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ABSTRACT Actin filaments (F-actin) are important determinants of cellular shape and motility. These functions depend on the collective
organization of numerous filaments with respect to both position and orientation in the cytoplasm. Much of the orientational organization
arises spontaneously through liquid crystal formation in concentrated F-actin solutions. In studying this phenomenon, we found that
solutions of purified F-actin undergo a continuous phase transition, from the isotropic state to a liquid crystalline state, when either the
mean filament length or the actin concentration is increased above its respective threshold value. The phase diagram representing the
threshold filament lengths and concentrations at which the phase transition occurs is consistent with that predicted by Flory's theory on
solutions of noninteracting, rigid cylinders (Flory, 1956b). However, in contrast to other predictions based on this model, we found no
evidence for the coexistence of isotropic and anisotropic phases. Furthermore, the phase transition proved to be temperature depen-
dent, which suggests the existence of orientation-dependent interfilament interactions or of a temperature-dependent filament flexibility.
We developed a simple method for growing undistorted fluorescent acrylodan-labeled F-actin liquid crystals; and we derived a simple

theoretical treatment by which polarization-of-fluorescence measurements could be used to quantitate, for the first time, the degree of
spontaneous filament ordering (nematic order parameter) in these F-actin liquid crystals. This order parameter was found to increase
monotonically with both filament length and concentration.

Actin liquid crystals can readily become distorted by a process known as "texturing." Zigzaging and helicoidal liquid crystalline
textures which persisted in the absence of ATP were observed through the polarizing microscope. Possible texturing mechanisms are
discussed.

INTRODUCTION

Actin is a ubiquitous cytoskeletal protein that plays an
important role in the control of cell shape and certain
modes ofmotility. Under physiological conditions, actin
molecules (G-actin) self-assemble to form long, thin,
moderately-flexible filaments (F-actin) that tend to spon-
taneously align with one another in order to fit within
the available space (like sardines) (Kerst et al., 1990;
Newman et al., 1988; Suzuki et al., 1991). An under-
standing ofthe cellular control ofactin filament ordering
is essential for the understanding ofcytoskeletal organiza-
tion as a whole. Highly ordered actin-rich domains can
be found in the periphery of the cytoplasm in many cell
types. Well known examples include the static brush
border microvilli of intestinal epithelial cells (Bretsher,
1983; Mooseker, 1983; Mooseker and Howe, 1982), the
static stereocilia of auditory epithelial hair cells (Tilney
and Tilney, 1984), and dynamic protrusions at the sur-
face of locomoting cells (Luduena and Wessells, 1973).
The degree of filament ordering in the cytoplasm seems
to be modulated by a variety of domain-specific actin
binding proteins (Drenckhahn et al., 1991).
The spontaneous long range orientational ordering of

randomly positioned filaments in solution is characteris-
tic ofa nematic liquid crystal. In a nematic, the filaments
are oriented preferentially about an imaginary axis,
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called the "director," which defines the optic axis of the
linearly birefringent solution.
To a first approximation actin filaments can be mod-

eled as noninteracting, impenetrable, rigid cylinders in
solution. Theoretical treatments ofsuch a model (Flory,
1956b; Ishihara, 1951; Onsager, 1949) predict the en-
tropy-dependent emergence of a nematic liquid crystal-
line phase when the cylinder concentration is raised past
a first threshold that varies approximately inversely with
cylinder length. As the concentration is further increased
past a second threshold, which also varies inversely with
cylinder length, the isotropic phase should vanish, leav-
ing only a uniformly anisotropic phase. Between these
two thresholds, an isotropic phase should coexist at equi-
librium with a slightly more concentrated, anisotropic,
liquid crystalline phase. The theory successfully ac-
counts for the phase behavior of suspensions of tobacco
mosaic virus, a particle that conforms well to the rigid
cylinder model (Oster, 1950). Statistical thermody-
namic treatment of a more general model predicts that
the difference in concentration between the isotropic
and anisotropic phases, known as the miscibility gap,
will increase with increasing cylinder flexibility, polydis-
persity in length, and intercylinder interactions (Flory,
1956a; Flory, 1978; Flory, 1984; Flory and Frost, 1978;
Flory and Ronca, 1979). This means that experimen-
tally one would expect a phase separation of F-actin so-
lutions under a wide range of conditions.

Previous investigations with F-actin solutions have
demonstrated the spontaneous emergence of long range
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orientational ordering of the filaments (Kerst et al.,
1990; Newman et al., 1988; Suzuki et al., 1991).
Whe-ther the published observations (Newman et al.,
1988; Suzuki et al., 1991) revealed a coexistence of iso-
tropic and anisotropic phases at equilibrium, however, is
subject to interpretation.

Investigating the effects of various physiological fac-
tors, such as actin binding proteins, actin concentration,
filament length, etc., on the filaments' orientational orga-
nization, demands a nonperturbating measurement of
the quantitative degree of filament organization ex-

pressed on an absolute scale. To our knowledge, pre-
vious studies have been confined to measurements ofthe
linear birefringence of F-actin solutions (Suzuki et al.,
1991) . Whereas the latter approach can prove useful for
comparing, in a semiquantitative way, the relative de-
gree of ordering in different samples, it cannot provide
the absolute degree of ordering defined in terms of an

orientational distribution (because the anisotropy ofthe
polarizability of the actin filament is unknown). To de-
termine the absolute degree of ordering another ap-
proach was needed.

