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ABSTRACT Single actin filaments were analyzed in solutions ranging from dilute (0.2 ug/ml), where filaments interact only
with solvent, to concentrations (4.0 mg/ml) at which F-actin forms a nematic phase. A persistence length of ~1.8 um and an
average length of ~22 um (Kaufmann et al., 1992) identify actin as a model for studying the dynamics of semiflexible
polymers. In dilute solutions the filaments exhibit thermal bending undulations in addition to diffusive motion. At higher
semidilute concentrations (1.4 mg/ml) three-dimensional reconstructions of confocal images of fluorescently labeled filaments
in a matrix of unlabeled F-actin reveal steric interactions between filaments, which account for the viscoelastic behavior of
these solutions. The restricted undulations of these labeled chains reveal the virtual tube formed around a filament by the
surrounding actin. The average tube diameter {(a) scales with monomer concentration ¢ as (@) « ¢~©5 * 019 _The diffusion
of filaments in semidilute solutions (¢ = (0.1-2.0) mg/ml) is dominated by diffusion along the filament contour (reptation), and
constraint release by remodeling of the surrounding filaments is rare. The self-diffusion coefficient D, along the tube
decreases linearly with the chain length for semidilute solutions. For concentrations >2.5 mg/mil a transition occurs from an
isotropic entangled phase to a coexistence between isotropic and nematic domains. Analysis of the molecular motions of
filaments suggests that the filaments in the aligned domains are in thermal equilibrium and that the diffusion coefficient
parallel to the director D is nearly independent of filament length. We also report the novel direct observation of u-shaped

defects, called hairpins, in the nematic domains.

INTRODUCTION

Actin filaments (F-actin) play an essential role in cell me-
chanics (Janmey et al., 1991; Elson, 1988) and cell motility
(Stossel, 1993) and are an informative system for the study
of the properties of semiflexible polymers (Sackmann,
1994). Actin monomers (G-actin, M, 42,000) polymerize in
physiological salt solutions to form double-stranded helical
filaments. In vitro solutions of F-actin have a polydisperse
length distribution that depends on the kinetics of polymer-
ization and is altered by the presence of contaminating
actin-binding proteins (Casella and Torres, 1994). A typical
solution of highly purified actin can have a range of lengths
visible by fluorescence microscopy from about 1 um to 70
wm, with a mean length of ~22 um (Kaufmann et al.,
1992).

Biopolymers such as actin and DNA have become
useful systems for the study of fundamental aspects of
polymer physics because they have several advantages
over synthetic polymers. Bulk properties of synthetic
polymers have been extensively analyzed, but even the
largest synthetic polymer is too small to observe individ-
ually by methods such as light microscopy, which could
show directly the dynamics of single chains. Some types
of biopolymers, on the other hand, exhibit in vitro a
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length of several microns and are easy to visualize by
fluorescence labeling. This allows a new approach to
polymer physics (Ishijima et al., 1991; Smith et al., 1992;
Volkmuth and Austin, 1992; Kis et al., 1994; Perkins et
al., 1994) by observing the dynamics of single chains on
a millisecond to hour time scale.

Nature provides model polymers for all three stiffness
regimes usually distinguished in polymer science—stiff
rods, semiflexible polymers, and flexible polymers—as
shown in Fig. 1. The semiflexible case seems to be the most
suitable for video microscopy. Stiff rods such as microtu-
bules show translational and rotational diffusion, but no
internal motions. Flexible polymers such as neurofilaments
or DNA (Perkins et al., 1994) exhibit an overlapping ran-
dom coil configuration, which prevents detection of internal
dynamics of the chain unless the chain is stretched out by
external forces or, in the case of polyelectrolytes, in low
ionic strength by interacting charges. In contrast, the inter-
play between bending stiffness and entropy provides an
extended shape for semiflexible chains such as F-actin, and
internal motions are easy to follow in the fluorescence
microscope.

In this study, we used fluorescence and video microscopy
to visualize single rhodamine-phalloidin-labeled actin fila-
ments in dilute solutions or embedded in semidilute solu-
tions and nematic phases of unlabeled F-actin. This ap-
proach allows analysis of the thermally driven motions of
individual actin filaments. Analysis of diffusion in semidi-
lute solutions strengthened our previous confirmation (Kiis
et al.,, 1994) of the tube model (Edwards, 1967) and the
concept of reptation (de Gennes, 1971), which explain the
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FIGURE 1 Classification of polymer stiffness by the
persistence length L. This concept is based on the idea
that the correlation between the orientations of the local
tangent #(s) decays with the distance s along the filament
contour according to {t(s) #(s")) = exp(—|s — s’|/LP).
The rhodamine-labeled microtubule, which has a per-
sistence length L, exceeding the filament length L, is a
typical example for a stiff rod. The semiflexible char-
acter of the rhodamine-phalloidin-labeled actin filament
can be expressed by the fact that L, and L are compa-
rable. In case of flexible polymers, like the rhodamine-
labeled neurofilament shown above, a random coiled
shape, which is dominated by entropy, can be observed.
The high flexibility implies that the persistence length
L, is smaller than the filament length L.

stiff rod
Lp>>L

diffusion of a polymer chain in an isotropic solution of
entangled polymers. In more concentrated F-actin solutions
we observed the filaments in a state of aligned and entan-
gled domains due to a transition from an isotropic phase to
a nematic-isotropic coexistence. Formation of aligned do-
mains is predicted by classical theories of stiff polymers
(Onsager, 1949; de Gennes and Prost, 1994) and has pre-
viously been demonstrated experimentally with F-actin (Su-
zuki et al., 1991; Coppin and Leavis, 1992; Furukawa et al.,
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1993). By visualizing the motions of individual chains
within the aligned domains we show that they retain a very
high degree of diffusional freedom along the director and
therefore are able to attain thermodynamic equilibrium be-
tween the isotropic and nematic phases. This first direct
observation of the dynamics of semiflexible polymers in a
nematic phase also indicated that the chain interactions
speed up the diffusion of the filaments and make it nearly
independent of filament length.
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rhodamine-phalloidin-labeled F-ac-
tin single filaments start to overlap
and sterically restrict each other.
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FIGURE 3 (a) Time sequence of
the thermal undulations of single,
free rhodamine-phalloidin-labeled
actin filament. The bending undu-
lations of the filament are clearly
visible. Torsional modes could not
be detected because of the broad-
ness of the intensity profile. In the
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last picture of the sequence the fil- B
ament started to diffuse out of the
focal plane. (b) Instantaneous con-
tours of the filament shown in a
taken at time intervals of 0.2 s. The
bending undulations occur around a
straight shape, indicating that the
filament shows no spontaneous
curvatures. (¢) Double logarithmic
plot of the mean square of the Fou-
rier amplitudes (aqz) versus the
wave vector g. In the lower wave-
length regime (regime 2) the ampli-
tudes scale with a power of —2, as

