Breaking of bonds between a kinesin motor and microtubules
causes protein friction
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ABSTRACT

Friction limits the operation of macroscopic machines. Using optical tweezers, we showed that friction also limits
the operation of molecular machines by measuring the friction between single yeast kinesin-8, Kip3p, and its
microtubule track. The protein friction arises from the force necessary to break the adhesive bonds that Kip3p
forms with discretely, 8-nm spaced binding sites on its track. A model based on bond rupture dynamics with a
single energy barrier described the data. A fluctuation analysis confirmed Kip3p stepping during diffusion. Here,
we validate our experimental results and data analysis by a Monte Carlo simulation. Our data have implications
for other molecular machines or actively driven proteins, and give further insight into diffusion of proteins along
polymers such as microtubules or DNA.
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1. INTRODUCTION

Friction within an engine or between a vehicle and its track plays a crucial role in limiting the speed and the
efficiency of macroscopic machines. On the molecular scale, friction resists the relative motion of two bodies in
contact through adhesive bonds. Friction is the force necessary to deform and break these bonds to allow for
movements. When a bond breaks, the stored elastic energy is dissipated. Biological molecular motors such as
kinesin are also limited by friction forces. Kinesin binds stereospecifically to discrete sites on a microtubule and
in order to move the motor must break this bond to reform a bond at a new location. Using optical tweezers,
we measured friction forces between the budding yeast kinesin-8, Kip3p, and its microtubule track.

Kip3p was an ideal model system to study protein friction. When the motor operates in the presence of
adenosine diphosphate (ADP), i.e. in the absence of its energy source adenosine triphosphate (ATP), it stays
attached to the microtubule in a distinct diffusive state. According to the Einstein relation, the corresponding
diffusion coefficient is inversely proportional to the frictional drag coefficient of the motor. To test this relation,
we first measured the diffusion coefficient by single-molecule fluorescence tracking. Then, we quantified the
friction force using optical tweezers by dragging single motor molecules along the microtubule. We demonstrated
the Einstein relation for low speeds and observed a deviation from a linear friction force-velocity relationship
at larger speeds. This deviation we explained by a model based on bond rupture dynamics. Furthermore, the
friction force depended on the pulling direction reflecting the asymmetry of the polar microtubule filament. The
active molecular motor is limited in both speed and efficiency by the presence of this protein friction.

To gain insight into the molecular mechanism of protein diffusion along filaments, we showed that the motor
moved by 8-nm diffusive hopping steps. This result we confirmed by (i) the bond-rupture model, (ii) direct
observation of steps, and (iii) by a fluctuation analysis. The bond-rupture model was based on a constant force
approximation, and the fluctuation analysis requires a Poisson stepper. Here, we validate these two points by
a Monte Carlo simulation of the experiment. We show that a correction to the constant force approximation
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Figure 1. Schematic of the experiment: A kinesin-8-coated microsphere is trapped close to an immobilized microtubule
(not drawn to scale). Moving the stage with constant velocity v past the stationary laser drags the microtubule lattice
underneath the kinesin-8 molecule. The molecular interaction of the kinesin-8 motor with the microtubule creates a friction
force Firiction = —Ftrap (neglecting the small hydrodynamic drag arising from the viscosity of the aqueous solution).

due to the presence of force fluctuations describes the simulated data slightly better than the theory without
the correction. The fluctuation analysis of the experimental data confirmed the 8-nm steps that we measured
at speeds larger than 4 um/s, but underestimated the step size at lower speeds. We argue here that the under-
estimate arises because the loading rate of the optical trap depletes the population of long-lived states. First
we summarize the experimental procedure used to measure protein friction, then we describe the simulation
procedure, followed by the presentation of the simulated data which we compare to the experimental results.

