
possible for them to share the load on the cargo and thus increase the
velocity of the cargo37. The discrepancy between these studiesmay be due to
the degree of the crowdedness of the surrounding medium.

The exactmechanismof howmultiple kinesinsmove collectively is still
being explored, but the tension in the stalk might also play a role in coor-
dinating the movement of multiple kinesins. Tjoe et al. focused on the
intricate interplay between kinesin tension and cargo velocity in gliding
assay experiments28. They suggested a scenario in which some kinesins
actively pull the cargo forward while others resist this movement, creating a

constant “tug-of-war” of tension, which plays a critical role in regulating
cargo velocity in a crowded environment.Ourfinding also indicates that the
tension due to the stretching of the kinesin results in load sharing. Kinesins
may communicate with other kinesins attached to the same cargo through
the tension of the stalk domain. Let us imagine that all kinesins are fully
stretched. Then, one kinesin takes a step, which releases the tension of other
kinesins and increases the possibility of others taking steps. This creates a
cooperative effect.

Here, we note that although cargo hauled bymultiplemotors in crowded
environments showsabroadervelocitydistribution invitro thanthatbyasingle
kinesin, it is still narrower than the cargo velocity distributions in cells. This
suggests there are other factors that influence the complexity of intracellular
transport. These include diverse kinesin motor types with varying speeds,
microtubule heterogeneity, cargo-specific regulation via adaptor proteins, cel-
lular crowding and obstacles impacting movement, and dynamic cellular sig-
naling pathways modulating kinesin activity. Further in vitro experiments
taking into these factors may provide a better understanding of the molecular
motor’s function within the crowded cellular environment.

In summary, this study demonstrated how thefluctuation theoremcan
be used to extract the number of motors instantaneously moving a cargo,
and sheds light on the intricate interplay between proteins, crowders, and
cargo transport. Our findings provide a deeper understanding of how
molecular motors function under crowded conditions. Moreover, kinesin
stalk tension is a fascinating aspect of thesemolecularmotors. It contributes
to the remarkable ability ofmultiple kinesins towork together and share the
load, ensuring efficient and powerful cargo transport within cells.

Materials and methods
Kinesin purification
Tail-truncated kinesin-1 proteins (a human ubiquitous kinesin-1, KIF5B)
were purified from bacteria as previously described in ref. 38. Escherichia
coli BL21 (DE3) was transformed with the expression plasmid construct,
and protein expression was induced with 0.1mM IPTG. Cells were lysed by
sonication (Branson SFX250), and the supernatant was collected by cen-
trifugation of 28,000 g for 30 min. The supernatant was incubated with Ni-
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NTA agarose (Qiagen Inc.) and eluted with 500 mM imidazole from a
disposable column. The elution was subjected to dialysis to remove imi-
dazole. Kinesin was further purified by microtubule affinity to remove
inactive motor proteins. The proteins were incubated with taxol-stabilized
microtubules and 1 mM AMP-PNP and were centrifuged at 200,000 g for
10 min. Active kinesin motors were released from microtubules by resus-
pension in a buffer containing 200 mM KCl and 5 mM ATP, and the
supernatant was collected after centrifugation.

Motility assay
Kinesin was incubated with carboxylated polystyrene beads (490 nm,
Polysciences, Warrington, PA) in 50 mL bead motility buffer (80 mM
PIPES, pH 6.9, 50 mM CH3CO2K, 4 mMMgSO4, 1 mM dithiothreitol, 1
mM EGTA, 10 mM taxol, and 1 mg/mL casein) supplemented with 1 mM
ATP for 15 min at room temperature. The kinesin assay buffer contains
Xanthan gum (Xanthomonas campestris, Sigma, G1253), BSA (Sigma-
Aldrich, A3059), or glycerol to increase the crowdness of the medium.

Taxol-stabilized microtubules (MT) were polymerized by incubating
12 μM tubulin (Cytoskeleton, Cat. TL240) in MT buffer (100 mm PIPES, 1
mmMgCl2, pH6.9, 22μMtaxol, and 1.1mMGTP) for 20min at 37 °C, and
incubated 5 μl tubulin (10 mg/ml) with 1.4 μl MT buffer at 37 °C for
30 minutes to polymerize MT (10 mg/ml). MT was diluted 200 times in
DBMTbuffer (35mMPIPES, 5mMMgSO4, 1mMEGTA, 0.5mMEDTA,
0.9 μl 10mMTaxol) supplementedwith 10 μl 10mMGTP (Sigma, G8877).