5 pym

expected for bending motions. In
regime 1 (aq2> scales with a lower
power of g, indicating that the ther-
mal motions are affected by excita-
tions other than pure bending
modes.

regime2

regimet I

13

EXPERIMENTAL PROCEDURES
Sample preparation

Monomeric actin (G-actin) was purified from rabbit skeletal muscle by the
method of Spudich and Watt. One preparation was further processed by gel
filtration chromatography on a Sephacryl $200 column. We could not detect
any differences between the two preparation methods in our experiments.

| I |
14 15 16

G-actin was rapidly frozen in liquid N, and stored at —80°C. On the day of use
aliquots of actin were quickly thawed at 37°C. Actin was polymerized for 2 h
at room temperature or for 12 h at 5°C in F-buffer (2 mM Tris, pH 7.5, 0.5 mM
ATP or 1.0 mM ATP in the case of the 12-h polymerization time, 0.2 mM
CaCl,, 150 mM KCl, 2 mM MgCl,).

Incorporation of a trace amount of fluorescently labeled polymers into
a matrix of unlabeled polymers permits observation of the motion of single
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chains in solution with significant polymer-polymer overlap (Kis et al.,
1994; Perkins et al., 1994). For this purpose we polymerized two actin
solutions: a 5 uM F-actin solution labeled with rhodamine-phalloidin
(TRITC-phalloidin; Sigma, St. Louis, MO) at a molar ratio of 1:1, and an
unlabeled solution of the desired concentration for the polymer matrix. To
adjust the final concentration of the labeled filaments in the sample to 2.5
nM/10 nM (fluorescence microscope/confocal microscope) a small fraction
of the labeled solution was pipetted into the unlabeled solution and mixed
by repeated pipetting. The pipette tip (1-ml Eppendorf) was cut to a broader
diameter (~7 mm), and pipetting was done slowly to prevent filament
breakage (Janmey et al., 1994). At higher actin concentrations (due to the
higher polymerization rates) we also polymerized the unlabeled matrix
around the labeled filaments instead of mixing the two solutions. To reduce
bleaching of the fluorescent dye, 4 pg/ml catalase, 0.1 mg/ml glucose, 20
pug/mi glucose oxidase, and 0.05 vol % mercaptoethanol were added to the
sample, and all solutions used were initially degassed for 30 min.

After mixing, the sample was placed between a glass microscope slide
and a cover glass. The slide was sealed with vacuum grease, which also
provided a spacing of ~80 pm between the slide and the cover glass. To
prevent adsorption of the actin filaments at the glass surfaces we coated the
surfaces with monomeric actin by preincubating the cover glass and slide
with a 25 uM G-actin solution for ~15 min. After the sample was sealed
we allowed the polymer solution to relax for 2 h. This released most of the
initial strain caused by mixing. A longer relaxation time was not possible
because of the slow exchange of rhodamine-phalloidin between the ini-
tially labeled filaments and the unlabeled filaments. The maximum obser-
vation time, bleaching under permanent radiation, was ~20 min before the
labeled filaments became too faint to be anatyzed by the image-processing
system. Filament breakage was rarely seen.

Microscopy

Fluorescence microscopy was performed with an inverted Zeiss micro-
scope (Axiovert) equipped with a filter set for rhodamine fluorescence, a
Zeiss Plan Neofluar 63X Ph3 objective (nA = 1.4) and Zeiss HBO100
light source. For documentation the microscope was connected to a SIT-
camera (SIT68; Dage, Michigan City, IN) by a 4X coupler. The images
were recorded on videotape by a SVHS recorder.

Confocal microscopy was done using a Biorad MRC 600 Confocal
Imaging System (Biorad, Hemel Hempstead, England) attached to a Zeiss
Axiovert with a Zeiss Plan Neofluar 100X objective (nA = 1.4). Images
were obtained in the slow scanning (1 frame/s), photon-counting mode.
The interslice distance for a z-series was 0.2 um. Confocal microscopy of
very dilute F-actin was not possible because the image would smear out
due to the fast thermal undulations of the filaments and the slow scanning
rates of the microscope. However, when the labeled filaments were em-
bedded in a network with a mesh size smaller than the resolution of the
microscope (~300 nm), the undulations could not be detected, and a sharp
picture could be obtained.

Image processing

Fluorescence images were digitized by a frame grabber (Pixel Pipeline;
Perceptics, Knoxville TN) installed in an Apple Macintosh Ilci with an
accelerator board (Daystar 33 MHz Turbo040; DayStar Digital, Flowery
Branch, GA). Image analysis was carried out with a modified version of the
image-processing software Image (Wayne Rasband, National Institutes of
Health, Bethesda, MD).

The spatial coordinates of an actin filament were determined using only
filaments that were entirely in the focal plane (0.1 um). The contours of
the filaments (x(s), y(s)) (s: arc length) were measured by the following
method. First the two ends of the filament were marked interactively to
estimate where the tracing algorithm had to stop. Next, a point in the
middle of the filament was chosen with the mouse. The intensity profile
around this point was used to fit a quadratic test function. The fit was done
for a range of different tangent angles, and the angle was chosen for which
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the steepness of the intensity profile was the largest. The maximum of the
fitted profile was stored as coordinate point. By fitting a test function the
positions (x(s), y(s)) could be located with an accuracy of +11 nm and was
limited only by the signal-to-noise ratio. The determined tangent angle was
used to direct the search matrix for the neighboring intensity maximum.
The minimum distance for the next maximum between two neighboring
pixels is 1.42 times the dimension of a square pixel if the tangent angle is
45°. We used this fact to jump at least one pixel. For this maximum the
fitting procedure described above was repeated and the next data point was
stored. This procedure was repeated until an intensity drop indicated the
end of the filament.

Three-dimensional reconstruction of confocal images was performed
using Voxblast software (Unix version, Vaytek) on a Silicon Graphics
Indigo2 computer (Silicon Graphics, Mountain View, CA).

RESULTS

A mode analysis of the thermally excited bending
motions in dilute solutions

F-actin solutions can be characterized by the following
three concentration regimes: noninteracting dilute solu-
tions; entangled, semidilute solutions; and concentrated,
aligned phases. Solutions of actin filaments of the length
distribution shown in Fig. 2 a are dilute at concentrations
below 40 nM. Above this concentration the solution
crossed over from dilute to semidilute conditions in
which significant filament-filament overlap begins to oc-
cur. We detected this transition by determining the con-
centration at which rhodamine labeled filaments start to
overlap, as shown in Fig. 2 b.

