
Abstract We have developed a novel technique which al-
lows one to direct the two dimensional motion of actin fil-
aments on a myosin coated sheet using a weak electric field
parallel to the plane of motion. The filament velocity can
be increased or decreased, and even reversed, as a func-
tion of orientation and strength of the field. PMMA
(poly(methylmethacrylate)) gratings, which act as rails for
actin, allow one for the first time to explore three quad-
rants of the force velocity diagram. We discuss effective
friction, duty ratio and stall force at different myosin den-
sities. A discontinuity in the velocity force relationship
suggests the existence of dynamical phase transition.
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Introduction

Actin-myosin motility assays (Kron and Spudich 1986; Ki-
shino and Yanagida 1988; Toyoshima et al. 1990; Harada
et al. 1990; Winkelmann et al. 1995) have become a stan-
dard tool to analyze members of this motor protein family
in order to gain insight into the link between protein struc-
ture and mechanical behavior. Even if very interesting in-
formation has been obtained by measuring the speed of ac-

tin moving on a myosin sheet, full knowledge of the force
velocity relationship is necessary for a complete charac-
terization. The actin filament velocity can be reduced by
increasing the frictional forces of the filament with respect
to its environment (Warshaw et al. 1990; Janson et al.
1992; Haeberle and Hemric 1995); however, this approach
does not allow for instantaneous modification of the ap-
plied load during the experiment and it only imposes forces
opposing the direction of motion. Furthermore, accurate
calibration of the force remains difficult. The behavior of
individual molecular motors or collections of motors have
been probed with microneedles (Kishino and Yanagida
1988; Ishijima et al. 1991; Ishijima et al. 1996) and opti-
cal tweezers (Svoboda et al. 1993; Kuo and Sheetz 1993;
Finer et al. 1994, 1995; Molloy et al. 1995). These elegant
but technicaly difficult approaches have yielded measure-
ments of average stalling forces of the order of 1 pN, peak
forces around 5 pN and elementary steps of about 5–20 nm
produced by individual myosin molecules.

We have developed a novel approach to impose a ver-
satile and easily controllable force on filaments by apply-
ing an electric field parallel to the plane of motion of the
F-actin in an acto-myosin motility assay. The electric field
exerts a mechanical force on the negatively charged actin
filaments which increases or decreases the filament speed
depending on the direction of motion with respect to the
field. We present a study of the filament speed as a func-
tion of electric field strength and obtain the effective fric-
tion of the acto-myosin system and discuss it in relation to
the myosin duty ratio. The stall force is measured and an
instability near stalling conditions is revealed.

Experimental (Material and methods)

The actin filaments are manipulated with an external
electrical field using the experimental setup depicted in
Fig. 1. The motion of actin filaments was observed either
on a flat myosin sheet, or it was constrained parallel to the
field using a patterned substrate made of myosin coated
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PMMA (poly(methylmethacrylate)) (Suzuki et al. 1997)
using the antibody capture technique in both cases (Win-
kelmann et al. 1995). Motility assay buffer contained
7.5 mM MgATP. Experiments were performed at 30°C .
AC and DC fields were applied with a function generator
followed by a power amplifier (7500, Krohn-Hite). The
motility assay was observed with a temperature controlled
63× Plan Apochromat objective on an inverted microscope
(Axiovert 100, Zeiss), equipped with epifluorescence op-
tics, illuminated with a 100 W mercury light source and
rhodamine filter sets. Neutral density filters were added to
reduce illumination. Images were projected onto an image
intensifier (C2400-80, Hamamatsu) coupled to a CCD
camera (XC-77CE, Sony). Contrast and brightness were
adjusted through a PCvision Frame Grabber driven with 
Optimas (Bioscan) software and images were recorded on 
S-VHS videotape. A green LED connected to the function
generator was placed in the objective light path to signal
inversion of the field polarity during observation. In order
to measure filament speed video images were digitized

with a Scion frame grabber and analysed with an interac-
tive program tracking the leading edge of moving fila-
ments. Coordinates of pointed ends of filaments with un-
interrupted motion were taken typically every 0.1 s.

The electrophoretic mobility of rhodamine phalloidin
labelled F-actin was measured in two ways: capillary 
electrophoresis in 100 µm fused silica capillaries 
(DB17-100 µm, J&W Scientific) yields a value of 
µB =5.5 · 10–9 m2/Vs. Direct measurement of the mobility
of filaments in bulk in the experimental setup yields
µB =1.0 · 10–8 m2/Vs. The latter value was chosen since
conditions are indentical to the motility assay whereas
sticking to the walls of the capillary might have influenced
the measurement of the former.

