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ABSTRACT Muscle contraction and other forms of cell motility occur as a result of cyclic interactions between myosin
molecules and actin filaments. Force generation is generally attributed to ATP-driven structural changes in myosin, whereas a
passive role is ascribed to actin. However, some results challenge this view, predicting structural changes in actin during motor
activity, e.g., when the actin filaments slide on a myosin-coated surface in vitro. Here, we analyzed statistical properties of the
sliding filament paths, allowing us to detect changes of this type. It is interesting to note that evidence for substantial structural
changes that led to increased bending flexibility of the filaments was found in phalloidin-stabilized, but not in phalloidin-free,
actin filaments. The results are in accordance with the idea that a high-flexibility structural state of actin is a prerequisite for force
production, but not the idea that a low-to-high flexibility transition of the actin filament should be an important component of the
force-generating step per se. Finally, our data challenge the general view that phalloidin-stabilized filaments behave as native
actin filaments in their interaction with myosin. This has important implications, since phalloidin stabilization is a routine
procedure in most studies of actomyosin function.

INTRODUCTION

Muscle contraction is the result of cyclic interactions between

globular units of myosin II and actin molecules in the thin

filaments of the sarcomere (1,2). A widely accepted view of

the molecular events is that force and motility are produced

by ATP-induced structural changes in the myosin head and

neck domains, with the actin filaments acting mainly as

passive binding and force-transmitting partners (2). How-

ever, the actin filaments are highly dynamic, and several

studies have provided evidence that binding of various reg-

ulatory proteins (3–6) or myosin motor domains (7–17) is

associated with significant structural changes, most likely

cooperatively propagated (4,13,15,18,19) along the fila-

ments. Some of these structural changes lead to reduced

flexural rigidity of the actin filaments (7,12,16,17). These

results, taken together with other findings (5,9,20), have

formed the basis for theories (e.g., (17,21,22)) that the actin

filaments are more active players in muscle contraction than

is generally believed (2,23,24).

If ATP is added to actin filaments in solution simulta-

neously with myosin motor fragments, the effects on the

filaments are more complex than in the absence of ATP.

These effects include induction of faster and larger bend-

ing motions (25), or evidence for an increase in the effec-

tive temperature for tangential motion of the filaments

(26). These effects have been attributed either to dynamic

structural changes in the actin filaments per se (17) or to

hydrodynamic forces generated by the swing of the myosin

lever arm (26).

The above-cited results were obtained with actomyosin in

solution. However, if structural changes in the actin fila-

ments, e.g., those reflected in altered flexural rigidity, are

really important for actomyosin motor function, they should

also be present when the filaments are propelled by myosin

motors. This situation (as in the in vitro motility assay) differs

from that with actomyosin in solution in several important

respects. In addition to the active transportation of the actin

filaments relative to the motors, there are rather few myosin

heads attached to actin at each given time, and these exist in a

distribution of different structural and chemical states.

Moreover, the myosin heads are strained to various degrees

(also placing local strain on the actin filament) due to their

fixed immobilization sites on the surface. Naturally, the latter

fact also presents an obstacle that so far has prevented studies

of actin filament flexural rigidity under myosin-induced

translation.

It is interesting to note that theoretical arguments (27) have

been put forth that it should be possible to derive the per-

sistence length (proportional to the flexural rigidity) from the

statistical properties of the paths of heavy-meromyosin

(HMM)-propelled actin filaments. The persistence length of

kinesin-propelled microtubule paths (28–30) was measured

in recent studies. However, due to a length-dependent per-

sistence length in this case (31), it is not straightforward to

relate the observed path persistence lengths to the persistence

length of microtubules (32). Whereas no length dependence

of the persistence length is expected for actin filaments

(33,34), there may be other uncertainties in equating the path

persistence length with the filament persistence length. First,

myosin heads that bind to the filament (away from the fila-

ment axis) are known to apply a torque (35) that may add an

unspecified component to reduce the path persistence length.

Second, there could be complex hydrodynamic effects of
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myosin binding in the presence of ATP, as described for

filaments in solution (17,26). Finally, the path persistence

length may be affected by ordering effects (36) that could

occur with a high density of motors adsorbed to a surface, as

in most motility assay experiments. Thus, whereas the model

of Duke et al. (27) seems reasonable for an ideal system, there

is no firm evidence that it correctly reproduces the behavior in

real experiments. This uncertainty is emphasized by very

recent results (37) that give a persistence length of 8.8 mm for

the paths of HMM-propelled actin filaments (see also (9) for

related results). This value is considerably lower than the

persistence length of 15–18 mm reported by several authors

(3,6,17,32,38,39) for phalloidin-stabilized filaments in solu-

tion (in the absence of myosin).

In contrast to the above inconclusive and partly conflicting

results, we here present evidence to corroborate the idea (27)

that the path persistence length directly reflects the persis-

tence length of the motor-propelled filaments. On the basis

of these results, we then provide evidence for a large change

in the persistence length as a result of actomyosin motor

activity. However, this effect was only observed with phal-

loidin-stabilized actin filaments, the routine preparation in

most functional studies of actin-myosin interactions.

The results are discussed in relation to the mechanisms

of contractile activation and actomyosin motor function.

Moreover, the often-held view (e.g., (14,15)) that phalloidin-

stabilized filaments behave like native actin filaments in their

interaction with actin is challenged.

THEORY

The changes in sliding direction due to thermal motion of the

leading end of myosin-propelled actin filaments may be

presumed to result in curved filament paths (27) characterized

by the path persistence length, LP, as defined below. (LP
denotes the persistence length of the actin filament path (P).