2. EXPERIMENTAL PROCEDURE

With an optical tweezers," © we trapped polystyrene microspheres (500 nm in diameter) functionalized with single
yeast kinesin-8 (Kip3p) molecules” ? and dragged them over microtubules (Fig. 1). We placed the microspheres
over surface-immobilized microtubules such that the Kip3p molecules could interact with the microtubule.!? 11
The interaction was diffusive, since the surrounding solution contained ADP which cannot be used as a fuel
for the motor. Then we moved the stage with constant speed forwards and backwards along the axis of the
microtubule resulting in a relative movement of the laser and the trapped microsphere with respect to the
microtubule. After binding of the Kip3p molecule to the microtubule in its diffusive state, the microsphere was
displaced relative to the trap center and the molecule dragged along the microtubule with an on average constant
force. The force that was necessary to drag the molecule with constant speed was a direct measure of the friction
between the single kinesin molecule and its microtubule track. We performed the experiment for different drag
speeds and analyzed the data for dragging towards the microtubule plus- and minus-end independently. On the
single-molecule level, we explained the measured friction and the observed diffusion by bond rupture dynamics.
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3. SIMULATION

In the absence of an external force the molecular motor diffused along the microtubule lattice. The diffusive
motion can be modelled as a Poission stepper between discrete binding sites, with equal probability of making
a forward and a backward step of size §. In a single-step Poission process, the probability of making a step is
independent of the occurrence of the previous step resulting in an exponential probability distribution of the
dwell time occurence between steps:

P(r) = ¢ Fethor, (1)

where ky = k_ = ko = (1)~! is the rate of forward or backward stepping and (7) is the average dwell time.
The distribution gives the probability that no step occurred during the time interval 7. The probability of a
step in a time interval At is then Pye, = 1 — P(At). To simulate the step-wise movement of the molecule, we



calculated in discrete time steps separated by the time interval At < (ky + kp)~! a random number, 7, between
0 and 1. For 7 < Pyep =1— e~ 2koAt we increased or decreased with equal probability of forward and backward
steps, Py = P, = 0.5, the molecule position, z, by ¢ resulting in a random walk with exponential dwell time
distribution.

In the experiment using the optical tweezers, we dragged—with constant velocity—the diffusing molecule via
a microsphere-handle along a microtubule. As long as the molecule was detached from the microtubule the mi-
crosphere moved together with the center of the optical trap. After binding of the molecule onto the microtubule
in its diffusive state the friction force between the molecule and the microtubule slowed the microsphere down,
thus displacing it out of the trap, leading to the application of a force (Fig. 1),

= _Ffriction = Ftrap = ’itrapra (2)

where Kirap is the trap stiffness and, Az is the displacement relative to the trap center. When the trap force was
on average balanced by the friction force, the microsphere moved with the same speed as the trap but lagged
behind the trap with an on average constant offset.

The force applied by the optical tweezers biased the diffusion of the molecule by changing the forward and
the backward stepping rate according to an Arrhenius-like theory

ki = koeE2T0/ke T, (3)

Note that here we did not consider an asymmetric interaction potential.! Inserting Eq. 3 into Eq. 1 gives the
force-dependent dwell time distribution with the probability of a backward step P, = 1 — Py = e For
the simulation we created two variables, one for the molecule position, x, and one for the trap position, ¢rap-
Starting with both variables at zero, we increased z;ap every simulation time interval At by vAt, with v being
the drag speed. After each update of the trap position, we (i) calculated the applied force F' = Kiyap(Tirap — T)
on the molecule, (ii) evaluated the force-dependent stepping probability, and (iii) in case of the occurrence of a
step, increased or decreased the molecule position z by the step size §.

4. RESULTS

To compare the simulation with the experimental results, we chose parameters closely matching those of the
experiment. In particular, we used for the simulation step time At = 5 us which corresponds to five times the
experimental sampling rate. The step size was § = 8.2nm reflecting the periodicity of the microtubule lattice.!*
The diffusion coefficient was D = §2kg = 5400 nm? /s corresponding to a zero-force stepping rate of ko ~ 80s~*
and a frictional drag coefficient v = kgT'/D = 0.76 uNs/m. The trap stiffness was about the same as the one in
the experiments kg, = 0.038 pN/nm unless mentioned otherwise.