Results and discussion

On applying the electrical field on a flat substrate the lo-
cal interaction of the filament with the myosin motors ap-
pears unchanged, but the direction of filament motion
orients along the electric field such that the negatively
charged actin filaments are propelled toward the positive
electrode (Fig. 2a,b). Filaments trapped by defects of the
myosin surface can often be freed by the electric field.
Upon field inversion, many of the filaments make U-turns
apparently with their contour following the leading tip. For
a saturated myosin surface of around 900 molecules/µm2

the onset of visible orientation occurs for field strengths of
around 5 · 102 V/m; above fields of ≈5 · 103 V/m motion
against the field is rare.

The direction of filament motion can be confined by a
patterned grating of 1 µm wide grooves photoetched into
PMMA (Fig. 1b). The actin filaments move straight along
the grooves occasionally changing to a neighboring track
and this even when moving against an opposing electric
field (Fig. 2c). Typical velocity distributions of F-actin
moving on myosin at different field strengths are shown in
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Fig. 1 a The observation chamber (home-built, scales are not re-
spected): the motility assay is prepared according to Winkelman et al.
(1995) on a round coverslip, 35 mm in diameter. It is covered with
a squared 18×18 mm coverslip, previously incubated with 0.1% bo-
vine serum albumin (A-3803, Sigma) in water and dried. Two oppo-
site edges of the coverslip are sealed with Nail polish (Multi Eclat,
Clarins), and along the remaining edges 1% agarose (A-6013, Sig-
ma) in motility buffer is applied to avoid buffer drift and loss of ac-
tin. This cell is inserted into a Plexiglas chamber, divided into two
reservoirs, each filled with 2 ml of motility assay buffer. The only
electrical connection between the reservoirs is via the motility assay
(see enlarged view). Platinum electrodes are inserted via holes in the
two reservoirs. Temperature within the observation cell is controlled
via the oil immersion objective which is kept at 30.0°C. Variations
of the electrophoretic mobility of free actin filaments are less than
10% across the depth of the cell, thus electrohydrodynamic flow gen-
erated by electroosmosis on the coated surfaces is negligible. b View
by electron microscopy of PMMA gratings used as a substrate for
the motility assay, dimensions below. These gratings were found to
direct actin motion (courtesy of D. Adam and F. Champagne, Thom-
son CSF). Gratings were made to order by Thomson CSF, France



Fig. 3. Those filaments moving towards the anode are
faster than without an external field (Fig. 3a,b) and those
moving in the opposite direction are slower. Most motion
stops at the stall field strength, Es which varies linearly
with myosin surface density (Table 1). Interestingly, near
stalling conditions, a subpopulation is observed represent-
ing about 10% of the total F-actin which continues to move;
some of these filaments move forward at a slow speed and
some move backwards (Fig. 3c). Many filaments in this
subpopulation even reverse direction from time to time.
With strong opposing fields, motion is reversed: the fila-
ments move backward against their natural direction at a
speed depending on field strength (Fig. 3d).

The field-velocity relationship has been investigated
over a range of myosin surface densities spanning an or-
der of magnitude (Fig. 4). At a low myosin density, around
100 molecules/µm2, many filaments surprisingly keep
their direction of motion even on a flat substrate when the
field is reversed. In this case, the entire field-velocity re-
lation can be obtained without the use of PMMA gratings.
At surface densities above 200 molecules/µm2 PMMA
gratings have been used to prevent turning of the actin fil-
aments when moving against the field. A linear velocity-
field relationship of the form, v=v0 +µ E, holds for weak
fields up to an absolute value of about 4 · 103 V/m, where
v0 is the spontaneous velocity and µ is and effective mo-
bility coefficient. For stronger fields these curves appear
increasingly concave. Near stalling conditions a disconti-
nuity of the force velocity relationship is observed at myo-
sin surface densities above 100 molecules/µm2. Varying
the field amplitude around the stall value while observing
selected filaments revealed a hysteretical behavior i. e.
switching between back and forward motion occurred for
a continuously increasing and decreasing field at different
values. It seems unlikely that this phenomenon is due to
inhomogeneities of the myosin substrate since this unstable
population only appears near stalling conditions (Fig. 3).
We interpret this discontinuity of the force-velocity rela-
tionship as the signature of a dynamical phase transition
of the acto-myosin system around zero speed. The possible
existence of an instability of this type, resulting from a col-
lective effect of many motors attached to a single filament,
has been predicted by theoretical arguments based on a
simple model (Jülicher and Prost 1995).