The quantities LSA and LLA refer to persistence lengths of the

actin filaments (A) rather than the path. The superscript ‘‘S’’

indicates that the measurements were made with the actin

filaments freely suspended in solution, and the superscript

‘‘L’’ indicates that the measurement is of the free leading end

of an HMM-propelled actin filament.) In this connection, it is

relevant to study the autocorrelation of the path velocity

vector (v(t)) with the velocity vector at the onset of mea-

surements (v(0); i.e., the initial velocity vector). The fol-

lowing relationship applies for the derivative of the

autocorrelation function:

d

dt
ÆvðtÞ � vð0Þæ ¼ d

ds
ÆvðsÞ � vð0Þæ ds

dt
¼ v

3

f

d

ds
ÆuðsÞ � uð0Þæ;

(1)

where s is the distance along the filament path (ds=dt[ vf ;
sliding speed) and uðsÞ and uð0Þ are unit tangent vectors at

path lengths s and 0, respectively. Now, we can proceed as in
Howard (40) (pp. 317–318), showing that
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Here, Du is the random angular change in sliding direction

(for a sliding distance Ds related to the length of the freely

fluctuating leading end of the actin filament) and ÆEelasticæ is
the average elastic energy of this free end. Moreover, LLA ¼
EI=kT is its persistence length. The product kT is the

Boltzmann factor, whereas EI is the flexural rigidity of the

actin filament. The relationship ÆEelasticæ ¼ kT/2 is derived

from equipartition of energy, assuming that the free end of

the actin filament executes thermal fluctuations in a plane.

The solution of the differential equation (Eq. 2) gives

ÆuðtÞ � uð0Þæ ¼ ÆcosðuðsÞ � ðuð0ÞÞæ ¼ expð�vf t=ð2LL

AÞÞ;
(3)

and if we define the persistence length of the filament path in

an analogous way to the filament persistence length (i.e., for

the two-dimensional case (41)),

ÆuðtÞ � uð0Þæ ¼ expð�vf t=ð2LPÞÞ; (4)

it is clear that LP ¼ LLA: Since L
L
A is determined by the actin

filament structure and material properties, it is clear that LP is
not affected by the average length of the free fluctuating end

of the filament as long as there is more than one myosin head

attached (27), and that some further preconditions are met.

Thus, it is important that there is no buckling of the leading

end of the filament, and the relaxation time for the thermal

oscillations of the leading end must be sufficiently fast (27).

As illustrated by the calculations below, these conditions are

likely to apply in the experiments described here.

At sliding velocities and motor densities similar to those in

this work, there is evidence that the free leading end of the

filament has an average length, L, of ,0.10 mm (42). The

time (tp) it takes for the filament to be propelled the distance

L (mm) would be L s mm�1 (,0.10 s) and 0.1 L s mm�1

(,0.01 s) at sliding velocities of 1 and 10 mm s�1, respec-

tively. The relaxation time, t, for thermal fluctuations of the

free leading end of the filament, assuming that it is clamped

at the first myosin head, is given by the expression (40)

t,
c
? L

4

EI p=2ð Þ4: (5)

Here, c? is the drag coefficient/unit length (5.5 3 10�15 Ns

mm�2, based on a surface-to-filament distance of 15 nm) (43)

for translation of the actin filament in a direction perpendic-
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ular to its long axis. The quantity EI (here, 73 10�14 N mm2)

(32) is the flexural rigidity of the filament.

The condition ensuring sufficient time for equilibration of

the thermal fluctuations of the free leading end of the filament

is that t/tp � 1. That this condition is fulfilled is clear from

the following calculations: insertion of numerical values into

Eq. 5 gives t,;0.013 s mm�4 L4, i.e., t/tp, 0.13 mm�3 L3

(see above) for the present conditions (vf , 10 mm s�1) or,

explicitly, t/tp , 1.3 10�4 � 1, as L , 0.10 mm.

Buckling due to viscous forces occurs if (27,40)

L.;
EI

vfck

� �E
; (6)

where ck is the drag coefficient/unit length (2 3 10�15 Ns

mm�2 based on a surface-to-filament distance of 15 nm) (40)

for translation of the actin filament in a direction parallel with

its long axis. By inserting numerical values of EI and ck, and
setting vf ¼ 10 mm s�1, it is clear that buckling occurs only if

L . ;1.5 mm, i.e., it does not occur in practice.

MATERIALS AND METHODS

Surface preparations, protein preparations, and
in vitro motility assays

Myosin was purified from rabbit back muscle and HMM was produced by

digestion of myosin using TLCK-treated a-chymotrypsin (44). The HMM

was frozen in the presence of 2 mgml�1 sucrose in liquid nitrogen and stored

at –80�C until use. Actin was extracted from rabbit skeletal muscle acetone

powder (45). Polymerization of G-actin in G-buffer (2 mMTris-HCl, pH 8.0,

0.2 mM Na2ATP, 0.2 mM CaCl2, 0.5 mM dithiothreitol, and 1 mM NaN3)

was initiated by adding 1 mMMgCl2 and 50 mM KCl. Actin filaments were

fluorescently labeled with N-hydroxysuccinimide (NHS)-rhodamine with

expected labeling of Lys-113 (46). The labeling was performed using the EZ-

Label Rhodamine Protein Labeling Kit (Pierce, Rockford, IL) according to

the manufacturer’s protocol. The labeling stoichiometry was determined

based on a procedure recommended by the supplier of the dye conjugate and

it was found to be 0.4 mol dye/mol actin. Aliquots of labeled and unlabeled

F-actin were frozen in liquid nitrogen and stored at �80�C for up to 7

months. Before use, samples were thawed and either used without phalloidin

stabilization or labeled overnight with regular nonfluorescent phalloidin or

Alexa-488 phalloidin (Molecular Probes, Invitrogen, Eugene, OR) at a 1:2

(actin/phalloidin) ratio. Both preparations of fluorescently labeled actin were

stored on ice for up to 1–2 days before use. Protein concentrations were

measured using the Bradford assay (Sigma-Aldrich, St. Louis, MO). The

purity and integrity of actin with and without NHS-rhodamine were analyzed

by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Fig. 1).

