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ABSTRACT

The design of nanoscale transport systems utilizing motor proteins as engines has advanced rapidly. Here, actin/myosin- and microtubule/
kinesin-based molecular shuttles are compared with respect to their requirements for track designs. To this end, the trajectory persistence
length of actin filaments gliding on myosin-coated surfaces has been experimentally determined to be equal to 8.8 + 2 #m. This measurement
complements an earlier determination of the trajectory persistence length of microtubules gliding on kinesin-coated surfaces and enables a
comparison of the accessible track designs for kinesin and myosin motor-powered systems. Despite the 200-fold smaller stiffness of actin
filaments compared to that of microtubules, the dimensions of myosin tracks for actin filaments have to be quite similar to the dimensions
of kinesin tracks for microtubules (radii larger than 200 nm and widths smaller than 0.9 #m compared to 600 nm and 19 zm). The difference
in gliding speed is shown to require additional consideration in the design of track modules.

The design of nanoscale transport systems powered by
biomolecular motors requires the interfacing of biological
elements with a suitably constructed synthetic environment.
The design of “tracks” to guide such “molecular shuttles”
consisting of cytoskeletal filaments gliding on ATP-consum-
ing motor proteins is a challenging aspect of the development
process. Currently, two classes of molecular shuttles are
investigated, microtubule/kinesin- and actin/myosin-based
molecular shuttles. Two significant differences are the 200-
fold larger stiffness of microtubules (MTs) compared to that
of actin filaments (AFs)! and the 5-fold lower gliding
velocities of microtubule/kinesin systems? compared to those
of the actin/myosin systems.? It has been repeatedly pointed
out* that the stiffness of the employed cytoskeletal filament
has a strong influence on the track design; stiff microtubules
are unable to follow sharp turns, while flexible actin filaments
turn unless confined in narrow tracks. The flexible filament
and fast gliding speed of actin/myosin molecular shuttle
systems have been considered to be major advantages over
microtubule/kinesin systems, which enable the design of
smaller and faster devices.
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Here, these insights are subjected to scrutiny in order to
answer the following questions: What is the requirement for
track designs for microtubule/kinesin- and actin/myosin-
based molecular shuttles? What turn is too sharp, and what
track is too wide? Do these parameters reflect the 200-fold
higher stiffness of a microtubule compared to that of an actin
filament? Does the difference in their gliding speed influence
the track designs?

The turning radius is limited by either the amount of force
supplied by the motors to force a filament into a turn,’” the
ability of the motors to maintain attachment to the filament
despite the elastic restoring forces,® or the breaking of the
filament due to rupture of the longitudinal bonds between
filament subunits.® Insufficient forward forces get the filament
stuck at a sharp turn; loss of attachment to motors leads to
disengagement of the filament from the track; and breaking
reduces the forward force by reducing the number of motors
bound to a shorter filament and increases the likelihood of
disengagement from the surface.’

The force-limited turning radius can be estimated by
comparing the force generated by the motors along the
filament with the derivative of the bending energy of the
filament along the contour length, or > = EI/2F, with r as
the radius, EI the flexural rigidity, and F the collective force
of motors.* This radius is smaller than the radius observed
for spiraling filaments since force generated by motors along
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Figure 1. Measurement of trajectory parameters of actin filaments gliding over myosin-coated surfaces. (A) A representative trajectory of
an actin filament gliding over a myosin-coated surface. (B) Distribution of distances (d) traveled by actin filaments during 0.6 s and its
Gaussian fit. (C) Center u of the Gaussian fit of the distributions of d (u4) as a function of Atz and its linear fit. (D) Variance ¢? of the
Gaussian fit of the d distributions (04%) as a function of At and its fit with a parabolic function (see text). (E) Distribution of directional
changes (A0) of actin filaments during 0.6 s and its Gaussian fit. (F) Variance ¢ of the Gaussian fit of the A distributions (0x¢%) as a

function of Ar and its linear fit.