Fig. 3 a shows a typical time sequence of the unrestricted,
thermally driven motions of an actin filament in a dilute
solution of labeled F-actin of monomer concentration 2.5
nM. The pictures were taken at time intervals of 0.2 s. On
this time scale of a few tenths of a second the filament
exhibits bending undulations around a straight mean shape
(see Fig. 3 b). The freely undulating filament fills a cylin-
drical space with a maximum diameter of ~5 um. Besides
bending undulations perpendicular to the focal plane the
filament remained in focus for a period of 1-2 s. At longer
times the filament left the focal plane by rotational and
translational diffusion.

In the case of small undulations around a straight shape
the total bending energy H,.,q4 of the filament can be ex-
pressed by (Landau and Lifshitz, 1980)

k. [t/ 2
Hyend = 5 a_s ds (1)

0

where the integration extends over the filament length L, k.
denotes the bending modulus, and 3 is the tangential angle
along the contour.

For a normal-mode analysis of the thermal bending ex-
citations we performed a Fourier decomposition of the
tangential angle 9(s):

¥s) = 2, acos(gs) 2)
q
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where g = wn/L (n = 1, 2,3 ...) is the wave vector, which
corresponds to a wavelength of A = w/q. For free filament
ends, the boundary conditions (89/3s);_ .. = O reduce the
Fourier expansion for ¥(s) to a cosine expansion.

Using the equipartition theorem we obtained for the mean
bending energy of each mode

k. ([“/d 2
(Hoeno(q)) = 5< J (gaqcos(qs)) ds>
0
3)
k. kg T
A

By solving this equation we derive the following equation
for the mean square amplitudes (ag):

n_ 2ksT 4
@ =i Ls )

This result implies that the mean square amplitudes
(ag) scale with the wave vector q as (afl) ~ ¢~2. Unfor-
tunately, we had to confine the filaments in a narrow
space (~5 pm) between two glass slides. Otherwise the
filament did not stay long enough in the focal plane to
sample enough configurations to calculate the mean
square value of the amplitudes a,. Fig. 3 ¢ shows a
typical double logarithmic plot of (a‘zl) versus g. For the
short wavelength regime the plot shows the expected
scaling behavior with a scaling coefficient of —2.03 %=
0.07. But for long wavelengths (larger than ~1 um) (aé)
scales with a lower power of g. This result shows that the
excited modes in this wave vector regime are not only
free bending motions. The mode spectra could be
changed by tensions restricting the undulations or the
influence of other excited motions. Furthermore, we
checked for Gaussian distribution of the Fourier ampli-
tudes a, by testing if the condition (aq“)/(af])2 = 3 is
fulfilled in the studied wave vector regime. In the low
wave vector regime, ¢ < 5 X 10° m™!, the value of
(a *YKal)y is systematically below 3, and improving the
statistics by doubling the number of traced filaments
(from 100 to 200) does not change this result. For higher
g-values we obtained (aq“)/(aé)2 = 3 = (.5, proving the
expected Gaussian character for bending undulations.

The persistence length L, which can be expressed in
terms of the bending modulus k. by the formula L, =
kgT/k., can be calculated by Eq. 4. The average persis-
tence length in the high wave vector regime (5 X 10°
m' <g<12X10°m™")is L, = 1.8 = 0.3 um. This
result is in agreement with our previous measurements by
end-to-end distance measurements in semidilute solu-
tions (Kis et al.,, 1994). In the low wave vector regime
the persistence length shows a large variance as a func-
tion of the wave vector and exhibits a local maximum
around g = 2 X 10° m~". The values for the persistence
length are consistently higher in this regime, which re-
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sults in a mean value of L, ~ 10 £ 5 pm. The fact that
the persistence length is no longer constant for ¢ < 5 X
10° m ™! expresses again our observation that in the long
wave length regime other modes besides bending motions
are excited and are not suitable for calculating the bend-
ing modulus.

Entanglements of F-actin in semidilute solutions

Semidilute F-actin solutions have length-dependent vis-
coelastic properties, and solutions of very long filaments
can have shear moduli of several hundred pascals at low
volume fractions over a wide frequency range of exciting
shear oscillations (Janmey et al., 1994; Miiller, 1991). This
shear resistance is caused by the highly entangled state of
long actin filaments. To study the structure of these entan-
glements we embedded labeled filaments in a matrix of
unlabeled filaments at a ratio of 1:3500 and examined the
entanglement of the labeled filaments by confocal micros-
copy.

Fig. 4 displays a three-dimensional reconstruction of a
partially labeled entangled network rotated 60° about the
z axis. The actin solution (¢ = 1.4 mg/ml) contains ~2.32
X 10'? filaments/ml, assuming an average filament
length of 22 um and the ratio of labeled to unlabeled
filaments is 1:3300. The fluorescently labeled filaments
form u-turns and single loops around neighboring fila-
ments. The smallest radii of curvature we found for these
loops and u-turns were about 2 = 0.2 um. We did not
observe any actin filament twisted into knots or around
each other.

" Restricted bending undulations in semidilute

F-actin solutions

Rhodamine-labeled filaments embedded in semidilute F-
actin solutions exhibit a large drop in the amplitudes of
bending oscillations because of filament-filament con-
tacts (see Fig. 5). For flexible chains these steric inter-
actions with the surrounding chains were described as a
tube around the filament formed by the surrounding
polymers (Edwards, 1967). This idea also applies for
semiflexible filaments with the modification that the
finite bending stiffness of the filaments creates a charac-
teristic minimum length between two points where the
filament touches the tube (Odijk, 1983). This distance is
called the deflection length.

The thermal undulations of the filament visible by
microscopy define the tube diameter. By superimposing a
sufficient number of transient traces of a filament (~64
traces were taken at time intervals of 0.1 s), the tube can
be imaged and its diameter measured as the maximum
deflection along the contour. Fig. 5 confirms that the
restrictions to the thermal undulations of a polymer chain
in a polymer solution can be described by a surrounding
tube. This description is valid within a concentration
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FIGURE 4 Entangled mesh of actin filaments. To image the network, fluorescently labeled filaments were embedded in a matrix of unlabeled filaments
(actin monomer concentration ¢ = 1.4 mg/ml; ratio of unlabeled to labeled actin, 3300:1). The three-dimensional reconstruction was obtained from a z-series
of confocal images of a volume of 30 pm length X 18 um height X 4 pum depth, and the sequence shows a total rotation of 60°.

range of 0.1 mg/ml to 4.0 mg/ml (including the coexist-
ence regime between nematic and isotropic domains). At
lower concentrations this concept breaks down because
of the increasing role of constraint release, as we show
below (see Fig. 9). The gray line in Fig. 5 shows a
snapshot of the undulating chain within the tube. For the
filament shown in Fig. 5 we estimated the deflection

length A4 at A4 =~ 3.8 £ 0.6 wm by measuring the average
distance between two contact points of transient contours
of the filament (n = 10) with the tube.