The observation solution (buffer A) contained 10 mM MOPS (3-(N-

morpholino) propanesulfonic acid, pH 7.4), 1 mM MgCl2, 0.1 mM EGTA,

10 mM dithiothreitol, an oxygen-scavenging system (3 mgml�1 glucose, 0.1

mg ml�1 glucose oxidase, and 0.02 mg ml�1 catalase), and appropriate

amounts of KCl, to produce ionic strengths of 40, 80, or 130 mM. In some

motility assay experiments 0.6% methylcellulose (MC) was added. The

buffers are designated A40, A80, and A130 (buffer A without MC; ionic

strength 40, 80, or 130 mM) and A80MC and A130MC (buffer A with MC;

ionic strength 80 or 130 mM).

In vitro motility assay experiments were performed using trimethyl-

chlorosilane-functionalized coverslips (47). ATP-insensitive HMM was re-

moved by pelleting at 336,000 g for 30 min in the presence of F-actin and

ATP (44). Flow cells were incubated with HMM (120 mg ml�1, 2 min),

bovine serum albumin (BSA; 1 mg ml�1, 30 s), fluorescently labeled actin

(10–20 nM, 30 s), and, finally, assay buffer of appropriate ionic strength

(Buffer A) with MgATP (1 mM), creatine phosphate (2.5 mM), and creatine

kinase (56 units ml�1). In some experiments, HMM incubation concentra-

tions of either 60 or 30 mg ml�1 were used. The temperature was maintained

either at 23 6 1.2 (range) or at 29 6 0.7�C. At each experimental occasion,

temperature was constant within 60.5�C.
Actin filaments were visualized with a Nikon Eclipse TE 300 inverted

microscope equipped with 1003, NA 1.4 oil immersion objective (Nikon,

Tokyo, Japan) under epifluorescence illumination. Image sequences were

recorded using a cooled Hamamatsu EMCCD-camera (C9100-12; Hama-

matsu, Hamamatsu City, Japan). The sequences were analyzed with respect

to actin filament sliding velocity and the fraction of motile filaments using

software (48,49) developed in the Matlab enviroment (The MathWorks,

Natick, MA).

Analysis of the persistence length of actin
filament paths

The persistence length of a two-dimensional filament path may be defined on

the basis of the velocity autocorrelation function (see above) or the related

quantity, Æcosu(s) � u(0))æ, the cosine correlation function.

Experimentally, u(s) and swere obtained by tracking actin filaments in the

in vitro motility assay. This was achieved using a Matlab program (see be-

low; Supplementary Material, Data S1) applied to image sequences recorded

using the EMCCD-camera. The pixel magnification in the images was 0.163
0.16mm2 pixel�1 and the frame rate was 3–10 s�1 (chosen on the basis of the

actin sliding velocity). In the analysis process, the leading end of the filament

was tracked interactively using the computer pointer device. Filaments a

distance of 20 mm or more from the image edge were selected for tracking.

The numerical value of LP was obtained by fitting a single-exponential

function (Eq. 3) to the data: y(s) ¼ cos(u(s) � u(0)) for all filaments and all

FIGURE 1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis of

actin preparation used in the experiments described in this study. Both lanes

represent preparation after freezing and thawing: lane 1, actin without NHS-

rhodamine; lane 2, actin labeled with NHS-rhodamine. Note the high degree

of purity and, in particular, the complete absence of any bands correspond-

ing to tropomyosin and troponin components. Numbers to the left of the gel

refer to the molecular mass (in kDa).
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relevant values of the path length, s. To facilitate viewing of the data before

fitting, they were pooled in groups containing s-values distributed within a

range of 1 mm. The average value of all data points representing cos(u(s) �
u(0)) in this range was then located in a position given by the average s-value.
Next, nonlinear regression was performed, taking into account the variability

in the cos(u(s) � u(0)) data and the total number of data points. The fitting

was limited to path lengths ,20 mm, but since tracking was performed for

longer path lengths than this, several independent paths could be obtained

from one sliding filament.

During tracking and analysis, special care was taken to eliminate abrupt

and large changes in sliding direction, e.g., caused by defect myosin heads

(50) that may lead to local buckling of the actin filament. Even if such events

are rare, theymay introduce significant errors in the analysis due to potentially

large magnitudes. However, effects of this type may be minimized by ex-

cluding paths with angular changes in sliding direction between frames of

.;4 standard deviations of the narrow Gaussian peak fitted to the distri-

bution of such changes (see the Supplementary Material, Data S1). In prac-

tice, if an abrupt change in sliding direction, according to the above definition,

was detected before the filament had been tracked in four subsequent frames,

the entire path was excluded from the analysis. Otherwise, the path was used

for analysis up to the image frame immediately before the onset of the abrupt

change. The described procedurewould ensure that all relevant filament paths

were included, whereas those exhibiting large changes in sliding direction,

e.g., due to the presence of rigor heads, would be excluded, thereby mini-

mizing effects on the determination of persistence length.