The mechanical force exerted by the field on the actin
filament can be estimated as f≈ξh µB E, where µB is the
electrophoretic mobility of actin measured in bulk solution
and ξh is the hydrodynamic friction coefficient per unit
length of a filament close to the surface. For ξh we use 
the expression of the friction of a rod near a wall
ξh≈2πη/ln((D+(D2 –R2)1/2)/R) (Hunt et al. 1994) with η
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Fig. 2a–c Paths of actin filaments on a myosin coated surface, ar-
rows indicate direction of motion. a In the absence of an electric
field, directions of the filaments are uniformly distributed (myosin
density of 900proteins/µm2). b In the presence of an electric field of
2.5 · 103 V/m paths are oriented along the field direction. Moving
tips of actin filaments are directed towards the negative electrode
(myosin density of 900proteins/µm2). c PMMA gratings as a sub-
strate direct actin filament motion parallel to the grooves. An electric
field of 3 · 103 V/m is applied parallel to the grooves (myosin den-
sity of 200 proteins/µm2). Figures show an average of a few video-
frames followed by thresholding to obtain a binary image. The length
of the filaments is ≈4 µm. Note that, as a result of the velocity chang-
es due to the presence of an electric field, paths are longer in (b) than
in (a). In (c) the superimposed images of slow filaments moving to-
wards the positive electrode appear to be shorter and thicker than for
fast filaments moving in the opposite direction since the former have
time to fluctuate within the groove. Scale bar, 10 µm

Table 1 The field to stall actin motion as a linear function of myo-
sin density. The value for 900 proteins/µm–2 is not a direct measure-
ment, but an extrapolation

Myosin density 100 µm–2 200 µm–2 400 µm–2 900 µm–2

Stall field (103 V/m) –2.3±0.2 –5±1 –11±1 –17±2
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Fig. 3a–d Histograms of velocity distributions for a myosin den-
sity of 400/µm2 for different values of the electric field. The field is
applied parallel to the grooves of the PMMA grating which is used
as a substrate for motility. Speeds of actin filaments moving towards
the positive electrode a are increased compared to the natural speed
distribution without an electric field depicted in b. Filaments mov-
ing towards the negative electrode are slowed down by the field (not
shown). c For a strong opposing field around stalling value about
10% of the filaments are still moving, however backward and for-
ward motion is observed. The two peaks of the histogram of the mov-
ing filaments reveal a discontinuity of the speed-force relation inter-
preted a signature of an instability of the actin-myosin motor. d Up-
on a small further increase of the field strength all filaments move
backwards

Fig. 4a–c Average velocity of actin filaments as a function of the
electric field at T=30°C and 7.5 mM ATP in PMMA gratings. Only
moving filaments were counted. The sign of the field is chosen with
respect to actin motion: E>0 field causes acceleration, E<0 decelera-
tion. Myosin densities are a 100 (circles) and 200 (squares), b 400 (tri-
angles) and 900 (diamonds) proteins/µm2. As shown in the histogram
of Fig. 3 c, positive and negative speeds occur around the stall-field
(surface densities of 200 and 400 proteins/µm2) as a signature of an in-
stability discussed in the text. c Our observations should not depend on
the absolute value of the applied electric field but on the force per mo-
tor. The curves in (a) and (b) should be superposable after rescaling:
the graph v/v0 as a function of E/Es (where v0 is the velocity in absence
of field and Es is the stall field) shows that force-velocity diagrams have
indeed a very similar shape for different myosin densities



denoting the solvent viscosity, R the filament radius and D
the distance between the filament axis and the surface.
Since the actin filament is expected to be at a molecular
distance between filament and surface, we use D/R≈1.1,
yielding ξh µB≈2 · 10–10 N/V. The force per unit length act-
ing on a filament is f≈2 pN/µm for electrical fields of
104 V/m.

The fact that the observed stall fields and hence the stall
forces change linearly with myosin surface density σ
(Table 1) supports the assumption that the number of myo-
sin heads, n, interacting per unit length with the filament
is given by n=σ a, where a≈30 nm is the reach of a mo-
tor. Using this value, we obtain an average force per myo-
sin head of 0.15 pN which is similar to 0.2 pN reported by 
Kishino and Yanagida (1988) for a force acting at the ex-
tremity of the actin filament. The inverse of the mobility
µ (taken as the slope of the field velocity relation µ=∆v/∆E)
is related to a friction coefficient ξ ≈∆f/∆v=ξh µB/µ, which
describes the velocity increase, ∆v, resulting from an ex-
ternally applied force per length, ∆f. for weak fields this
friction scales linearly with myosin density (Fig. 5). At
high myosin density µ–1 is about an order of magnitude
larger than the value extrapolated to zero myosin density,
µs

–1 =4 · 108 Vs/m2. This value is about 4 times larger than
1/µB in bulk, indicating a contribution of non-hydrody-
namic friction due to the proximity of actin to the surface.