The mean diameter {a) of a tube was determined by
averaging its diameter measured at 0.5-um intervals along
the tube axis. Table 1 summarizes the results for the mean
tube diameter, {a), and for the variation of the tube diameter
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FIGURE 5 Direct visualization of a tube around an actin filament in a
solution of 0.7 mg/ml F-actin. The picture was obtained by superimposition
of 64 traces of the contour taken at time intervals of 0.1 s. The insert above
the graph displays a snapshot of the filament, which was confined in the
tube. Below the tube the mean tube diameter {(a) and the actin concentration
of the surrounding F-actin matrix are denoted. The gray line shows a
snapshot of the undulating chain within the tube and illustrates the concept
of a deflection length.

as a function of actin concentration, c. The (a) values of
Table 1 represent the mean value obtained from four fila-
ments per concentration. The mean diameter decreases with
increasing concentration from 0.9 um for a monomer con-
centration of 0.1 mg/ml to 0.3 um for ¢ = 1.4 mg/ml. The
diameter has a large standard variation, which decreases
with increasing c.

Diffusion of single actin filaments in semidilute
F-actin solutions

Fig. 5 shows that actin filaments remain in their original
tube for periods of a few seconds. At longer times the
filament was driven out of the tube by its thermal undula-
tions. This results in reptation, a snake-like motion through
the entangled mesh (de Gennes, 1971; Doi and Edwards,
1986).

The reptation motion of two labeled filaments of dif-
ferent length in a matrix of unlabeled filaments (of 0.1
mg/ml or 2.0 mg/ml, respectively) is shown in Fig. 6 a.
To guide the eye, thin white lines are drawn around the
filaments to symbolize a tube with approximately 3-4
times the diameter of the tubes surrounding the filaments.

TABLE 1 Summary of the mean tube diameter
measurements :

Actin concentration Tube diameter
¢a (mg/ml) (@) (um) Aala) (%)
0.1 0.94 28
04 0.71 26
0.5 0.79 22
0.7 043 33
14 0.30 13
4.0 nematic domain 0.10 6
4.0 entangled domain 0.13 9

The mean tube diameter {a) decreases with increasing actin concerning ¢
and shows a large variation Aa/(a), which is typical for the semiditute
regime.
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FIGURE 6 (a) Time sequences (At = 8 s) of the reptation motion of
actin filaments of 40.0 pum (right side) and 6.9 um length (left side) in a
matrix of F-actin of 0.1 mg/ml or 2.0 mg/ml, respectively. The tubes
formed by the thin white lines drawn to guide the eye are three to four
times larger than the mean diameter of the tube. The shorter filament
diffuses visibly faster than the long one. The reptation time is 2.0 min for
the short filament and 61.4 min for the long filament. (b) Time sequence of
the reptating filament shown on the right side of a recorded at intervals of
1 s. The thin white lines symbolize the surrounding tube, and the black
dashed lines along the filament show the traced contour. The shorter time
intervals show that the filament slides back and forward to leave its original
tube. (¢) The minimal radius of curvature R that a filament end can assume
during its thermally driven fingering motions is about 2 wm. The reptation
behavior of the left filament of a gives an example of such radii of
curvature.

In a time span of 48 s the filament of 40 pum length
explored new tube segments by its fingering motion out
of the tube. At first the filament slid ~3 pm out of the
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tube at the right side. Then it retracted ~2 wm back into
the tube. Aside from the correlated sliding motion of the
filament ends the filament remained within the original
tube. In the same time frame the ~7-um-long filament
reptated almost completely out of its original tube. This
filament left its tube by repeatedly sliding back and forth
by the same type of fingering motion as seen in the time
sequence for the 40-pum-long filament but on a shorter
time scale, as shown in Fig. 6 b. The amplitude of the
fingering motion of the filament ends out of the tube was
typically ~1-2 pum. The minimum radius of curvature
that a reptating filament end of this length could make
was ~2 um (see Fig. 6 c). Therefore, the accessible part
of the mesh for the fingering motion of the filament ends
can be described as a cone around the end of the tube,
which is restricted by how far a filament could bend itself
over a length where the filament fingers out of the
original tube. The maximum opening angle of this cone
was ~90°.

On short time scales the ends of a filament performed an
uncorrelated random motion that proceeded to a correlated
sliding motion on longer time scales, allowing the filament
to leave its original tube. This is illustrated in Fig. 7 by
recording the motion of the filament ends of the 40.0-um-
long filament displayed in Fig. 6 in time steps of 0.12 s (Fig.
7 a) and 0.84 s (Fig. 7 b). In a time interval of 2.5 s the ends
moved in uncorrelated fashion and in different directions
(see Fig. 7 a). In a longer time span of 34.4 s we observed
a transition to a correlated sliding of the filament out of the
right side of the tube (see Fig. 7 b). This correlated sliding
does not mean that both ends moved exactly the same
distance. The elastic undulating filament does not necessar-
ily transmit the whole motion of one end to the other; on
average the motion of the ends is coupled to the motion of
the center of mass of the filament because of the semiflex-
ible character of the chain and its low longitudinal compli-
ance.

The diffusion coefficient of a chain along the tube D was
determined by measuring the diffusive motions of the fila-
ment ends for time scales where the motions were corre-
lated. The chain end positions (x;, y,), with respect to a local
coordinate system with y; axes parallel to the tube axes at
the ends, were recorded at time intervals At = 8 s. The
diffusion coefficient of the ends parallel to the tube is
calculated as

N
D, = LN = 1) 2{6:() = = D)(240)

where N is the number of steps, and in most measurements
N = 30. Dy is the arithmetic mean of the diffusion coeffi-
cients of the filament ends D; of four independent time
sequences (30 X 8 s). The results of our measurements are
summarized in the graph of Fig. 8. D) decreases linearly
with increasing chain length L. Within experimental error
we did not detect any dependence on the monomer concen-
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FIGURE 7 Track of the movement of filament ends of the filament
displayed on the left side of Fig. 6 a in steps of 0.12 s (@) and 0.84 s (b),
respectively. The y-axes are oriented parallel to the local axes of the tube
at the two ends. Each time sequence starts at point A and ends at point E.

tration ¢ within a concentration range of ¢ = (0.1-2.0)
mg/ml.