Experimental procedure for determination of
actin filament flexibility in solution

A flow cell was constructed from one small coverslip placed on a glass slide

using melanine-resin-based rhodamine-B-marked microparticles of 1 mm

diameter (Sigma-Aldrich, St. Louis, MO) as spacers (38). This produced a

flow cell of 2–4 mm in height as determined by grading of the objective

focusing knob. Before the assembly of the flow cell, surfaces were soaked in

BSA (1 mg ml�1) and dried. The actin filaments (10–20 nM) in buffers A40,

A80, or A130 with an oxygen scavenger system were infused in a flow cell

by capillary forces. In some experiments, MgATP (1 mM), creatine phos-

phate (2.5 mM), and creatine kinase (56 units ml�1) were also added to the

buffer. The flow cell was sealed with vacuum grease (Dow Corning, Mid-

land, MI) and allowed to set for 1–2 h. The time interval was limited to 1 h in

the case of NHS-rhodamine-labeled actin filaments in buffer A40 (due to a

tendency for depolymerization). Filaments executing two-dimensional

Brownian motion were observed by fluorescence microscopy and recorded

using the Hamamatsu EMCCD-camera (exposure time ,0.03 s; pixel

magnification 0.32 3 0.32 mm2 pixel�1). The resulting images were then

used for measurements to allow calculation of the persistence length, LSA; of

actin filaments in solution, using Eq. 3. In this version the variable s is taken
as the contour length of the filament from one end and LLA is exchanged for

LSA: The contour lengths used for the fits were,10 mm due to limited length

of the filaments. One given filament was examined only once to avoid cor-

relation effects in the experimental data. The experiments were performed at

a temperature of 23 6 1.2�C.

Statistical analysis

Curve fittings and statistical analyses were performed using the GraphPad

Prism software (version 5.00; GraphPad Software, San Diego, CA).

RESULTS

Typical examples of sliding paths of HMM-propelled actin

filaments in the in vitro motility assay are illustrated for

phalloidin-free (Ph�; NHS-rhodamine-labeled) and phal-

loidin-stabilized (Ph1) filaments in Fig. 2. Moreover, the in-

sets of this figure show examples of images of actin filaments

in solutions, which were used to derive the actin filament

persistence length (LSA). The path persistence length was ob-

tained by tracking the leading end of the filaments. However,

the path traced out by this end was generally very similar to

that of the rest of the filament, with only minor fluctuations

(9). This may be inferred from the generally narrow paths in

Fig. 2. These paths are reconstructed by overlaying images of

entire filaments in ;50 subsequent frames in an image se-

quence and therefore represent all parts of a sliding filament.

The observation that all parts of a filament seem to trace out a

similar path is consistent with the view that all the parts are

propelled by the same population of myosin heads. This is in

accordance with the view that the sliding direction is deter-

mined by thermal fluctuation of the free leading end of the

filaments (29).

The persistence length, LSA; of actin filaments freely sus-

pended in solution in the absence of HMM was measured

under different experimental conditions. The results in Fig.

3 A for phalloidin-stabilized (Ph1; shaded) and phalloidin-

free (Ph�; solid) filaments are in accordance with previous

results (3,6) showing that LSA was significantly higher for Ph1

than for Ph� filaments. Moreover, the results suggest a nearly

rectilinear increase of LSA with increased ionic strength. The

slope in linear regression analysis was 0.046 6 0.0014 mm
mM�1 for Ph� filaments (different from 0; p � 0.02) and

0.0456 0.007 mm mM�1 for Ph1 filaments (n.s.; p� 0.10).

Experiments at an ionic strength of 80 mM (A80 solution;

Fig. 3, B and C) suggested that LSA for Ph1 filaments was

similar whether phalloidin stabilization was achieved using

FIGURE 2 Filament paths and free fluctuating filaments in A80 solution

at 23�C. (A) Paths (light blue) of HMM-propelled actin filaments without

phalloidin (Ph�) obtained by overlaying 50 subsequent epifluorescence

microscopy images. Images acquired at a frame rate of 10 s�1 over a total of

5 s. The filament position at the onset of recording and after 4.8 s is indicated

by yellow markers. Red parts of paths correspond to overlap of the leading

end of the filament at the onset of recording with the trailing end of the

filament after 4.8 s, which occurred for very long filaments. In addition,

some positions where filament paths cross are color-coded in red. (Inset)

Example of a grayscale image of Ph� filaments (labeled with NHS-

rhodamine) in solution, used for determination of LSA: (B) The same type

of image as in A, but for Ph1 filaments (labeled with Alexa-488 phalloidin).

Scale bar, 10 mm.
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fluorophore-free regular phalloidin (rPh) or Alexa-488 phal-

loidin (APh). Moreover, the difference in LSA between Ph1

and Ph� filaments was similar whether MgATP (and creatine

kinase/creatine phosphate) was present or not (Fig. 3 C).
Both Ph1 (cf. (51).) and Ph� actin filaments were fully

functional in the in vitro motility assay, with .75% motile

filaments in both cases but consistently higher sliding ve-

locities for the Ph� than for the Ph1 filaments (Fig. 4 A) (cf.
(52).). The effects of Ph stabilization on sliding velocity was

particularly noticeable at low ionic strength, and occurred for

filaments that were labeled with both APh and rPh (Fig. 4 B).
The path persistence length (LP) increased with increased

ionic strength of the assay solution (Fig. 5, A and B) at two

FIGURE 4 Sliding velocity of HMM-propelled actin filaments labeled

with Alexa-488 phalloidin (shaded squares) or NHS-rhodamine (solid

circles). Error bars represent 95% confidence intervals. (A) Experiments

were performed in solutions of different ionic strength (40–130 mM) in the

absence (A40, A80) and presence of methylcellulose (A80MC, A130MC), at
23 6 1.2�C (solid symbols) or 29 6 0.7�C (open symbols). Data for each

condition were obtained from 17–138 filament paths using three to six flow

cells, except in the cases of A40 data at high temperature (one flow cell) and

MC data at low temperature (two to three flow cells). Error bars represent

95% confidence intervals. (B) Velocity data obtained in A80 solution (2–4

flow cells), comparing the effects of phalloidin stabilization with APh and

rPh. Numbers in parentheses represent the number of filament paths

analyzed.