Assuming that the weak binding state contributes to
friction of the order of ξh, the effective friction ξ is caused
mainly by myosin heads in the strong binding state. A 
simple argument relates the observed actin mobility to the
duty ratio. The external force induces an elastic displace-
ment δ=(l/c) ∆f of the actin filament segment of length l,
defined by the distance between two strongly bound myo-
sin, with c–1 denoting the combined longitudinal elasticity
of actin filament and acto-myosin crossbridge in units of
force/length. This displacement leads to a velocity increase
∆v≈δ/τ, where τ ≈2 · 10–3 s is the ‘strongly bound state
time’ (Spudich 1994), and the friction coefficient can thus

be expressed as ξ =τ c/l. The average distance of motors
d=1/(a σ) along the filament, can be related to l by l≈d/r,
where r denotes the acto-myosin duty ratio. If the domi-
nant displacement δ arises from the elasticity of the acto-
myosin crossbridge (Tawada and Sekimoto 1991; Leibler
and Huse 1993) r≈ξd/(cτ); using d≈30 nm for
σ=900 µm–2 and the observed friction ξ =0.30 Ns/m2 and
taking c≈1.3 · 10–4 N/m (Molloy 1995) we estimate
r≈0.05. If the dominant contribution to the displacement
arises from actin filament bending deformations, we can
estimate c≈π4κ2/(l4 kT) for a filament with bending rigid-
ity κ at temperature T and Boltzmann constant k. Using
κ/kT≈10 µm we obtain a similar estimate for the duty ra-
tio as previously, r≈ (ξ kT d5/(π4τ2τ))1/5 =0.04. Taking into
account that both, myosin crossbridge- and actin filament
elasticity, contribute simultaneously, we estimate r≈0.05.
Note that longer times τ would correspond to even smaller
duty ratios. Using this estimate of 5% of the duty ratio, we
obtain a force during power stroke of 3 pN per myosin,
which agrees well with earlier measurements of the mean
force during power stroke (Kishino and Yanagida 1988; 
Ishijima et al. 1991, 1996; Finer et al. 1994, 1995; Molloy
et al. 1995; Bourdieu et al. 1995).

Besides exerting a force on actin, electric fields might
interfere in multiple ways with actin-myosin. Indeed, fields
of large amplitude led to a noticeable increase in temper-
ature of the assay. Electric fields could in principle also in-
fluence the cycle of ATP hydrolysis or they could orient or
deform myosin molecules. Deformation of myosin has
been suggested for electric fields of an order of magnitude
larger than those we have used; see e.g. (Highsmith and
Eden 1986). These effects should then depend on the fre-
quency for AC fields and should therefore lead to fre-
quency dependent velocities. We applied to the motility as-
say alternating rectangular signals with zero-mean ampli-
tude with frequencies between 100 Hz and 10 kHz that
were both symmetric and asymmetric with respect to time.
A frequency independent increase of velocity due to heat-
ing of the sample was observed for AC field amplitudes
comparable to those used with DC fields. At a field of
4 · 103 V/m heating was expected to account for less than
25% of the observed velocity increase.

In conclusion, we show that weak electric fields corre-
sponding to millivolts across micrometers provide a novel
and simple tool for manipulating actin filaments in motil-
ity assays and for exerting piconewton forces homogene-
ously distributed along the filaments. The linearity of the
velocity change versus the external field for amplitudes be-
low 4 · 103 V/m allows one to gain information on the ef-
fective friction of the motor and to estimate its duty ratio.
We confirm the smallness of the duty ratio at high ATP
concentration. We further measure directly the stall force
and analyze the behavior of the actin myosin system under
stalling conditions: for myosin densities above 200 pro-
teins/µm2, our data suggests the existence of a hystereti-
cal discontinuity in the speed-velocity relation. It is inter-
esting to note that experiments on single muscle fibers
show anomalies around zero speed (Edman 1988) or oscil-
lations under appropriate conditions (Yasuda 1996), com-
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Fig. 5 The effective friction µ–1 of the actin myosin motor scales
linearly with myosin surface density. Mobilities µ were obtained as
the slope of the velocity-field diagrams for fields between 
±4 · 103 V/m. The straight line is a linear fit



patible with the above described instability (Jülicher and
Prost 1997). Further experiments are clearly needed to ex-
actly pin down its nature; exploration of the phase diagram
should be very helpful in this respect.
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