All experimentsare carriedout inflowchannels of 5mmwidthand100
μm depth, glued by double-sided tape between a glass slide and a glass
coverslip precleaned with 0.1 M KOH solution. MTs were infused into the
flow channel to be immobilized parallel to each other on the surface of the
coverslip coated by poly-l-lysine (Sigma-Aldrich, P8920). After kinesin-
bound beads were injected into the flow channel, the flow channel was
sealedwithnail polish.All procedureswere carriedout at roomtemperature.

Microscope system with optical tweezers
Optical tweezers were used to trap andmove the particle close toMT. A 980
nm single mode fiber coupled diode laser (Thorlabs, BL976-SAG300) is
focused in the sample plane of an optical microscope (Olympus IX73)
through a 100X oil immersion objective lens (Olympus, UPLFN100XO,
NA=1.3) to create the gradient force to trap a particle. The trapping force of
the optical tweezers was measured by the position-sensitive device (DL100-
7-PCBA3, Pacific Silicon Sensor, Thousand Oaks, CA). The trap stiffness is
calibrated by two methods based on the equipartition theorem and the
power spectrum22. During the experiment, we maintained stiffness small
enough to allow the kinesins to escape the trap and walk freely along MT.

The movement of beads dragged by kinesins along the microtubules
was visualized by differential interference contrast microscopy combined
with optical tweezers and recordedwith an sCMOScamera (pco.edge 3.1) at
the frame rate of 100Hz. The position of the particle was determined by our
homemade tracking software, which was written in LabVIEW. After
identifying the particle’s positions, we transformed the coordinates of the
trajectories to align the trajectory onto a single axis so that the particle’s
direction was parallel to the x-axis.

Xanthan buffer solution
Xanthan gum is a widely used water-soluble high molecular-weight poly-
saccharide ranging from 2 × 106 to 2 × 107 Da. In its native form, xanthan is
probably double-stranded and is about as stiff as DNA. Due to these
properties, xanthan gum shows excellent pseudoelasticity, thickening, and
rheological properties and is highly stable to heat, acid, and alkali39.

For this experiment, we prepared the master Xanthan solution, as
described in ref. 19. Briefly, Xanthan gum, derived from Xanthomonas
campestris (Sigma, G1253), was dissolved in Milli-Q water. Undissolved
polymers and cellular debris were removed by centrifugation and filtered
through a 0.45 μm syringe filter (Vivaspin 500, 30,000 MWCO PES). The
filtered solution underwent dialysis against 80 mM PIPES buffer supple-
mented with 1 mM EGTA at pH 7.0. The final purified xanthan gum stock

solutionwas stored at 5 °C for further use. In our experiments,wediluted the
master Xanthan solution in kinesin buffer from 20% to 60%. The drag
coefficients were determined from the measurement of the mean square
displacement of 500 nm beads suspended at various concentrations of
xanthan gum, as shown in Fig. 1a.

Measurement of the drag coefficient
To determine the drag coefficient of the Xanthan solution, we performed
single-particle tracking experimentswith 500nmcarboxylatedparticles.We
recorded the particles at 1 μmaway from the surface. To determine the drag
coefficient Γ, we used the 1 μmmagnetic beads that stay longer in the focal
plane. Supplementary Fig. 1a shows the representative trajectories of par-
ticles near the surface of the coverslip for three concentrations ofXanthanof
20% (yellow), 40% (green), and 60% (purple). From the trajectories of the
free diffusion particles, we estimated the two-dimensional mean square
displacement. It is well-known that Brownian beads in non-desorbing
polymer solution are surrounded by a layer depleted of polymer chains,
which induces two different scales of diffusion, called a walking confined
diffusion40,41. It is composed of long-term random diffusion and short-term
confined diffusion, and the corresponding two-dimensional MSD can be
written as follows.