FIGURE 3 Persistence lengths (LSA) of actin filaments in solution. (A)Actin

filaments with (shaded squares) or without (solid circles) phalloidin. Ph1

filaments were stabilized with APh and Ph� filaments were fluorescence-

labeled with NHS-rhodamine. The temperature was 23 6 1.2�C, and there

was no MgATP in the observation solution. The numerical value of LSA was

obtained by fitting Eq. 3 to experimental data (total number of data points in

parentheses) from two to four flow cells and 82–238 filaments for each

experimental condition. (B) Cosine correlation functions for actin filaments in

solution (A80). Individual data points (from 57–179 filaments) are givenwith

error bars (mean 6 SE). Data for Ph� filaments (solid circles) and for Ph1

filaments labeled with APh (shaded) or with rPh 1 NHS-rhodamine (open
squares). Equation 3was fitted to the data (solid lines) by nonlinear regression

and shown with 95% confidence bands (dashed lines). (C) Numerical values

of LSA for Ph� filaments (solid) in the absence (four flow cells) and presence

(three flow cells) of MgATP. Data are also given for Ph1 filaments labeled

with 1), rPh (open bars) in the absence (three flow cells) and presence (four

flow cells) of MgATP; and 2), APh (shaded) in the absence and presence of

MgATP (three flow cells for each case). The number of data points used for

fitting of Eq. 3 is given in parentheses. Error bars in panels A and C represent

95%confidence intervals for LSA obtained in the nonlinear regression analysis.
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different temperatures (23 and 29�C). At these temperatures

there was a twofold difference in sliding velocity, with small

expected differences (12) in filament persistence length. For

Ph� filaments, the slope of the persistence length versus ionic

strength (linear regression) was 0.045 6 0.003 mm mM�1

(different from 0; p� 0.046) at 23�C and 0.0526 0.008 mm
mM�1 (n.s.; p � 0.10) at 29�C. It is of interest to note that

these slopes are quantitatively very similar to those seen for

the plot of LSA versus ionic strength (Fig. 3). In the calculation

of the regression lines, the average values of the A80 and

A80MC data were used for the data point at 80 mM ionic

strength. For Ph1 filaments, LP was increased with ionic

strength from 80 to 130 mM, but no significant difference

was seen between the values at 40 and 80 mM.

Of interest, and in contrast to LSA; the value of LP was not
affected by the presence of phalloidin, except at 130 mM

ionic strength. Thus, for ionic strengths of both 40 and 80

mM, the 95% confidence intervals for the LP values of Ph
1

and Ph� filaments overlapped at both 23 and 29�C. The lack
of any phalloidin effect on LP was confirmed in A80 solution

both for APh and rPh filaments (Fig. 5 C). Moreover, results

obtained at an ionic strength of 80 mM suggested that the

presence of methylcellulose in the assay solution did not

appreciably affect the measured value of LP (Fig. 5, A and B).
By combining the data in Fig. 4 and Fig. 5, A and B, it is

clear that there is no correlation between the numerical values

of LP and the filament sliding velocity (r ¼ 0.134; not sig-

nificantly different from zero).

In Fig. 5, D and E, the LSA data from Fig. 3 have been re-

plotted (dashed lines) and superimposed on LP values from

Fig. 5,A and B. Fig. 5D shows that the numerical values of LP
and LSA for Ph� filaments were not significantly different at

any ionic strength tested (overlap of 95% confidence inter-

vals). Accordingly (see above), the plots of LP and L
S
A against

ionic strength exhibited virtually identical slopes. In contrast,

Fig. 5 E shows that LP for Ph1 filaments was significantly

different from LSA of such filaments at 40 and 80 mM ionic

strengths. Instead, under these conditions, LP for the Ph1

filaments was similar to LSA for the Ph� filaments. However, at

an ionic strength of 130mM, the LP and L
S
A values for the Ph1

FIGURE 5 Persistence lengths of actin fila-

ment paths. Ph1 and Ph� filaments are repre-

sented by shaded squares and solid circles,

respectively. (A) LP data at 23 6 1.2�C. (B) LP
data at 29 6 0.7�C. Data in A and B were

derived by fitting of Eq. 3 to the cosine corre-

lation function. Error bars represent 95% con-

fidence intervals. Numbers in parentheses

indicate the total number of data points from

27–155 filaments (each tracked for one or two

independent trajectories of 20 mm length) for

each fit (condition). Experiments were the same

as in Fig. 4. (C) Cosine correlation functions for

HMM-propelled filament paths in A80 solution

for Ph� (solid circles) and Ph1 filaments

(shaded squares, APh; open squares, rPh).

Lines represent fits of Eq. 4 to the data by

nonlinear regression. Plotted average data

(mean 6 SE) are based on a total of 1400–

3240 individual data points. (D) LP data for the
Ph� filaments in A and B (shaded symbols and

shaded lines; A80MC data omitted) superim-

posed on LSA data (dashed lines; from Fig. 3 A)
for both Ph1 (shaded) and Ph� (solid) fila-

ments. (E) LP data for the Ph1 filaments in A

and B (shaded symbols and shaded lines) super-

imposed on LSA data (dashed lines; from Fig.

3 A) for both Ph1 (shaded) and Ph� (solid)

filaments. (F) Kinetic scheme, developed from

Kozuka et al. (14), representing different actin

filament structural states in inactive (I and IPh)
and active (A, APh, MA, and MAPh) conforma-

tions. The binding of phalloidin is assumed to

be irreversible on the experimental timescale.