The reptation time 7y, is defined as the time a chain needs
to leave its original tube entirely. The reptation time can be
calculated from the diffusion coefficient of a chain along the
tube Dy by 7, = LDyw” (Doi and Edwards, 1986). This
equation applies for flexible chains. The reptation time,
which has been predicted for wormlike chains, is practically
the same (Keep and Pecora, 1985). The results of this
calculation are listed in Table 2. The calculated reptation
time increases from 2.2 min for the filament of 6.9 um
length displayed in Fig. 6 to 15 h 36 min for a filament of
50.5 pm length. The calculated value of 7, for the 6.9-pm-
long filament agrees with the value of 2.0 min we obtained
for 7, by direct observation (Fig. 6).

Because all filaments are able to diffuse in the solution, a
filament can leave its original tube not only by its own
reptation motion, but the structure of the tube can change if
chains of the surrounding polymer matrix reptate away. This
process is called constraint release (Lodge et al., 1990). In
the concentration range of 0.1-2.0 mg/ml constraint release
was a very infrequent event because of the tightly packed
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FIGURE 8 Length dependence of the diffusion coefficient Dy. In the
pure entangled phase the diffusion coefficient along the tube increases
linearly with the inverse filament length. The measured diffusion coeffi-
cient of the filament in the entangled domain at 4 mg/ml indicates that this
scaling behavior also applies for the entangled phase in the coexistence
regime. The diffusion coefficient D parallel to the director in the nematic
domains at 4 mg/ml is nearly length independent and shows a large
variance. The error bars were calculated from the statistical error among
the four independent time sequences that were used to obtain the average.

meshwork. In a solution of semiflexible chains the tube
changes its shape because of constraint release only if the
change in the mesh exceeds the persistence length. At lower
concentrations of ~0.01 mg/ml constraint release began to
dominate the diffusion in the loose mesh of filaments. Fig.
9 illustrates that at higher actin concentrations diffusion of
filaments was determined by reptation and that the tube
model breaks down at low concentrations. At 0.4 mg/ml the

TABLE 2 Summary of the measured diffusion coefficient D,
and the resulting reptation time 7, that a filament needs to
leave its original tube

Actin Filament Diffusion Reptation
concentration length L coefficient time T
ca (mg/ml) (pm) D, (m%/s) = L’7°D,
0.1 22.7 pm 1.7 x 107" 51.1 min
40.0 um 44 %107 61.4 min
0.4 22.7 um 1.8 X 1071 48.3 min
0.5 59.5 um 1.3x 107" 7 h 42 min
50.5 wm 46 x 10715 15 h 36 min
0.7 18.2 um 20X 10713 28.0 min
32.2 pm 1.6 X 10714 109.4 min
1.4 52.1 um 43x 10715 17 h 48 min
2.0 6.9 um 3.6 X 1071 2.2 min
4.0 1.5 um 7.7 X 10714 3.0s
4.6 um 5.1x 10714 420s
4.7 um 44 X107 50.6s
4.7 um 6.6 X 107" 3395
5.7 pm 51x 107" 64.5s
13.3 um 5.6 x 107" 5.3 min
15.7 pum 58X 107" 7.2 min
4.0 11.2 um 24x 107" 8.8 min

The first space in the table separates the data below 2.5 mg/ml from the
data at 4.0 mg/ml in a nematic domain. The last value in the table is for a
filament in an entangled domain at 4.0 mg/ml.

F-Actin, a Model Polymer for Semiflexible Chains 617

a)
actin concentration: 0.4 mg/ml
164 0 min 164 10 min
14 14
—_ 12— ,E_ 124
310'— =a 104
> >
8 — 8
6 — 6 —
4 - 4
8 12 8 12
x [um] x [um]
b)

actin concentration: 0.05 mg/ml

FIGURE 9 Validity of the tube model. (a) Development of the tube
around a filament at a concentration of 0.4 mg/ml. The contour of the tube
was obtained in the same way as described above. After 10 min the
filament left the original tube at both ends by repeatedly sliding backward
and forward, which can be seen by the changes in the contour of the tube
at both ends. The central part of the tube remains unchanged because the
mesh is too dense for constraint release to occur. (b) Thirty transient
contours taken at time intervals of 2 s at a lower concentration (¢ = 0.05
mg/ml). The steric interactions can no longer be described as a tube.
Constraint release now plays a major role.

F-actin solution formed a tight mesh of ~0.7 wm mesh size,
and the tube around the filament changed its contour mostly
at its ends, because the filament was only able to leave its
original position by reptation (see Fig. 9 a). In more dilute
solutions (¢ = 0.05 mg/ml) the concept of a tube surround-
ing a filament became invalid. The mesh was so loose that
rotational diffusion started to be an important contribution
and the constraining filaments diffused away within several
minutes.

Alignment of filaments at higher
actin concentrations

It has been reported that F-actin solutions undergo a tran-
sition to a nematic phase above actin concentrations of 2.0
mg/ml (Suzuki et al.,, 1991; Coppin and Leavis, 1992;
Furukawa et al., 1993). The alignment of filaments, which
has been detected by birefringence and anisotropic light
scattering, is characteristic for this liquid crystalline phase.
In a true nematic phase, as distinct from a bundle of actin
filaments, aligned filaments should be able to diffuse along
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A)

FIGURE 10 Relaxation of actin
filaments from nonequilibrium
states. (A) Relaxation of a shear
aligned F-actin solution (1.4 mg/
ml) into an isotropic entangled
phase. (B) Relaxation of a F-actin
solution (4.0 mg/ml) from an entan-
gled, nonequilibrium state into a
nematic domain. Confocal pictures
were taken at O min, 1.5 h, and 3 h.

90 min

180 min

the axis of alignment, which is called the direction of the
director, as in a fluid.

Alignment of actin filaments begins to occur at 1.4-2.0
mg/ml, shortly after the actin solution is pipetted onto the
cover glass. This nonequilibrium state is caused by the high
sensitivity of actin filaments to shear alignment. After 2-3
h the filaments relax into an isotropic entangled network
(Fig. 10 A). At concentrations higher than 2.5 mg/ml the
aligned areas in the F-actin solutions remain stable and
some of the initially isotropic regions of entangled filaments
align within 1.5-2 h (see Fig. 10 B). The actin solution used
in this experiment was characterized by a maximum fila-
ment length of 44 pum and an average length of 14 wm.
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B)

5pum

Solutions of F-actin of concentration =2.5 mg/ml show
clear birefringence between crossed polarizers and remain
birefringent for more than 2 weeks. The solutions exhibit a
very broad coexistence between the isotropic and the
nematic phase. At concentrations from 2.5 to 6.0 mg/ml we
always found a mixture of aligned and entangled domains of
a size of about 60 um to 140 um. A total demixing into
purely aligned and isotropic phases did not occur, even after
1 week. Only after spinning the samples in a tabletop
centrifuge for several hours did total phase separation take
place.

