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The dimeric motor protein kinesin-1 moves processively along microtubules against forces of up to
7 pN. However, the mechanism of force generation is still debated. Here, we point to the crucial importance
of diffusion of the tethered motor domain for the stepping of kinesin-1: small crowders stop the motor at a
viscosity of 5 mPa · s—corresponding to a hydrodynamic load in the sub-fN (∼10−4 pN) range—whereas
large crowders have no impact even at viscosities above 100 mPa · s. This indicates that the scale-
dependent, effective viscosity experienced by the tethered motor domain is a key factor determining
kinesin’s functionality. Our results emphasize the role of diffusion in the kinesin-1 stepping mechanism and
the general importance of the viscosity scaling paradigm in nanomechanics.
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Within eukaryotic cells, active transport is driven by
motor proteins such as kinesin-1 [1–3]. These molecular
motors, stepping along microtubules (MTs), bind and
translocate cargo ranging from nanometer-sized protein
assemblies to micrometer-sized organelles. According to
numerous in vitro studies, kinesin-1 motors perform
continuous runs over distances of several micrometers at
velocities of around 800 nm=s [2,4–7]. Optical trapping
experiments show that single kinesin-1 motors are capable
of exerting forces of up to 7 pN [4–6,8,9].
Force generation of kinesin-1 motors was also inves-

tigated by studying the motor-driven movement of gliding
MTs [10] with attached micrometer-sized beads [11] in
solutions of high viscosity. In these experiments crowding
agents (“crowders”) comprised polymers of high molecular
weight. Kinesin slowed down with increasing viscosity due
to the Stokes drag on the beads and MTs. No such effect
was noted in a study of motility of unloaded kinesin in a
polymer solution [12]. However, the impact of crowders
similar in size to kinesin-1 on its functionality has not been
investigated. Such studies seem particularly appealing
since molecular crowding plays a crucial role in many
biologically important processes [13,14] including diffu-
sion [15,16], macromolecular compaction [17,18], enzy-
matic catalysis [19,20], or gene expression [21,22].
Here, we present experimental evidence favoring effec-

tive viscosity as the limiting factor for motility of individual
kinesin-1 motors. Using crowding agents of low molecular
weight (Mw) we demonstrate that motion of motors can be
stopped in solutions of effective viscosity of about
5 mPa · s. This is 5 orders of magnitude less than expected

from Stokes’ law, which predicts that a molecule of kinesin-
1 moving at 100 nm=s would experience a stalling drag
force in a medium of viscosity as high as ∼700 Pa · s. In
contrast, high-Mw crowders have no effect on the motor
velocity even above 100 mPa · s. We use the strongly
supported model of kinesin stepping [2,5,6,23,24], where
the tethered (i.e., not bound to the MT) motor domain
reaches the next binding site by a diffusional search
mechanism. We explain the observed kinesin stall by
hindered diffusion of the motor domain, employing the
viscosity scaling paradigm [15,25–27] to explain the influ-
ence of the crowder size. We examine the role of depletion
interactions [28,29] and include the notion of activation
energy for diffusion [30,31].
Truncated, green fluorescent protein (GFP)-labeled kine-

sin-1 motors stepping along immobilizedMTs were imaged
using total internal reflection fluorescence (TIRF) micros-
copy (Fig. 1, room temperature 297� 2 K). The GFP was
located at the C terminus of the protein, so that the motor
domains and neck-linker regions were preserved. Viscosity
of the solutions was tuned using molecular crowders of

FIG. 1 (color online). Experimental setup of kinesin-1 stepping
assays, drawn to scale. Hydrodynamic radii of the different
PEGs are 2.17 nm, (6 kg=mol), 3.85 nm (18 kg=mol), and 35 nm
(1000 kg=mol).
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different sizes: polyethylene glycol (PEG; Mw: 6, 18, and
1000 kg=mol), dextrans (approximately Mw 10 and
500 kg=mol), tetraethylene glycol (TetraEG), sucrose,
and bovine serum albumin (BSA). Stepping velocities of
individual kinesin-1 motors were determined from TIRF
image stacks using FIESTA [32]. Experimental details can be
found in the Supplemental Material [33] and [40].
In the absence of crowders, at adenosine triphosphate