Otherwise, equilibria are assumed to exhibit

rapid kinetics (14) (equilibrium constants KIA,

KPh
IA ; and KAM). For details, see text.
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filaments were quite similar, although the LP value in this case
was also slightly lower than that for LSA:
We also performed experiments with low-HMM incuba-

tion concentrations (30 and 60 mg ml�1 instead of 120 mg
ml�1) causing the average sliding velocity to be reduced to

,50% of that at saturating HMM densities. These experi-

ments were based on filament paths from only one flow cell

for each condition. However, they were not repeated since

they gave results that were very similar either to earlier results

(52) or to the data above. Thus, as in the previous experiments

with different degrees of phalloidin labeling (52), the lower

sliding velocity of Ph1 compared to Ph� filaments at high

HMM incubation concentrations could not be reproduced at

the lowest incubation concentration tested. Second, as with

the data at higher HMM incubation concentrations, there was

no significant difference between LP data for Ph1 and Ph�

filaments when using HMM incubation concentrations of 30

or 60 mg ml�1.

DISCUSSION

Methodological considerations

Themotility assay procedure and the data analysis algorithms

were optimized to achieve conditions allowing comparison of

LP and the persistence length of filaments in solution (LSA)
under the idealized conditions of the theoreticalmodeldescribed

above. This means that the progressive changes in sliding

direction should only be governed by thermal fluctuations of

the leading filament end. Abrupt changes in sliding direction,

such as those caused by the presence of ATP-insensitive

heads (see further discussion in the Supplementary Material,

Data S1), should be eliminated. This also applies to collective

ordering effects and other effects (e.g., nanoscale topo-

graphical features (53)) that tend to bias the sliding direction.

The removal of filament paths with abrupt direction

changes was achieved by the analysis algorithm described in

some detail in Materials and Methods (see also the Supple-

mentary Material, Data S1). The use of very smooth surfaces

in the form of silane monolayers (47) ensured that no new

topographical features were introduced by the surface de-

rivatization. Finally, omission of blocking actin, normally

employed to block ATP-insensitive heads, was important to

minimize tendencies for ordering effects.

The complications that may be introduced by the presence

of blocking actin deserve further comments. Under normal

motility assay conditions (incubation with 1 mM of blocking

actin), the density of blocking actin filaments (nonfluorescent)

can be quite substantial during the actual motility assay ex-

periment (54). This can have (at least) two effects that may

cause disturbances in the cosine correlation function. First,

high filament and motor densities predispose to collective

ordering effects (36). This has the potential to cause appar-

ently increased persistence length of the filament paths and, in

contrast to what we observed experimentally, a substantial

deviation of the experimental data from the single-exponen-

tial equation (Eqs. 3 and 4). Second, there is the risk (quite

substantial (P. G. Vikhorev, N. N. Vikhoreva. and A.

Mansson, unpublished)) that nonfluorescent filaments in the

background anneal to the leading end of fluorescent filaments

(without being detected). According to themodel (see above),

this would be expected to cause the statistical properties of the

filament path to be influenced by the properties of blocking

actin. These properties may differ from those of the fluores-

cent filaments under study.

Here, we solved the problems related to blocking actin

simply by eliminating it from the assay. By the use of actin

affinity centrifugation to remove rigorlike heads, this was

possible with maintained high sliding velocities (see below)

and a high fraction of motile actin filaments.

The use of actin filaments without phalloidin stabilization

was central in this study. We found that such filaments could

be observed for .1 h after dilution to a concentration below

critical for polymerization. Although there was an increased

tendency for depolymerization, particularly at low ionic

strength (A40 solution), the actin filaments were quite stable.

In motility assays, the possibility exists that myosin binding

stabilized the polymerized state of actin (55), and accordingly,

motility assays at a very low degree of phalloidin labeling

have also been performed by others (52). However, filaments

in solution have also previously been observed for apprecia-

ble time periods (56,57).

Persistence length in solution: relation to
previous results

The persistence length of actin filaments in solution hasmainly

been studied using phalloidin-labeled filaments. One of the

most detailed studies, testing a range of polymerization con-

ditions, was that of Isambert et al. (3). This study gave values

for Ph1 filaments (polymerized with physiological salts) in

the range 15.5–17 mm, similar to the values in this study,

14.5–18.5 mm. These findings are also consistent with results

from several other studies (6,17,32,38,39), giving persistence

length values in the range 15–18mm.All the cited results were

based onmeasurements with actin filaments freely suspended

in solution. In contrast, a lower persistence length (8.75 mm)

ofPh1filamentswas obtainedbyfitting awormlike chainmodel

to the length-tension relation of actin filaments stretched be-

tweenmicrofabricated cantilevers (58). The reason for the low

value in the latter study is not immediately clear. The possi-

bility exists that tension in the filaments (58) or the attachment

to the cantilevers via the actin-binding proteina-actinin could
affect the results. Whether a-actinin affects the actin filament

persistence length is unknown, but other actin binding pro-

teins have been shown to have such effects (6).Moreover, it is

also known that binding of a protein at one actin filament end

may induce structural changes that propagate for long dis-

tances along the filament (4,13,15,18,19).

There are a limited number of studies of persistence length

of Ph� filaments in solution. However, Isambert et al. (3) and
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Greenberg et al. (6) found persistence length values in the

range 8.5–11 mm, in good agreement with the data in this

study, in the range 7.5–11.6 mm.

There are also numerous investigations of the actin fila-

ment persistence length after deposition of the filaments on

surfaces (13,16,59,60), mainly using electron microscopy.

However, these methods may give rise to ambiguities in

different respects (3,41), making detailed quantitative com-

parisons to the above-cited data (3,6,17,32,38,39) difficult.