4.1 Force-velocity relation

Plotting the simulated trap force over time showed—after a transient response—a plateau of the trap force
that increased for larger drag speeds (Fig. 2A). The average plateau value is plotted versus the drag speed in
Fig. 2B. The error bars indicate the standard error of the mean (SEM) calculated with the method from H.
Flyvbjerg'? to estimate the error in correlated data. The standard deviation of the force signal was about 0.4 pN
for ﬁiffp = 0.038 pN/nm and did not vary with velocity. The simulated force-velocity data points closely resemble
the experimental results.! The black line in Fig. 2B is the friction force-velocity relation according to our theory

v =0(ky —k-) (4)
with k4 and k_ being force dependent according to Eq. 3.

The theory assumes a constant trap force without force fluctuations. Force fluctuations lead to a correction
term (see Eq. S3 in supplementary material of Bormuth et al.}). With the correction the simulated data are
slightly better described (dotted line in Fig. 2B). As a control, we verified that the average force did not vary
with trap stiffness in the range of the experimentally used values (inset Fig. 2B). This indicates that there is no
loading-rate dependence of the bond-rupture force for a sufficiently low trap stiffness. For a large trap stiffness,
the simulated average force decreased while the standard deviation increased (solid lines through data points in
the inset of Fig. 2B).
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Figure 2. A Friction force vs. time as a result of the simulation [v = 1 um/s (light gray), v = 8 um/s (dark gray)]. The
dashed lines indicate the averages of the force plateaus. B Friction force-velocity relationship: The average force plateau
height is plotted versus the drag speed. The error bars—the standard error of the mean (SEM)—were determined by a
“blocking” method.'? The bond-rupture model with constant force approximation (solid line) and correction (dotted line)
describe the data well within the error bars. Inset: Mean force as a function of trap stiffness for v = 10 um/s. SEM (not
shown) are about the size of the symbols; vertical lines depict the standard deviation. C Stepwise motion of the motor
position (black) and trap position (gray) as a function of time. Inset: Probability distribution for dwell-time occurrence
for v = 12 pm/s with kg, = 0.038 pN/nm (solid circles) and ky, = 0.00038 pN/nm (open circles). Equation 1 (solid
line) was fitted using a scaling factor to the latter data set with the rate fixed to the one expected. D Fluctuation analysis.
Top: Experimental velocity power spectral density (PSD) trace for v = 8 um/s with the solid straight line indicating the
plateau average. Inset: Step size as a function of drag speed [experimental data (squares), simulation evaluated at high

frequencies and x5y, (circles and dotted line) and ki, (diamonds), theoretical curve with backward steps'® (solid line)].

Bottom: Velocity PSD based on simulation at v = 1um/s for sga, (black) and KW, (gray); thick lines are averaged

PSDs. Dashed lines indicate plateau heights corresponding to about 12nm (short dash) and 4nm (long dash) step size.



4.2 Fluctuation analysis

We used a fluctuation analysis!'!® to objectively measure the diffusive hopping-step size using all our (noisy)
experimental data. This analysis is valid for a single-step random process with an exponential dwell-time distri-
bution without backward steps. We observed! a decrease in step size for v < 4 um/s (squares, Fig. 2D, inset),
which suggested that several rate-limiting processes at low forces exist, as has been reported for kinesin-1.16
Therefore, we simulated the data to test whether there would be other explanations for the decrease in step size.

Figure 2C shows a typical time trace of the simulated movement of the dragged molecule. The 8 nm steps are
clearly visible in the simulation because we did not add Brownian noise to the positional data. This Brownian
noise obscured the steps in the experiments requiring the fluctuation-based analysis. The inset shows a nearly
exponential probability distribution of dwell time occurrence (the deviations are discussed below). Taking the
time derivative of the position data, results in randomly distributed delta functions occurring at the times when
the motor stepped. This random distribution leads to a flat velocity power spectral density (PSD), i.e. white
noise, with an average plateau height of p = 2v§ (Fig. 2D, bottom). Since the drag speed v is known precisely this
equation can be used to determine the step size § (Fig. 2D, inset). Due to the positional Brownian noise in the
experiment, the velocity PSD increased quadratically with frequency for high frequencies above a characteristic
frequency f1¢ (~ 300 Hz in Fig. 2D, top). Thus, the plateau below this frequency needs to be evaluated.