ΔrðtÞ½ �2� � ¼ 4DMt þ 4Dmτð1� et=τÞ ð5Þ

where Δr(t) is the displacement in two dimensions, τ is the characteristic
equilibrium time, and DM and Dm are the long- and short-time diffusion
constants, respectively. Supplementary Fig. 1b shows themeasuredMSDfor
variousXanthan concentrations, XC.AsXC increases, the slope of theMSD
(4DM) for t ≫ τ decreases. The drag coefficients were computed with the
Stokes-Einstein relation, Γ0 = kBT/DM.

However, these values are underestimated because, during kinesin
walking, the particles are close to the surface, which increases the effective
viscosity. So, we need to correct it. According to the Faxen’s law42, the
relationbetween the viscosity near the surfaceΓ and that far from the surface
Γ0 is as follows:

Γ � Γ0

1� 9
16

R
s þ 1

8
R
s

� �3 ; ð6Þ

where R is the radius of the particle, and s is the distance between the center
of the particle and the surface.Wemeasured Γ at s=2 μmand corrected it for
s=50 nm. Then, we obtained the effective Γ for the kinesin experiment, as
shown in Fig. 1a.

The recorded data were analyzed by Igor Pro software; the velocity of
the movement was calculated through a linear curve fitting between the
binding point at the detachment. Data for each bead were collected sepa-
rately. The processivity histograms (travel distance between attachment and
diffusion), binding time, and velocitywere then extracted from the collective
data. The average values and standard deviations were obtained by fitting
the exponential decaying or Gaussian distribution to the histograms.

Theoretical model for counting the number of motors using
fluctuation theorem
To study the cargomotion hauled bymultiple kinesinmotors, identification
of the number of motors actively involved in cargomotion is essential. As a
non-invasive way, Hayashi et al. developed the technique using the fluc-
tuation theorem24,25,43 with the concept of the effective temperature44,45. The
following is a brief description of how to apply for it.

Assuming that a cargo carried by kinesin-1 motors moves toward the
plus-end of the microtubule, the motion of the cargo is described by the
overdamped Langevin equation:

Γ
dxp
dt

¼ � ∂Umðxp; tÞ
∂xp

þ ξðtÞ; ð7Þ
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where xp(t) is a cargo position, and Γ = 6πηR is the drag coefficient of the
cargo (η is the viscosity of medium and R is a radius of a cargo). Thermal
force ξ(t) has a zero mean and variance ξðtÞξðt0Þ� � ¼ 2ΓkBTδðt � t0Þ with
the Boltzmann constant kB and the environment temperature T.Um(x, t) is
the potential energy of the interaction between cargo and motors.

The fluctuation theorem for the non-equilibrium steady state is
expressed as the ratio of the probability of the positive entropy production
rate (denoted by _S) to that of the negative entropy production rate ð� _SÞ,
which is equal to an exponential function of _SΔt=kB, where Δt is the
duration of the measurement. It is written as

PΔtð _SÞ
PΔtð� _SÞ ¼ e

_SΔt
kB : ð8Þ

The fluctuation theorem has been experimentally verified and applied to
biological systems46,47. For example, Hayashi et al. used the fluctuation
theorem to estimate the rotary torque of F1-ATPase

48.
As kinesin walks along MT by hydrolyzing ATP, it changes its con-

formation tomove a step. The heat change of the entropy production rate in
FT is presented in the form of a generated work in the kinesin working
function. Thus, we replace the entropy production in a duration of Δt, _SΔt
with the workW, and hence _STΔt ¼ W ¼ FmΔxp. FmΔxp is the stochastic
work done by kinesin, and Δxp(Δt) = xp(t + Δt) − xp(t). Therefore, the
fluctuation theorem for the kinesin motion reads:

P Δxp
� 	

P �Δxp
� 	 ¼ exp

FmΔxp
kBT

� �
: ð9Þ

From this relation, we can define the degree of fluctuation χ23,43 as:

Fm

kBT
¼ ln

P Δxp
� 	

P �Δxp
� 	

2
4

3
5=Δxp � χ: ð10Þ

Toobserve abroad rangeoffluctuations in themacroscopic scale,wevaryΔt
to probe the trend of χ. If P(Δxp) is fitted by Gaussian distribution well,

PðΔxpÞ ¼
1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p exp �
Δxp � μ

� 	2

2σ2

0
B@

1
CA; ð11Þ

we can simplify χ as

χ ¼ 2μ=σ2: ð12Þ

Here, Δt is the time lag, and μ ¼ hΔxpi and σ ¼ hðΔxp � hΔxpiÞ2i are the
mean and the variance of the distribution, respectively.