the filament is transmitted to the tip and contributes to the
bending of the tip.” Using an estimate of motor force per
unit length of 100 pN/um for microtubules and 2 pN/um
for actin filaments, which reflects the differences in duty
cycles and motor forces between kinesin and myosin,” and
an estimate of EI of 21 pNum? for microtubules and 0.073
pNum? for actin filaments,' the force-limited turning radius
is 200 and 80 nm for 3 um long microtubules and actin
filaments, respectively. Sundberg et al. pointed out that the
motor—filament bond has to be of sufficient strength in the
absence of a physical barrier, which provides the force to
bend the filaments.® This applies to track designs relying
solely on the patterned immobilization of motors, a strategy
effective only for the flexible actin filaments.* Sundberg et
al. calculated a minimum turning radius of 200 nm for actin
filaments gliding on myosin.

The breakage-limited turning radius has been determined
for actin filaments in detailed experiments to be 200 nm.?
In vivo, microtubules have been observed to break at a radius
of 600 nm,'° as one would predict from models of the
longitudinal tubulin—tubulin bonds'" and simple mechanics.
The turning radius is thus limited to no less than 200 nm for
actin filaments and 600 nm for microtubules since enough
force can be generated to break the filament independent of
the specific estimates of collective motor force or flexural
rigidity.'>-14

On the other hand, the track motif has to be sufficiently
small to properly guide the filaments. For example, a straight
channel width has to be small enough to prevent the gliding
filament from performing a U-turn.»*!> More precisely, the
track width has to be smaller than the trajectory persistence
length L, defined by:

At
ion ) (1)

2L,

where AO(Ar) is the directional change of the AF or MT
during time interval Az and v, is the time-averaged velocity.

[dos[AO(AN] = exp(—
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The trajectory persistence length L, is therefore the critical
parameter. For microtubules gliding on kinesin-coated
surfaces, it has been previously determined that L, is equal
to 111 um (92—132 um) in the absence of defect motors
and 35 yum (28—44 um) at typical defect densities,!® values
which are supported by other observations.'’!” However,
this information has not been available for actin filaments.

Here, trajectories of 28 actin filaments gliding on myosin-
coated surfaces were analyzed to obtain this information
(Figure 1).

The trajectory analysis yielded two previously known
parameters,”® the average velocity, Vavg, and the motional
diffusion coefficient, Dy, as well as two previously
unknown parameters, the trajectory persistence length, L,
and the variance of average filament velocities, [(Avyyy)>]

Time-Averaged Velocity (vag): For every trajectory, the
distances traveled along its trajectory during a given time
step Ar were calculated. Then, histograms of the traveled
distances were created for At = 0.2 up to 2.0 s. Figure 1B
shows the histogram of the traveled distances during 0.6 s.
Since the traveled distances are considered to be the sum of
smaller traveled distances which are statistically identical,
the central limit theorem can be applied. Therefore, the
histograms were fitted with a Gaussian distribution function

_ (x—/t)z)
=A+ Brexp| -F &S
y exp( 202

Figure 1C shows the Ar dependence of w4, which is the
average traveled distance during At, that is, ga = UauAt.
From its linear fit, the time-averaged velocity was calculated
to be 2.8 um/s.

2

Motional Diffusion Coefficient (D,.4,) and Variance of
Average Filament Velocities, mAvavg)ZE Figure 1D shows
the fit parameter ¢” in eq 2 as a function of the size of the
time step Ar. This variance (04%) is due to the stochastic
nature of myosin motor action, and the heterogeneity of the
time-averaged velocity among AFs and can be expressed by
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From a fit of the above formula to Figure 1D, the motional
diffusion coefficient D,.5, and the variance of the time-
averaged velocity among AFs [{Av,,,)*Owere determined to
be 5.0 x 1072 um?s and 6.3 x 1072 um?/s?, respectively.