Fig. 11 a shows a three-dimensional reconstruction of
one of the aligned domains displayed at different angles.

FIGURE 11

(a) Three-dimensional reconstruction of an aligned domain of actin filaments at 4.0 mg/ml. The micrographs show different views of a cube

of 110 pum length X 60 um height X 5 pum depth. The white arrows mark the phase boundary with an entangled domain. The fluorescently labeled filaments
align along the axis of the director. The picture also indicates that the longer filaments are preferentially in the nematic domains. (b) Length distribution
of rhodamine-phalloidin-labeled actin filaments in the nematic and isotropic domains at an actin monomer concentration of 4.0 mg/ml. The maximum length
is 17 um and the average length (L;) = 4.6 um in the isotropic phase. In the nematic phase the maximal length is 22 um and the average length (L) is

104 pm.
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FIGURE 12 (a) Diffusion of actin filaments in
a nematic domain (actin monomer concentration
¢ = 4.0 mg/ml). The white arrows and dashed
lines (y-coordinate) mark the original position of
the diffusing filaments. The filaments move
along the axis of alignment. The small filament
on the right side diffused out of the focal plane
after 10 s without changing its orientation (which
we checked by focusing through the sample). (b)
Tube-like free space around the long filament of
a (left side) in a nematic domain. The tube is very
narrow and has a mean diameter of 104 nm. The
fluctuations in the diameter are very small. The
gray line shows a snapshot of the undulating
chain within the tube. The deflection length is
~4.5 pm.

y [um]

Despite the parallel orientation of the filaments, this image
also demonstrates imperfections in the alignment, indicating
a low-order parameter. The filaments exhibited bends away
from the axis of alignment and even u-turns—so-called
hairpins (de Gennes, 1982; Williams and Warner,
1990)—as deviations from their main orientation. The for-
mation and appearance of these hairpins will be discussed in
detail below.

Longer filaments were found mainly within the nematic
domains, whereas short filaments accumulated in the iso-
tropic phase. To illustrate this length-dependent phase sep-
aration we measured the length of 40 filaments, each in a
nematic and an isotropic domain. The results are shown in
Fig. 11 b.

The time sequence of Fig. 12 g illustrates diffusion of
three filaments of different lengths embedded in a nematic
domain of a 4.0 mg/ml F-actin solution. The filaments slid
quickly back and forth along the axis of the director, and the
short filament suddenly disappeared out of the focal plane
without first changing its orientation. As long as the fila-
ments were oriented parallel to the director they diffused as
in a viscous fluid. The diffusion coefficient parallel to the
director of the nematic domains D was measured by the
method described above, and the results are summarized in
Fig. 8. Dy is nearly length independent and, for the longest
filaments, higher than the diffusion coefficient along the
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tube in the entangled phase. The diffusion coefficient along
the tube measured for a filament in a coexisting isotropic
domain was in agreement with the values measured at lower
concentrations in which only the isotropic phase was
formed.

The free space around a filament in a nematic domain can
also be pictured as a tube, as shown in Fig. 12 b. The tube
was very narrow and showed very little variation from a
mean diameter of 104 nm. The average diameter {(a,) for
four filaments was (100 = 10) nm, whereas the average
diameter in the entangled domains {a;) was (130 = 10) nm.
The relative density difference of the isotropic and nematic
phases W can be defined by the following equation (Chen,
1993):

W=c,/c; — 1, (&)

where ¢, is the number of filaments per volume in the
nematic phase and ¢, is the number in the isotropic phase.
Assuming that filament end effects can be neglected we
estimate the relative density difference by

W=c,/c; — 1 = (@) Na,)* — 1, (6)

where {(a;), {a,) are the mean tube diameter in the isotropic
and nematic phase. The difference in the diameters implied
a filament density difference of 60% between the nematic
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FIGURE 13 Formation of a hairpin in a nematic do-
main (¢ = 4.0 mg/ml). In addition to the existing hair-
pin, a second one formed by the fingering motion of the
left filament end. The sliding seems to be slower than
for straight filaments. The smaller filament to the right
of the filament with the hairpins diffused out of the focal
plane at the end of the time sequence.

and the isotropic phase. Equation 6 is just an estimate based
on the simplified assumption that the volume per filament
can be described by a cylinder with diameter (a).

The formation of a u-shaped defect, called a hairpin, is
shown in Fig. 13. The filament slid repeatedly in both
directions of the director and the left filament end fingered
nearly perpendicular to the director. After several tries the
filament end suddenly flipped over in the other direction
and a hairpin formed. The generation of a second hairpin
along the same filament was a very infrequent event.

DISCUSSION

Fluorescently labeled actin filaments represent a versatile
system for the study of semiflexible polymers in a wide
concentration range from dilute solutions to concentrated,
nematic solutions. The data obtained from this study pro-
vide a better understanding of F-actin solutions in vitro and
therefore allow better predictions for the function of actin
filaments in cells. The main conclusions that may relate to
actin function in vivo are that purified actin filaments do not
display specific chemical interactions with each other, but
can form viscoelastic networks because of steric interac-
tions. The transition from isotropic to nematic structures
that occurs over a small concentration range may also be
relevant to the formation of such structures as filipodia and
stress fibers. Although it seems unlikely that phases attain
thermodynamic equilibrium in cells, the thermodynamic
drive to form aligned domains and the surprising motility of
filaments within such domains may act in concert with
specific actin-binding proteins to produce the variety of
actin bundles observed in vivo.

Dilute solution dynamics

In dilute solutions polymer chains exhibit unrestricted in-
ternal motions. The visible motions of a filament are dom-
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inated by bending undulations. The motions occur around a
straight mean shape, which confirms the semiflexible char-
acter of F-actin. This also means that the filaments exhibit
no spontaneous curvatures caused by defects under these
conditions. Kinks such as we have recently observed (Kis et
al., 1993) did not appear in the presence of compounds used
to reduce photobleaching of the sample.

For short wavelengths the mode spectrum of the filament
is dominated by bending modes, as expected for wormlike
chains (Doi and Edwards, 1986). In the long-wavelength
regime they exhibit a different scaling behavior than for
pure bending motions. This could be due to the confinement
between two glass plates (Hendricks et al., 1995), which
could restrict the long modes. Coupling of the bending
modes to other modes could also cause deviations from the
expected scaling behavior. A third possibility is that Eq. 4,
which has been derived for small undulations, does not
apply to the long-wavelength regime, where the description
that bending undulations have only a component perpendic-
ular to the filament axis may no longer be a valid approx-
imation.