In a small time scale (small Δt) but still larger than the relaxation time
τR, the dominating fluctuationsmake themean displacement hΔxpi close to
zero, leading χ is small. As Δt increases, the directional transport of cargo
becomes dominant so that χ increases and gradually converges to a fixed
value. That is, a largerΔt causes the friction force (Γdxp/dt) to be closer to the
kinesin force Fm in Eq. (9). We denote the convergent χ by χ* :

lim
t!1

Fm

kBT
¼ χ�: ð13Þ

Hence, the kinesin force is proportional to χ* and is assumed to be pro-
portional to the number ofmotors. Therefore, χ* gives an indicative value to
identify the number of active motors tethered to the bead involved in
transport. An alternative explanation is given by Peng et al.26. Assuming the
distribution is Gaussian, they confirmed that the peaks in χ* are equally
spaced and correspond to the number of motors.

Simulation of a two-state model of kinesin
Simulations of kinesin motor walking on the microtubule were performed
using the Monte Carlo approach based on the two-state model. The tran-
sition rate from state 1 to state 2 is kc, and the transition rates to make a
forward or backward step in the stepping state are kf and kb, respectively.
Here, kf and kbhave anArrhenius-type forcedependency. Themotormakes
a forward or backward step of length d (8 nm), and the cargo has a damping
coefficient of Γ. Here, we consider that the kinesin motor is attached to the
cargo and attempts tomove in the positive xdirection. Let the instantaneous
position of the cargo be xp(t), and let the head and tail positions be denoted
by xp(t)+ δ and x(t), respectively (see Fig. 4b). The motor is attached to the
particle by a spring of stiffnessK. The intrinsic force-free size of the spring is
denoted by ℓo. The equations of motion are

Γ _xp ¼ �KΔ‘þ Fload þ ξpðtÞ; ð14Þ

where Δℓ ≡ xp + δ + ℓo − x corresponds to the extension of the walking
motor beyond its rest length l0 (50 nm), Fload is the external force on cargo,
and ξp is white Gaussian thermal fluctuations that satisfy hξpi ¼ 0 and
hξpðtÞξpðt0Þi ¼ 2ΓkBTδðt � t0Þ. The forward or backward rate kðjÞf ;b depends
on the force experiencedby themotor and ismodeled by the Bell’s equation:

kf ;b ¼ k0f ;be
df ;bKΔ‘=kBT ; ð15Þ

where df,b are some characteristic distances.
The simulations were conductedwith Langevin dynamics of the cargo,

which is connected to the kinetic kinesin model via an elastic linker, using
Eq. (14). The parameters used in the numerical simulation are taken from
ref. 35, such as kc=1002s

−1, k0f=102s
−1, k0b=27.3s

−1. We also selected the
stiffness of the kinesin stalk is 0.75 × 10−4 N/m, and the cargo radius is 250
nm. The time step of the simulation is Δt = 10−1 s. The result is shown in
Supplementary Fig. 2.

The correspondingmeanvelocity of cargo by a single kinesinunder the
load, Fload, is given as follows34:

vh i ¼ d ×
ðkf � kbÞkc
kf þ kb þ kc

: ð16Þ

The simulation is in good agreement with the theoretical prediction.

Statistics and reproducibility
For all statistical analyses, data were collected from five different con-
centrations of Xanthan gum, and cargo tracking datawere obtained from at
least ten different sets of experiments; specific sample sizes are in the text.
Mean velocities were determined by fitting a Gaussian function to the
velocity histograms, and error bars represent the standard deviation. In the
numerical simulations, 1000 tracks generated from a single simulation were
analyzed for each condition. All statistical analyses were performed using
Igor Pro software.

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

Data availability
The raw data for the graphs in Figs. 2g, 3, 5c, and 6c–f can be found in
Supplementary Data 1. All other data are available from the corresponding
author upon reasonable request.

Code availability
The code, written using Igor Pro software, is available at https://github.com/
junlabtw/crowding or can be requested from the corresponding author.
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