Persistence Length of Trajectory (L,): Expanding the
expression in eq 1 for small A@ and v,,,A#/2L,, we obtain

A
HAO(AD)’ = % 4)
P

The AB(Ar) was calculated from all 28 trajectories for Az
= 0.2—2.0 s. In this range, the estimated error introduced
by the expansion of the left-hand side of the eq 1 is at most
around 6%. Figure 1E shows the distribution of A6 of Ar =
0.6 s. The distribution of A8 is well fitted with a Gaussian
distribution function as defined by eq 2. The dependence of
the variance oag®> on the size of the time step At is linear
(Figure 1F), showing that the higher-order terms of the
expansion are negligible. From the slope of the fitted
regression line and v,,, = 2.8 um/s, L, was determined to
be 8.8 um (£2 um, see below).

The agreement between our measurement and previously
reported values for v,y and D,.q, validates our experiments
and analysis. Our value of v,,, = 2.8 um/s reproduced our
previous results.”! The obtained value of Dy.g, = 5.0 x 1072
um?/s is comparable with those reported by Noda et al. of
3.7 x 1072 and 1.5 x 1072 um?s for AFs gliding along
native thick filaments from M. galloprovincialis and S.
virgatus, respectively.?

To validate our analysis procedure further,?> a computer
simulation of AF gliding on a myosin-coated planar surface
was carried out with v, = 2.8 um/s, Dy, = 5.0 X 1072
um?s, L, = 8.8 um, and a time step of Az = 0.01 s for a
simulated duration of 500 s, which results in a trajectory
length comparable to the total trajectory length of all 28
trajectories analyzed. The simulated trajectory was analyzed
in the same manner as the experiment, and the parameters
were retrieved to be vy, = 2.8 um/s (SD = 0.02 um/s),
Dyqu = 5.1 £ 0.5 x 1072 um?¥s, and L, = 9.3 £ 1.7 um
(mean £ SD; N = 10). In addition to validating the analysis
method, this provides an estimate of the error of the above-
determined trajectory parameters vaye, Lp, and Dy.gy.

The actin filament trajectory persistence length of 8.8 um
is plausible since it is expected that the trajectory persistence
length is equal to the persistence length of the actin filament
at high motor surface densities” and the most recent
measurement of the actin persistence length found a value
of ~8.75 um,'* while previously reported values'-?*2* fall in
the range of 5—17 um. Taking into account the filament-
length-dependent persistence length of microtubules,'*?> our
measurements show that the analysis by Duke et al.” correctly
predicted that the trajectory persistence length and filament
persistence length are equal.

We simulated the gliding of filaments in straight tracks
using a previously introduced Monte Carlo method?® and
found (Figure 2) that the average distance traveled in units
of persistence length (under the assumption of perfect
guidance) between two successive U-turns scales with
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Figure 2. Simulation of actin filament movement through a straight
channel. The simulations were carried out with vy, = 2.8 um/s,
Dy.qu = 5.0 x 1072 um?/s, and L, = 8.8 um. (A) A representative
actin filament trajectory (black line) making a U-turn in a straight
channel of 3 um width (gray region). The direction of the actin
filament movement is indicated by the arrow. The distance between
two successive U-turns is denoted by dy.ym, as shown in the figure.
(B) Frequency of U-turns (defined as the reciprocal of the average
of dy.um) as a function of the straight channel width (w). Decreasing
the channel width w rapidly decreased the U-turn frequency. (C)
The scaling relationship between Ly/w and L,/[dy_um[]Plots of AFs
(solid squares) and MTs (open squares) collapsed onto a single
line: Ly/ldy.qum= 0.4exp(—0.6-L,/w). MT simulations were carried
out as described elsewhere.2

exp(—0.6-Ly/w), where w is the track width. The determi-
nation of the scaling relationship illustrates the value of the
Monte Carlo simulation since we were unable to deduce this
relationship analytically.

The maximum track width supporting a typical transport
distance®!%?” of 1 mm for more than 90% of MTs or AFs is
thus 19 and 0.9 um for microtubules (L, = 111 um) and
actin filaments (L, = 8.8 um), respectively (Figure 2). Here,
it is assumed that escape is impossible (e.g., due to improved
wall designs'®282), Furthermore, the impact of defective
motors, which can temporarily immobilize the tip of the
advancing filament and cause a random redirection,* is not
taken into account in this discussion.