(ATP) concentration of 1 mM, we observed average
kinesin-1 velocities of about 800 nm=s, as expected
[4,7,41]. No significant deviations from this value were
observed in high-Mw PEG (1000 kg=mol) solutions, even at
a concentration of 2%, which corresponded to a macro-
scopic viscosity of 116 mPa · s [Fig. 2(a)]. Analogous
observations were made for 500 kg=mol dextran solutions.
Thus, even at high macroscopic viscosity originating from
the presence of large crowders, the motility of kinesin-1 was
not impaired (in agreement with [10,11]). However, for

solutions of low-Mw polymers, TetraEG, or sucrose, we
observed a decrease of kinesin-1 velocity upon increasing
concentration of the crowders, up to an utter stall. A similar
effect was observed for BSA solutions, although experiments
at BSA concentrations sufficient for kinesin-1 stall could not
be performed due to the protein’s autofluorescence.
To properly assess the influence of crowders on diffusion

of the tethered motor domain, we applied the viscosity
scaling paradigm [16,25–27,43,44]. Viscosity experienced
by nanoscopic probes in complex liquids is not equivalent
to the macroscopic viscosity, but is a function of the probe
size and characteristic length scales of the liquid. For
instance, in solutions of polymers a loose mesh is formed,
which dramatically increases the macroscopic viscosity.
However, small probes can penetrate such mesh, experi-
encing a viscosity similar as in pure solvent. This phe-
nomenon is quantified within scaling equations [15,27,45]
with effective viscosity ηeff defined as

ηeff ¼ η0exp

�
b

�
Reff

ξ

�
a
�
; ð1Þ

where η0 is the solvent viscosity, ξ the correlation length
[15,46], and a and b are parameters of the order of unity.
The effective radius, R−2

eff ¼ R−2
h þ r−2p , introduces the

dependence of ηeff on hydrodynamic radii of the probe
and the crowders—rp and Rh, respectively.
We estimated ηeff for the kinesin-1 motor domain by

approximating it as a sphere of rp ¼ 2.5 nm and applying
Eq. (1) (for scaling parameters see Table S2, Supplemental
Material [33]). In the 1000 kg=mol PEG or 500 kg=mol
dextran solutions, ηeff for such a sphere is similar as in pure
solvent (cf. viscosity scaling plots, Fig. S1, Supplemental
Material [33]). Additionally, depletion effects lead to a
decrease in polymer concentration near the MTs due to the
lowering of the conformational entropy of the chains
[28,29,47–49]. This effect extends over distances compa-
rable to the hydrodynamic radius of the polymer coils
(35 nm for 1000 kg=mol PEG [50]). Therefore, the motor
domain moves freely in this depletion zone, which facil-
itates its diffusion even more than expected from Eq. (1) (so
that the already low ηeff values calculated for these systems
may still be overestimated).
The situation becomes qualitatively different for smaller

crowders (Rh equal to 2.17, 2.36, 3.85, and 4.0 nm for
6 kg=mol PEG, 10 kg=mol dextran, 18 kg=mol PEG, and
BSA, respectively). According to Eq. (1), the difference
between ηeff and ηmacro diminishes with decreasing Rh.
Also, the influence of the depletion effect diminishes. For
TetraEG and sucrose, the hydrodynamic radii of which are
<1 nm, both depletion and viscosity scaling effects
become negligible.
As depicted in Fig. 2(b), a decrease of kinesin-1 velocity

with increasing ηeff is observed, with the motors stalling
at about 5 mPa · s. With increasing ηeff movement, events

FIG. 2 (color online). Velocity of kinesin-1 motion along the
MTs measured in stepping motility assays plotted against the
following: (a) macroscopic solution viscosity and (b) effective
viscosity experienced by a kinesin-1 motor domain [Eq. (1)],
normalized by pure buffer viscosity. Error bars are standard
deviation of the mean. Solid line is a fit of the load-dependent
stepping model by Schnitzer et al. [42] (details in the text).
Legend refers to both panels.

PRL 115, 218102 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

20 NOVEMBER 2015

218102-2



become rare (despite no change in kinesin-1 concentration),
up to the point where no motion is observed. Because of
technical limitations (10 frames= sec acquisition rate,
∼30 nm localization precision), we cannot directly discrimi-
nate single steps and assess their duration. However, over
the observed time scales the motion—when it occurs—is
generally characterized by a constant velocity (straight traces
on kymographs), while any obvious stop-and-go events are
excluded from the data analysis. In the further discussion we
assume a steady processive movement of kinesin.
We use the strongly supported model of motion of

kinesin-1 [24], schematically depicted in Fig. 3, to evaluate
possible reasons for the loss of kinesin-1 functionality with
increasing ηeff .
Hypothesis 1: Kinesin-1 aggregation.—Presence of a

significant amount of polymer may lead to protein aggre-
gation due to depletion forces and excluded volume effects
[14,51,52]. We ruled out this possibility by fluorescence
correlation spectroscopy experiments. We measured the time
of diffusion of GFP-labeled kinesin-1 molecules through a
focal volume in the presence of TetraEG (concentrations up
to 50%) and 18 kg=mol PEG (up to 15%). In both cases, the
increase of diffusion time was directly proportional to the
viscosity (see Supplemental Material, Fig. S2 [33]). This
implies that the hydrodynamic radius of the protein remained
constant irrespective of the crowder concentration.
Furthermore, in TIRF images immobile proteins on the
MTs were observed, which suggests that kinesin-1 binding
to the MTs was not disabled.
Hypothesis 2: Osmotic depletion and disjoining