The general character of F-actin as a semiflexible poly-
mer was observed at all concentration ranges tested, but
there were significant differences between the apparent fil-
ament stiffness in the dilute and semidilute regimes. Free
actin filaments in dilute solution show only small bends, and
the persistence length we determined by end-to-end distance
measurements is about one order of magnitude higher than
the value we determined previously in semidilute solutions
(Kis et al., 1994). This finding indicates that the persistence
length is comparable to the length of the filament (~22 pm)
and disagrees with our finding of a persistence length of 1.8
pm measured by an analysis of the thermal undulations. It
is also inconsistent with the observation that a reptating
filament shows minimum radii of curvature of ~2 um,
implying a persistence length of a few microns. We con-
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clude that the free filaments show an apparent increased
stiffness, possibly due to coupling of the bending modes to
other modes such as torsion (Prochniewicz et al., 1995), a
restricted sliding motion of the strands of a filament against
each other (Bremer et al., 1991), or a partial untwisting of
the two strands. Unfortunately we are not able to detect
motions like these in the fluorescence microscope, because
the fluorescence intensity profile of an actin filament has a
thickness of ~0.5 pm, which is ~100 times the real diam-
eter of the filament. The Debye screening length is ~1 nm
under the typical buffer conditions for a F-actin solution.
The short screening length rules out stiffening and long-
range electrostatic interactions for actin filaments. This un-
expected behavior of a semiflexible chain is potentially
interesting and can be further investigated, for example, by
scattering techniques like dynamic light scattering and neu-
tron scattering. A good estimate for the stiffness of F-actin
is also important for determining whether a polymerizing
actin could deform a cell membrane by a thermal ratchet-
like mechanism (Mogilner and Oster, 1995).

Semidilute solutions and
filament-filament contact

The crossover to the semidilute regime, where the filaments
start to interact sterically, occurs at ~40 nM. By modeling
the polymer solution as a solution of stiff rods (Doi, 1975)
we obtain for the onset concentration of the semidilute
regime ¢

c” = B(M,IN,)(1/L?, 7

where M, is the molecular weight of the polymer, L is the
chain length, and B is a numerical constant for which Doi
predicts B = 1. Using the average chain length of 22 um in
Eq. 7 results in a onset concentration of 1.3 nM. More recent
computer simulations showed that B =~ 30-70 (Magda et
al.,, 1986). Our experimental value is in good agreement
with the predictions by Magda et al. and other data obtained
by rheological experiments (Janmey et al., 1986).

The three-dimensional reconstruction of the actin fila-
ment matrix (Fig. 4) shows that gel-like elasticity of F-actin
can exist in the absence of specific cross-links or even
tightly bent entanglements characteristic of flexible polymer
networks. Doi estimated that the number of rods N envel-
oping a test rod within a distance b is (Doi, 1975)

N = bL?p, 3

where p is the number of filaments per volume and L the
filament length. For an actin solution of 1.4 mg/ml, b = 300
nm (= average tube diameter), and p = 2.33 X 10'*/ml. A
filament of L = 22 um will be surrounded by ~300 fila-
ments, which contact it by invading the tube containing the
test filament. Even though each contact may be fleeting,
their numbers ensure that the filament is kept confined
within the tube, just as it would be if it were chemically
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linked to the other filaments, at least on a time scale shorter
than the reptation time (50 min).

The stiffness of the chains is reflected by a characteristic
distance between two points where the filament is able to
touch the tube. We measured a deflection length of 3.8 um
for a tube with a diameter of 400 nm. Theoretical consid-
erations predict the following dependence of the deflection
length A4 on the mean tube diameter (@) and the persistence
length L, ~ 1.8 um (Odijk, 1983):

/\d — <a>2/3Lpl/3. (9)

By using Eq. 9 we calculated a deflection length of 0.7 pm.
This is considerably smaller than the measured value. This
means that our measurements overestimate the deflection
length or L, >> 1.8 um. We favor the first possibility
because we only detect contact points of the chain with the
tube in the xy plane. Bends of the filament in the z direction
within a tube of 400 nm diameter are only visible as a
broadening of the intensity profile and cannot be identified
as contact points.

The fact that concentration fluctuations are characteristic
for the semidilute regime is reflected in the large variation
of the tube diameter. Despite the variation of the diameter,
Table 1 shows that the mean diameter {a) decreases with
increasing actin monomer concentration ¢. Semenov has
pointed out that the tube which an undulating semiflexible
chain probes is smaller than the mesh size £ of the network
because the chains can only bend to a certain degree (Se-
menov, 1986; Graessley, 1980). This can be expressed by
the following formula:

(a) ~ &EL)", 10)

where L, is the persistence length. Assuming that we can
approximately describe the concentration dependency of the
mesh size by a scaling law for stiff rods, ¢ ~ ¢~ 2 (de
Gennes et al., 1976), we obtain the following equation:

(@) ~ ™. (11)

The five values we obtained from Table 1 are not sufficient
to establish the scaling law we predicted in Eq. 11. But the
plot in Fig. 14 at least shows that our data are in good
agreement with Eq. 11. Previous mesh size measurements
of F-actin are also consistent with these data (Schmidt et al.,
1989).

The scaling argument we derive also agrees with predic-
tions by Odijk, which can be expressed by the following
formula (Odijk, 1983):

p<a>5/3Lpl/3L = 1’ (12)

where p is the filament density and L the filament length.
Assuming an average filament length of 22 um we obtain a
filament density of 2.33 X 10'? filaments/ml for an actin
monomer concentration of 1.4 mg/ml, and an average tube
diameter larger than 14 nm according to Eq. 12.
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Reptation within a tube

Figs. 6 and 7 confirm that the diffusion of actin filaments in
F-actin solutions can be described by the reptation model,
which has been developed for flexible chains (de Gennes,
1971; Edwards, 1967) and was later modified for semiflex-
ible, so-called wormlike chains (Odijk, 1983). On short time
scales the filament is confined in its tube. Our results prove
Odijk’s wormlike tube model (Odijk, 1983) and show that
other models—like the fuzzy cylinder model (Sato et al.,
1991)—do not apply. At longer times the filament ends
explore new tube segments, and finally the filament slides
out of its original tube, driven by its thermal undulations.
The speed of this motion depends critically on the length of
the filament. Fig. 6 shows how a filament reptates out of its
original tube. A characteristic feature of this motion is the
crossover from a random motion of the filament ends to a
correlated sliding out of the tube. Theories of polymer
physics often refer to the random part of this motion as tube
fluctuations (Doi and Edwards, 1986). The crossover occurs
sooner for the shorter filaments.