To summarize, most available data seem to suggest that

Ph1 filaments in solution have a persistence length in the

range of 15–18 mm (slightly variable at different ionic

strengths). Similarly, Ph� filaments seem to exhibit persis-

tence lengths in the range 8–11 mm. However, it is also clear

from the literature (58) that some uncertainty remains about

the absolute values. Moreover, there have been indications

(60) that subtle differences in polymerization conditions may

produce actin filaments with varying flexibility. For these

reasons, a critical element of this study was the measurement

of both LSA and LP with actin filaments polymerized under the

same well-defined conditions.

Persistence length of actin filaments during
motor activity

Changes in bending flexibility of actin filaments has been

associated with certain specific changes in actin filament

structure (16,34). According to the theoretical reasoning

above (see also Duke et al. (27)), such changes in bending

flexibility of sliding actin filaments should be reflected in the

persistence length of the filament paths (LP).
If the actin filament bending flexibility is unaffected by

actomyosin motor activity, the persistence length of the fil-

aments in solution, and of the free leading end of a sliding

filament, would be equal, i.e., LSA ¼ LLA: Therefore, since L
L
A

cannot be measured directly in any obvious way, the idea (27)

that LLA ¼ LP may instead be tested experimentally by com-

paring the numerical values of LP and LSA under different

experimental conditions.

Our results showed that the numerical values of LP and L
S
A;

for Ph� filaments, were not significantly different at any

given ionic strength. This finding is consistent with the views

that 1), the bending flexibility of Ph� actin filaments does not

change to any appreciable degree during actomyosin motor

activity; and 2), LP ¼ LLA; in accordance with theory. That the
striking similarities between LP and LSA at different ionic

strengths and temperatures (representing a range of sliding

velocities) should instead be the fortuitous result of a com-

bination of various complicating factors seems highly un-

likely. As discussed above, we also took precautions to

eliminate certain experimental complications. Issues such as

a length-dependent persistence length, which have previ-

ously complicated studies of kinesin-propelled microtubules

(29,30), are not a problem with actin filaments (34). More-

over, in a very recent study (37) of LP for HMM-propelled

actin filaments, no direct comparisons were made with the

persistence length of filaments in solution. Therefore, the

results presented here may be regarded as the strongest

available experimental evidence for the validity of the theo-

retical relationship LP ¼ LLA:
The numerical value of LP for Ph

1 filaments was similar to

LSA for Ph� filaments at the two lowest ionic strengths tested.

This can be explained 1), if LP ¼ LLA also for the Ph1 fila-

ments, and 2), if actomyosin motor activity causes a switch of

Ph1 filaments into a high-flexibility conformation (16) sim-

ilar to that for Ph� filaments. The existence of only two such

discrete flexibility states has been proposed previously (16),

and is consistent with the clustering of LP and LSA data (for a

given ionic strength) around either a well-defined low or high

value (see above in Discussion).

Substantial changes in LLA upon motor activity, as sug-

gested by the LP data for Ph1 filaments (Fig. 5 E), imply

structural changes in the sliding actin filament that have

propagated several monomers toward the leading (minus)

end (27) of the filament. If the small difference between LP
and LSA for Ph1 filaments at 130 mM ionic strength is viewed

in this context, the possibility emerges that it is attributed to a

failure of propagation of local myosin-induced structural

changes in actin, rather than to the lack of such changes. That

the smaller difference between LP and L
S
A for Ph1 filaments at

130 mM ionic strength should instead be due to the presence

of methylcellulose in the assay solution is unlikely, since

methylcellulose did not have such effects at 80 mM ionic

strength (Fig. 5, A and B).
Yanagida and Oosawa (7) presented evidence for reduced

bending flexibility of phalloidin-free actin filaments in ghost

fibers upon binding of HMM in the absence of ATP. This

suggests that either the larger number of bound myosin heads

per filament length or the absence of motor activity may lead

to different effects on filament flexibility than in this study.

Alternatively, there may be poor propagation along the fila-

ment of local myosin-induced structural changes for the Ph�

filaments in this work (cf. 130 mM ionic strength for Ph1

filaments). However, the fact remains that LP attains very

similar values for Ph1 and Ph� filaments at low ionic

strengths. The most straightforward interpretation of this

observation is that both Ph1 and Ph� filaments are in the

same high-flexibility state during HMM-propelled sliding. In

accordance with this view, the LP values (at least at 40 and 80
mM ionic strength) were similar to the lowest LSA values

observed in solution (3,6).

Persistence lengths and changes in actin
filament structure during
actomyosin interactions

Phalloidin stabilization of the actin filament structure seems

to involve structural changes in subdomain 2 of the actin

monomer (60,61). Moreover, structural changes in this re-

gion, particularly of the DNase I binding loop, have been
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associated with the switch between high and low flexibility

states (16,33). Accordingly, it has been suggested (16) that

changes in subdomain 2 are the basis for increased flexibility

of the actin filament upon myosin binding in the absence

of ATP. The importance of subdomain 2 or the subdomain

2/subdomain 1 interface, for actomyosin interaction and force

generation, accords with evidence from spectroscopy (14)

and cross-linking (62) experiments (see also (11)).