A theory with backward steps'® predicts an apparent increase in step size for small drag speeds (solid line,
Fig. 2D, inset). The velocity PSDs based on the simulations (Fig. 2D, bottom) indeed confirm this increase
when the step size is based on the average PSD at high frequencies (above 1kHz). However, when the average
is taken at low frequencies, the step size is underestimated since the velocity PSD decreased for low frequencies.
When reducing the trap stiffness 100-fold, the decrease in the velocity PSD at low frequencies disappeared and
the theoretically predicated increase in step size is recovered by the simulation even when the PSD is evaluated
at low frequencies.

5. DISCUSSION

The simulation validated our experimental data analysis. Furthermore, it gave insight into how the trap stiffness
affects the dwell time distribution of the steps and the force fluctuations. With respect to the bond rupture model,
we confirmed that the average force was independent of the trap stiffness for a sufficiently low trap stiffness.
Thus, for the trap stiffness used in the experiments, there was no loading rate dependence for the rupture of a
single bond requiring no further correction to the model with that respect (see Sect. 9.1 in Bormuth et al.!).
However, with increasing trap stiffness, the fluctuations in force increased. Qualitatively, the fluctuations in
position due to the diffusive nature of the interaction remain nearly constant for a given pulling speed. Since the
force fluctuations are the product of the positional fluctuations with the trap stiffness, an increase of the latter
also results in an increase of the force fluctuations.

Fluctuations in the force affect the force-dependent hopping rates. Since the speed (Eq. 4) is based on the
average rates and the force occurs in the exponential, the fluctuations do not simply average out but lead to a
correction term (Eq. S3 in Bormuth et al.'). This correction increases the rates with increasing force fluctuations.
Thus, for a given speed, i.e. a given rate, the average force has to decrease when the force fluctuations increase.
Since fluctuations were present in both the experimental and simulated data, this correction (dotted line in
Fig. 2B) therefore led to a better description of the data.

The second effect of the trap stiffness is that it changes the dwell time distribution. Since the optical trap
is constantly moving, a long dwell or pause of a motor before a step results in more loading, i.e. a higher force
acting on the motor. Since the loading rate, vkirap, increases with increasing trap stiffness, the probability of
long dwell times is increasingly reduced with a higher trap stiffness. This effect we observed in the probability
distribution for dwell-time occurrence (inset Fig. 2C).

The change in the probability distribution for the dwell-time occurrence affected the fluctuation analysis. We
can define a characteristic frequency at which the loading rate has increased the hopping rate e-fold. This occurs
at a force increase due to a fluctuation of AF = 2kpgT/§ which corresponds to a displacement of Az = AF/Kirap
and a lag time, 7., or characteristic frequency, fi#P, of 77! = fi'% = v/Ax = Ktrapdv/(2ksT). Note that
additional compliance due to a molecular linker—not simulated here—between the microsphere and the molecular



motor in the experiments (Fig. 1) might change the value of this frequency. For frequencies f < f?P (longer lag
times than 7.), we expected a reduced power spectral density. The velocity PSD in the bottom of Fig. 2D indeed
showed such a drop in power for low frequencies. This drop disappeared (moved to much lower frequencies)
when the trap stiffness was lowered 100-fold. Thus, ideally drag experiments should be performed with the
lowest possible trap stiffness.

The decrease in the low-frequency power spectral density leads to an under-estimation of the step size based
on the fluctuation analysis if the frequencies below f#P are included in the analysis. If the trap stiffness was
sufficiently low, exponential dwell time distributions and flat PSDs were recovered leading to the correct step
size (inset Fig. 2D). Also correct values were obtained at very high frequencies which were, however, inaccessible
in the experimental data due to Brownian noise in the position data. In the experiments for v > 4 um/s, the
plateaus were analyzed between the lower—f*#P due the trap stiffness—and upper—f2°*¢ due to Brownian
noise—corner frequencies where the plateau was flat. This led to the correct estimate of the step size. For
v < 4um/s, we found fir%P ~ fhoise which means that there was no flat plateau region leading to an under-
estimate of the step size. Thus, the simulation suggests that the apparent decrease in step-size is due to the
finite stiffness of the trap and not due to a multi-step process.! 1%
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