Ignoring minor corrections that arise from the length
dependence of the friction coefficient ¢, the diffusion coef-
ficient along the tube Dy is predicted to increase linearly
with inverse filament length L in isotropic suspensions (Doi
and Edwards, 1986):

D" = (kgT)/gL (13)

The data for filaments in the entangled phase shown in Fig.
8 confirm the prediction of Eq. 13. The slightly lower values
for the measured diffusion coefficient in comparison to our
previously published values can be explained by the change
of the time interval between two measured positions of the
filament ends from 0.12 s to 8 s. In case of the short time
interval we have included uncorrelated motions of the fila-
ment ends in the calculation of the diffusion coefficient
along the tube D”, which did not contribute to the motion of
the entire filament, and virtually increased the measured
value. It is expected that hydrodynamic effects cause devi-

concentration [mg/mi]

ations from the linear length dependence of Dy and that
hydrodynamic screening slows the diffusion down with
increasing actin concentration (Muthukumar and Edwards,
1983; Odijk, 1986). Both effects are weak and are not
detectable within our experimental error of +10 X 107'3
m?/s and within the small accessible concentration and
length regime.

A detailed theory for the diffusion coefficient Dy of a
reptating polymer only exists for stiff rods and flexible
polymers (Doi and Edwards, 1986). Assuming that the
semiflexible actin filaments are closer to the case of stiff
rods we compare our data with the formula predicted for
stiff rods:

Dy = (kT In(L/bY)/27mL),

where b = 7 nm is the diameter of the filament and n ~
Nwater 1S the viscosity of the buffer. The experimental values
were smaller by a factor of ~20 than the values calculated
for stiff rods, indicating that semiflexible chains diffuse
more slowly in semidilute solutions. This finding contra-
dicts a theoretical estimate (Doi, 1975) which concludes that
semiflexible chains reptate faster than stiff rods in an iso-
tropic phase.

Constraint release and terminal relaxation time

Above 0.1 mg/ml constraint release within a F-actin net-
work can be neglected, and the diffusion of filaments is
dominated by reptation. Even if one of the surrounding
chains reptates away, the filament is too stiff to bend enough
to fill up the new space and leave its original tube. Only in
a very loose mesh where the mesh size is bigger than the
persistence length does constraint release play a significant
role.

In rheological experiments the crossover from fluid to
elastic behavior defines the terminal relaxation time of an
F-actin solution under shear (Ruddies et al., 1993; Ferry,
1980). Assuming that this relaxation process is dominated
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by reptation we can conclude for a polymer solution with
monodisperse length distribution that this time is equal to
the reptation time of the polymer chains. According to
Ruddies et al. the terminal relaxation time of an F-actin
solution is ~160 min. Assuming a similar length distribu-
tion of the F-actin solutions used in this experiment, this
result indicates that the relaxation of shear in a solution of
actin filaments is dominated by filaments that are longer
than the average filament length. The reptation time, which
we calculated from our measurements of the diffusion co-
efficients, is ~50 min for a filament of average length.

Liquid crystalline phase

Alignment of F-actin by itself does not necessarily result
from a thermal equilibrium state representing a nematic
phase. A frozen glass-like state of shear-aligned filaments
would be also birefringent over long time periods. The time
sequences of Fig. 10 show that metastable aligned or en-
tangled domains relax on a time scale of several hours. This
result is in agreement with the reptation times we calculated
(Table 2; the maximum filament length in the F-actin solu-
tion used for the experiments shown in Fig. 10 was 44 um).

The technique of fluorescence imaging of single fila-
ments allows for the first time measurements of the dynam-
ics of polymer chains in a liquid crystalline phase. As
expected for polymers in a nematic phase the actin filaments
stayed aligned when they diffused. They could only move
parallel or perpendicular to their axis. In the nematic phase
the diffusion coefficient Dy is enhanced for chains of the
same length, because of the decreased entanglements due to
the alignment.

Surprisingly, the diffusion coefficient parallel to the di-
rector seems to be length independent. One might expect
that the diffusion coefficient scales as it does in the isotropic
phase, which is in first order inversely proportional to
filament length. Recently Radzihovsky and Frey (1993)
presented a theory for the hydrodynamics of flux lines in
superconductors, which also applies to aligned polymer
melts if the Rouse behavior of single chains is replaced by
Zimm dynamics. Whereas for noninteracting chains the
diffusion coefficient scales with 1/L, the relaxations in the
interacting aligned phase are independent of the filament
length L. In the interacting theory the 1/L dependence of the
diffusion coefficient is suppressed by the interaction be-
tween the chains with increasing filament density. The chain
interactions even speed up the dynamics of the chains. If
these findings also apply to longitudinal diffusion they
could explain the weak length dependence and the increased
diffusion coefficients compared to the isotropic phase. To
prove that this theory really applies to our experiments,
further experiments at different filament densities are re-
quired.

We detected a relative density difference of 60 = 15%
between the isotropic domains and the nematic domains at
a monomer concentration of 4.0 mg/ml. Theoretical calcu-
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lations for semiflexible polymers predict a density differ-
ence of ~7% at the onset of the coexistence regime (Chen,
1993; Vroege and Odijk, 1988). Interestingly, the relative
concentration difference nearly gets length independent for
length-to-persistence length ratios larger than 1 (Chen,
1993). The experimental value clearly exceeds the theoret-
ical value. But taking into consideration that in polydisperse
systems the relative density difference is expected to be
bigger (Vroege and Lekkerkerker, 1992) and that the actin
concentration (4 mg/ml) is nearly double the onset concen-
tration (2 mg/ml) (Furukawa et al., 1993), for nematic
ordering a larger density difference seems to be reasonable.
We further observed an enrichment of long filaments in the
nematic phase (see Fig. 11 b), as expected (Vroege and
Lekkerkerker, 1992). This can be explained by the earlier
nematic onset concentration for longer filaments.

For lyotropic liquid crystals hairpin-like defects have
been predicted by Khokhlov and Semenov (1982). A more
refined model by Vroege and Odijk confirmed this predic-
tion (Vroege and Odijk, 1988). We provide a direct visual-
ization of the dynamics of this metastable state (Williams
and Warner, 1990). In agreement with theory (Williams and
Warner, 1990), the diffusion of a filament exhibiting or
forming a hairpin shows two types of motion: i) a reptation-
like motion of the chain along its end and ii) a rapid reversal
in direction to form hairpins. The strong curvature of the
hairpins and the distance between two hairpins (~5 pm) in
Fig. 13 agree with our experimental value of 1.8 um for the
persistence length. Vroege and Odijk predicted that the
typical distance between hairpins is about 3.25 times the
persistence length.
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