A recent fluorescence resonance energy transfer (FRET)

study (14) was performed with the donor probe attached to

Gln-41 (in the DNase I binding loop) and the acceptor probe

to Cys-374 in subdomain 1. This study, with labeled mono-

mers sparsely incorporated into the actin filament, suggested

that motor activity was associated with a shift of the equi-

librium between different actin filament structural states,

from a myosin-inactivating low-FRET state (I) to a myosin-

activating high-FRET state (A). If effects of phalloidin (Ph)
and myosin (M) are included, this idea may be represented by

the kinetic scheme in Fig. 5 F. This scheme accounts for the

FRET data (14) (obtained in the presence of phalloidin) if

KPh
IA � 1; since equal time was spent by the filament in the I

and A states in the absence of motor activity. Upon motor

activity, the active states were stabilized (14), corresponding

to a high value of KAM in the scheme in Fig. 5 F.
It seems reasonable that the low- and high-flexibility

states, observed here, are related to the I and A states, re-

spectively, of Kozuka et al. (14). We thus propose that the

high-flexibility state of the filament corresponds to complete

domination of the high-FRET A state. This idea would ac-

commodate both our data describing a low-to-high flexibility

switch of Ph1 filaments upon motor activity and previous

data (14) showing a complete shift toward the A state for Ph1

filaments under these conditions. In contrast to the situation

with the Ph1 filaments, our data suggest that the Ph� fila-

ments reside in the high-flexibility state even in the absence

of myosin. In terms of the proposed model, this suggests that

virtually all Ph� filaments would reside in the A state almost

all the time even in the absence of motor activity (KIA � 1).

This prediction should be testable by repeating the experi-

ments of Kozuka et al. (14) using Ph� filaments.

The high flexibility of Ph� filaments, also in the absence of

myosin, provides evidence that the structural transition be-

tween the low- and high-flexibility states is not per se involved

in the force-generating structural change in actomyosin. On

the other hand, the actin filaments appear to be in the high-

flexibility state during actomyosinmotor activity for both Ph1

and Ph� filaments, under all experimental conditions tested.

This is consistent with the idea that transition into the high-

flexibility state may be a component of the activation process

(cf. (11)), as also recently proposed for the switch from the

low- to high-FRET state (14) (Fig. 5 F). In addition to acto-

myosin motor activity, a switch from the low- to the high-

flexibility statemight be induced byCa21-inducedmovement

of the troponin-tropomyosin complex on the surface of actin

(11,63). A change in actin structure, leading to increased

flexibility may thus be complementary to a removal of steric

blocking of myosin binding in the activation process. This

idea accords with amarkedly reduced persistence length upon

Ca21 binding to the troponin-tropomyosin-F-actin complex

(3). Moreover, it is interesting to note that the persistence

length of troponin-tropomyosin-F-actin filaments in the ab-

sence of Ca21 was not further increased by the presence of

phalloidin (3). This is again in accordance with the existence

of just two different flexibility states (16), where the low-

flexibility state is stabilized both by phalloidin and troponin-

tropomyosin in the absence of Ca21.

The small reduction in sliding velocity caused by phal-

loidin stabilization at high-HMM-incubation concentrations

(and thus high-HMM surface densities) is intriguing. At first,

we considered the possibility that it may be causally related to

a switch of the entire filament from a low-flexibility to a high-

flexibility conformation upon motor activity. In this case,

maintenance of the actin filaments in the active state may be

expected to require energy input, thereby reducing the free

energy available for transportation of the filaments. However,

if this had been the cause of the lower sliding velocity it

would have been expected to occur to an even greater degree

at low HMM densities with fewer attached myosin heads, but

this was not the case. Tokuraku and Uyeda (52) proposed that

the effect of phalloidin stabilization on sliding velocity may

be related to the presumed higher flexural rigidity of Ph1

filaments. However, the results presented here are at variance

with this idea. Thus, at low ionic strengths, where the effect

of phalloidin stabilization on velocity was most prominent,

we observed similar flexibility of motor-propelled Ph1 and

Ph� filaments. A more likely explanation, in view of the

effects of ionic strength and HMM density, is increased drag

forces on the Ph1 filaments due to enhanced electrostatic

interactions between the filaments and the HMM-coated

surface. Such effects may be brought about if phalloidin

binding changes the electrostatic surface potential of the actin

filaments, e.g., by subtle changes in actin filament structure.

The different effects of myosin motor activity on the actin

filament persistence length in Ph1 and Ph� filaments sug-

gests that the actin filament dynamics upon myosin binding

and motor activity is different in the presence of phalloidin

stabilization than in its absence. This insight, which is con-

trary to generally held views (14,15) (however, see (52,64)),

is of fundamental importance, since studies of actomyosin

function routinely rely on the use of phalloidin-stabilized

filaments. Results of such studies profoundly affect our view

of eukaryotic cell motility due to the ubiquitous presence and

importance of actomyosin in this connection.

Implication of results for nanotechnological
applications of actomyosin

The results also have implications for nanotechnological

applications. Thus, the lower persistence length for Ph1

filaments during motor-induced sliding compared to per-
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sistence length in solution suggests increased potential for

miniaturization in lab-on-a-chip devices (see also (37)). In

such applications, it may be of interest to transport phal-

loidin-stabilized filament, including those labeled with biotin-

phalloidin (51,65,66), in loops of very small radii (e.g.,

(53,66)). It is also important to point out in this connection

that the persistence length of actin filaments is at least one

order of magnitude lower than for kinesin-propelled micro-

tubules (28–30,37), with increased potential for miniaturi-

zation of transportation systems.

CONCLUDING REMARKS

In conclusion, we have, for the first time to our knowledge,

demonstrated substantial changes in bending flexibility of

actin filaments during active sliding on a heavy-meromyosin-

coated surface. The results were obtained using a simple in

vitro motility assay procedure. Our findings are consistent

with important structural changes in actin during activation of

actomyosin motor activity, but not during the actual force-

generating and actin-propelling step. The finding that there

are significant differences between the results with phalloidin-

stabilized and phalloidin-free actin filaments challenges the

view that these behave in a similar way during their force-

generating interaction with myosin molecules. Finally, the

results presented in this study have implications for the degree

of miniaturization that is possible with lab-on-a-chip appli-

cations where molecular motors are used for transportation of

actin-attached cargoes.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
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