The design of a concentrator is presented here to demon-
strate the insight that the difference in their gliding speed
does impact track designs. In our simulations, although most
MTs and AFs in a concentrator moved around the circular
edge and “jumped over” the junction with the inlet channel
(as indicated by the arrows in Figure 3A), a fraction of MTs
and AFs made sharp turns around the junction or before and
“leak out” (as indicated by the dotted arrow in Figure 3A)
with a characteristic time constant (Figure 3B). Although
the dimensions of the circular concentrator of Design 1 were
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Figure 3. (A) Concentrator designs. Circular concentrator, Design
1: the radius of the circle was set to be Ly/5, and the width of the
inlet channel was set to be L,/20. Ring concentrator, Design 2:
the outer radius of the ring was set to be L,/5, andn the width of
the channel was set to be 250 nm. (B) Simulated time evolutions
of the fraction of AFs (solid squares) and MTs (open squares)
confined in the concentrators of Design 1 and AFs confined in the
concentrator of Design 2 (solid triangles). For better visibility, plots
of MTs of Design 1 and AFs of Design 2 were slightly shifted
horizontally. AF simulations were carried out with v,,, = 2.8 um/
S, Dy.gu = 5.0 x 1072 ym?%s, and L, = 8.8 um; MT simulations
were carried out as described elsewhere.?® One thousand trajectories
were generated for each of five simulations.

scaled with the respective persistence lengths L, for AFs and
MTs, the characteristic “leakage” times showed a 40-fold
difference, 6.9 4= 0.3 x 10> s and 3.0 &= 0.4 x 10* s (mean
+ SD; N = 5) for AFs and MTs, respectively. This is
consistent with dimensional analysis, which shows that the
characteristic time scales with L,/v,, since the relevant
parameters are L, and v,, only. To confine AFs longer, a
better track motif has to be utilized. For example, by utilizing
a ring concentrator of Design 2 in Figure 3A, AF confinement
is 40-fold improved (the characteristic time constant of 2.7
+ 0.3 x 10* s (mean & SD; N = 5).

In conclusion, the minimum turning radius (0.2 ym for
AFs, 0.6 um for MTs) and the maximum channel width (0.9
um for AFs, 19 um for MTs) define boundaries for the design
of tracks for molecular shuttles powered by motor proteins.
These boundaries may be further constrained by additional
considerations, such as the interactions between shuttles.3!
The increase in the maximum channel width from actin
filaments to microtubules, however, has a dramatic impact
on fabrication. Structures for the control of microtubule
guiding can be routinely fabricated by photolithography,3>-3
while control of actin filament transport is best accomplished
by structures fabricated by e-beam lithography.!>3¢

Our detailed analysis supports the general statement that
flexible filaments and fast motors are desirable. In other
words, fast transport in small tracks yields quick results.

While the above discussion facilitates the evaluation of
potential devices powered by biomolecular motors, for
example, with applications in biocomputation,’” the key
advance here is the determination of the statistical parameters
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describing the trajectories of actin filaments (L, Dy-fu, Vavg),
which enables the design and testing of actin/myosin-based
devices in silico using the previously introduced Monte Carlo
method.?®

Hypothetically asking for a filament material which
increases the accessible “design space”, we are searching
for a small modulus combined with high toughness, a
combination exemplified by tire rubber (see also refs 38 and
39). It will be interesting to see if future efforts to design
synthetic motors and filaments can improve on the properties
of biomotors and cytoskeletal biopolymers.