pressure—Trapping of the motor domain on the

MT.—During each step, one of the motor domains detaches
from the MT. This requires energy and is coupled to
hydrolysis of an ATP molecule [24]. Work is performed
against the disjoining pressure. It accounts not only for
breaking the noncovalent bonds between kinesin and MT,
but also for the depletion interactions [28,29,51,52]. These
arise when free space is created between the motor domain
and the MT surface, which is instantaneously filled by
solvent molecules. However, large crowders cannot pen-
etrate this space due to steric limitations and the arising
gradient of osmotic pressure pushes the motor domain back
to the MT surface.
We crudely estimated the depletion-dependent energetic

barrier for the separation of the motor domain from the MT
as comparable to ΠdV. Π is the difference in osmotic
pressure [53] between the polymer solution and pure
buffer; dV corresponds to the volume of a cylinder of
radius equal to the motor domain hydrodynamic radius
(2.5 nm) and height of the polymer coil’s diameter. The
estimated energy barrier in a 10% solution of 18 kg=mol
PEG (where kinesin-1 stalls) is 0.4 kBT, while in a 10%
solution of 6 kg=mol PEG (where kinesin-1 motility is
retained) it is 5.4 kBT. The value for the smaller PEG
suggests that the depletion-related energy barrier is not a
hindering factor, because the kinesin-1 motors still move
under these conditions. Moreover, the calculated values (for
all data see Table S3, Supplemental Material [33]) are well
below the energy obtained from hydrolysis of a single ATP
molecule (20–25 kBT).
Hypothesis 3: Poor availability of ATP.— Combining

Eq. (1) with the Stokes-Einstein equation, we estimated
the diffusion rates of ATP molecules in the investigated
solutions. The root mean square displacement of an ATP
molecule during the dwell time of kinesin-1 (10 ms) is
about 1.5 μm for the 45% sucrose solution. At 1 mM ATP
(standard experimental conditions) there are about
6 × 105 ATP molecules per μm3; therefore, the influence
of hindered ATP diffusion on kinesin-1 mobility seems
highly improbable. Experiments performed at lowered
ATP concentrations (range 50–1000 μM) revealed that the
ATP-related decrease of velocity is largely independent
from the presence of the crowder (for plots see Fig. S3,
Supplemental Material [33]). Fits of simple Michaelis-
Menten kinetics [V ¼ Vmax½ATP�=ðKM þ ½ATP�Þ, where
V is the kinesin turnover rate calculated by dividing the
measured velocity by the step length of 8 nm] gave kinetic
parameters Vmax ¼ 103.4� 0.2 s−1, KM ¼ 311� 2 μM
for control and Vmax ¼ 52.4� 1.4 s−1, KM ¼ 474�
54 μM for 30% sucrose. The significant changes in the
Michaelis constant KM and maximum rate Vmax imply that
crowding interferes with the mechanism of the reaction.
Also, increasing [ATP] to 10 mM (i.e., 10 times the
standard concentration) did not cause an increase in
stepping velocity either in control or in sucrose-crowded
assays.

FIG. 3 (color online). Mechanism of kinesin-1 stepping [24].
The motor spends most of the time in the ATP-waiting state, 1.
Binding of ATP to the MT-bound motor domain changes its
conformation, enhancing the orientational freedom of the neck
linker. The 1 → 2 reaction is reversible. As long as the MT-bound
motor domain is in the ATP-bound state, the tethered domain can
reach the subsequent binding site on the MT and release ADP.
This movement, realized by diffusion, is constrained by viscosity
and tension arising in the neck linker. When ATP is hydrolyzed,
the MT-bound domain detaches from the MT, becoming the
tethered one (3 → 1).
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Hypothesis 4: Hindered diffusion of the tethered motor
domain.— Brownian motion of the tethered motor domain
is crucial for kinesin-1 stepping [2,5,6,23]. A single step
requires a displacement of the motor domain over a
distance of 16 nm, which should be covered in less that
4 μs (assuming a simplistic model of the motor domain
equivalent to a sphere of hydrodynamic radius of 2.5 nm
freely diffusing in a solution of ηeff ¼ 5 mPa · s). This is far
below the expected step duration (ms range) and should
have no impact on the kinesin-1 stepping rate. However, the
two motor domains are connected via the neck linker. To
take a step, kinesin-1 needs to stretch the linker. Molecular
dynamics simulations suggest that this causes a tension of
15–35 pN [54,55]. The linker is extended by 3.1� 0.8 nm.
From an approximation of a wormlike chain, a spring
constant K ≈ 5 mNm−1 is roughly estimated [54]. To
assess the probability of stretching the neck linker so that
the tethered motor domain can reach the binding site, we
assumed a model describing a particle diffusing in a
harmonic potential based on a simplified solution of the
Smoluchowski equation [56]:

PðxÞ ¼ ½ðK=ð2πkBTÞ�1=2exp½−Kx2=ð2kBTÞ�; ð2Þ

where P is the probability of finding the particle at the
distance x away from the equilibrium position. Integrating
this equation over x > 3.1 nm yields only a ∼0.03%
probability of finding the leading motor domain at suffi-
cient distance from the trailing one.
Diffusion is an activated process, characterized by an

Arrhenius-like activation energy [30]. It has been shown
that an increase of viscosity of a solution by the addition of
a crowding agent is equivalent to an increase of the
activation energy for diffusion [31]. It can be expressed
as ηeff ¼ η0expðΔEaR−1T−1Þ, where ΔEa is the difference
in activation energy for viscous flow between solution and
pure solvent. A fivefold increase of the effective viscosity
corresponds to a rise of ΔEa by about 1.6 kB T. This energy
is added to the 4 kB T necessary to stretch the linker,
according to theoretical estimations [54].
With higher effective viscosity, the energy barrier for

motion rises. The energy of ATP hydrolysis is partially
used to detach the trailing motor domain and induce
conformational changes in the protein, while the rest of
it is dissipated. The energy stored in the strained neck is
also lost due to fast draining of momentum. Consequently,
translation of the motor domain depends on the energy of
thermal motions.
Transition between states 1 and 2 in Fig. 3 is reversible

[24]. The rate of 2 → 3 transition is estimated to be 600 s−1
under optimal conditions [24]. The rate of ATP dissociation
from the MT-bound domain (2 → 1) is about 100 s−1. The
increase of ηeff upon addition of crowders hinders the
2 → 3 transition, while it does not affect the 2 → 1
transition. Therefore, ATP may dissociate before the step
occurs. According to a study utilizing roadblocks [57], a
stalled kinesin-1 motor dissociates from the MT after

∼0.4 s. However, the depletion effect poses a barrier for
kinesin diffusing away from the MT [12] and fast rebinding
becomes probable. Because of the limited temporal and
spatial resolution of imaging, such events are currently
not possible to resolve, which also precludes accurate
measurements of the run length.
Similar to the case of the viscosity-related hindrance of

motion discussed herein, external load applied to the motor
also interferes with the 2 → 3 transition. Schnitzer et al. [42]
proposed an exponential dependence of the rate of this
process, k, on the applied force F: k ¼ k0exp½−Fδ=ðkBTÞ�,
where k0 refers to the zero load situation and δ is the length
of the substep. This was incorporated into a Michaelis-
Menten model, including the catalytic turnover rate constant
as well as the apparent second-order rate constant for ATP
binding. The model was fitted to an extensive set of
experimental data. Here, we apply this model as well as
numeric parameters established in [42], leaving a single
fitting parameter: the proportionality coefficient relating the
external load on the motor to the intrinsic viscous load on the
motor domain. The curve is used to describe the data in
Fig. 2(b). We find that increasing ηeff=η0 by one unit is
equivalent in terms of kinesin slow-down to applying an
external load of ∼1.5 pN. Such viscosity change causes an
increase of the hydrodynamic drag on the protein only in the
sub-fN range. This again implies that the viscosity increase
does not merely enhance the viscous load against which
kinesin works, but it interferes with the reaction mechanism.
We observed a general decrease in kinesin-1 velocity

with increasing effective viscosity. Such effect was not
noted in previous studies [10–12] because solutions of
high-Mw crowders were used; therefore, due to viscosity
scaling and depletion, ηeff experienced by the motor
domain was similar as in a pure buffer. Hindrance of the
diffusive motion of the tethered motor domain at high ηeff
disrupts the kinesin-1 mechanochemical cycle. So far, such
a phenomenon was not observed in vivo—ηeff experienced
by the kinesin motor domain in an eukaryotic cell cyto-
plasm is about 2–4 mPa · s [15]. However, cytoplasm
presents substantial inhomogeneities over space and time;
it is intriguing to speculate that tuning the local viscosity
could be a regulatory mechanism for cellular transport. This
remains yet to be investigated. Our results strongly support
the kinesin-1 stepping mechanism wherein transfer of the
tethered motor domain to the next binding site is diffusive.
They also emphasize the vital role of the viscosity scaling
paradigm in biophysical studies.
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