Methods: Actin and Myosin Preparation. Fast skeletal
myosin was obtained from the psoas muscle of male New
Zealand white rabbits (3—3.5 kg). The rabbits were killed
with 50 mg kg~! of sodium pentabarbitol in the marginal
ear vein, in accordance with NIH animal care policy and as
approved by the University of Washington Animal Care
Committee. Skeletal myosin was prepared according to the
methods of Margossian and Lowey*’ and stored at —20 °C
in a high phosphate solution (0.5 mM KCl, 10 mM NaHPO,,
2 mM MgCl,, 1| mM DTT) mixed with 50% glycerol.
Aliquots of the glycerinated myosin stock were digested to
heavy meromyosin (HMM) with tosyl lysine chloromethyl
ketone (TLCK)-chymotrypsin (Sigma); HMM was stored at
4 °C and used for no more than a week. Daily aliquots of
HMM (0.46 mg/ml) were also centrifuged with actin to
remove denatured enzyme, as previously described.*' Rabbit
skeletal F-actin was prepared from acetone powder,*? labeled
with thodamine phalloidin (Molecular Probes, Eugene, OR,
U.S.A.), as described by Kron et al.,¥ stored at 4 °C, and
used up to 6 weeks.

In Vitro Motility Assay. In vitro motility assay experiments
were performed according to the standard protocol*® using
actin buffer (AB) consisting of 25 mM imidazole, 25 mM
KCl, 4 mM MgCl,, 1| mM EGTA, and 1 mM DTT at pH
7.4 at 23 °C. Filament motility was collected in AB plus 2
mM ATP, 50 mM ionic strength, pMg = 3, and containing
antioxidizing agents (0.018 mg mL ™! catalase, 0.1 mg mL™!
glucose oxidase, 3 mg mL~!' D-glucose, 40 mM DTT) to
delay photobleaching of the rhodamine label and inhibit
photo-oxidative protein damage. All experiments were
performed at 23 °C (range: 22.9—23.1 °C), with the
temperature periodically checked by a thermocouple (model
BAT-10R, Physitemp, Clifton, NJ, U.S.A.). The flow cell
temperature was maintained by circulating water through a
copper coil wrapped around the objective.

Filaments were visualized via fluorescence microscopy
using a 100x objective and illumination by a 100 W HBO
Hg lamp (Zeiss). More than 80% of AFs were moving. The
length of the shortest AF which glided smoothly was 0.4—1
um (2—5 pixel). AF movements were recorded using a SIT
camera on video tapes. The movies were digitalized using
Adobe Premiere software. The trajectories were obtained
using Metamorph software by recording the position of the
leading ends at a frame rate of 5 frames/s. Trajectories whose
ratio was between the standard deviation and the mean of
the traveled distance during 0.2 s was less than 0.35 were
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accepted. Twenty-eight AF trajectories were collected. The
lengths of the tracked actin filaments varied from 2 to 18
um. As previously reported,*** there was no systematic
difference in velocities within this range of the filament
length.

Simulation Method. The simulations were performed
according to the method described in detail elsewhere.?
Briefly, AF or MT movement in a microfabricated pattern
was described as a two-dimensional random walk having a
persistence length and being confined in a region. The
random walk was generated with an off-lattice Monte Carlo
simulation. The step distance (r) and angular change (A6)
during a time step (Af) were random variables with Gaussian
distributions. Their means and variances were given by

T=uv, At

avg

(r—7)°=2D, At

AO=0
. Uangt
AO" = 7

P

where v,y is the time-averaged velocity, Dy.q, is the motional
diffusion coefficient, and L, is the persistence length of the
AF or MT trajectory. These values for MT have been
experimentally determined.'® The ones for AF were deter-
mined as described in the preceding section of this paper.
The time step was set to be an order of magnitude smaller
than the time required to traverse the smallest structure
studied (Ar = 0.01 s and 0.1 for AF and MT, respectively).
For every time step, it was checked if the AF or MT crossed
track boundaries. If the AF or MT did not cross the boundary,
the location was employed as the next location. If the AF or
MT crossed the boundary, the AF or MT was guided along
the boundary, that is, the segment of the AF or MT trajectory
outside of the track boundary was folded onto the boundary,
and the direction of the AF or MT was set to be tangential
with the boundary. It was assumed that no AFs and/or MTs
escaped from the track or showed any preference for moving
along the track boundary.
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