Polarized fluorescence has been shown in the past to
be a valuable method for investigating orientational or-

dering of macromolecules in biological systems (see for
example Burghardt, 1984; Burghardt, 1985; Burghardt
and Ajtai, 1988). In particular, this approach has been
used successfully in the study of myosin-head orienta-
tion in muscle fibers (see for example Mendelson and
Wilson, 1987; and Borejdo and Burghardt, 1987). Myo-
sin heads are oriented within a certain range of polar
angles with azimuthal symmetry about the fiber axis,
yielding a cone-shaped orientational probability distri-
bution. The formalism required to derive this probabil-
ity distribution from fluorescence measurements is con-
siderably more complicated than what is needed for
quantitating the degree of nematic liquid-crystal order-
ing in acrylodan-labeled F-actin solutions. Five factors
contribute to the simplicity of our calculations: (a)
the actin filament ordering is nematic; (b) the actin-
bound acrylodan (6-acryloyl-2- ( dimethylamino ) -naph-
thalene) probe is nearly immobile during its fluores-
cence lifetime (Marriott et al., 1988); (c) the absorption
and emission dipoles of acrylodan are parallel to one

another in our operating range of wavelengths (Weber
and Farris, 1979; Marriott et al., 1988); (d) these dipoles
were found to be perpendicular to the filament axis (see
below); and (e) the acrylodan label has no detectable
effect on the polymerization kinetics of actin (Marriott
etal., 1988).
The principal contribution of this paper is a new and

simple method, based on polarization-of-fluorescence
measurements, for obtaining the absolute degree oforien-
tational organization (nematic order parameter) in solu-
tions of F-actin labeled with acrylodan.
We also report that the isotropic-to-nematic phase

transition is continuous and temperature dependent.
Above a certain filament-length threshold, the degree of
ordering increases monotonically with length; above a

certain filament concentration threshold, it increases
monotonically with concentration. We also include qual-
itative descriptions ofsome common F-actin liquid crys-

tal textures (geometric patterns of the director), and we
show that these patterns are not dependent on sustained
ATP hydrolysis.

MATERIALS AND METHODS
All experiments were carried out at room temperature unless otherwise
specified. G-actin was always kept at 00 or 4°C.

Buffers
G-buffer consisted of 2 mM Hepes, 0.1 mM CaCl2, 0.2 mM ATP, pH
adjusted to 7.5 with NaOH. F-buffer = G-buffer + 50 mM NaCl and 2
mM MgC12.

Actin and gelsolin
Actin was purified from rabbit skeletal muscle according to the proce-
dure of Mommaerts (Mommaerts, 1952) with one extra polymeriza-
tion-depolymerization cycle, and usually further purified by gel filtra-
tion (G-100 Sephadex) with one final polymerization-depolymeriza-
tion cycle. F-actin was stored as a pellet at 0°C. Before each experiment
a G-actin solution was prepared by homogenizing an F-actin pellet in
an appropriate volume of G-buffer (depending on the desired final
concentration) with 1 mM dithiothreitol (DTT), dialyzing the homog-
enate exhaustively against G-buffer, then clarifying the solution by cen-
trifugation at 105 g for 30 min. The supematant was thoroughly de-
gassed to prevent the formation ofbubbles during polymerization. Gel-
solin, purified by affinity chromatography, was kindly provided by Dr.
Paul Janmey (Massachusetts General Hospital) and stored at -70°C.

Samples for length vs. concentration
phase diagram
Six G-actin solutions having concentrations ranging from 0.02 to 4.13
mg/ml were each split into six aliquots, for a total of36 samples. Gelso-
lin was added to the aliquots to form heterotrimer nuclei consisting of
one gelsolin molecule and two bound actin molecules (GA2) (Coue
and Korn, 1985). Assuming a one-to-one stoichiometry between the
gelsolin concentration and the filament concentration after polymeriza-
tion (Coue and Korn, 1985), the mean number of subunits per fila-
ment after polymerization would equal the actin-to-gelsolin molar ra-
tio. With the knowledge that a filament contains 366 actin molecules
per Am, the gelsolin concentrations were chosen to yield final mean
filament lengths of 1, 5, 10, 20, 30, and 50 ,um at each ofthe six concen-
trations. A calculation based on an approximate model ofpolymeriza-
tion kinetics reveals that the filament length distribution remains
narrow until polymerization is complete (within the first 15 min).
Subsequently, while the mean length remains stable, the standard de-
viation continues to increase for many days. After 1 wk, the standard
deviation would be ~-50% of the mean (see Appendix 1).

3.2 ztl of each sample were taken up into a 4 ,d capillary tube (inter-
nal diameter, 0.31 mm); then 0.8 ,l ofconcentrated salt solution (5 M
NaCl, 0.2 M MgCl2) was taken up into each tube adjacent to the actin
solution. Care was taken to prevent the incorporation ofan air bubble
between the salt and protein solutions. The ends of the tubes were
sealed with molten parafilm, and the actin was polymerized by allow-
ing the salt to diffuse into the actin solutions at 40C for -20 h.
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Determination of linear birefringence
A Zeiss Axiovert fluorescence microscope equipped with a rotating

nject G-actin
here

/ ~~~~N
Waterproof Glass slide

tape Parafilm
gasket

SCHEME 1

Samples for temperature-dependence
measurements
Different amounts ofgelsolin were added to three 0.8 ml aliquots of2.0
mg/ml G-actin to achieve actin-to-gelsolin ratios that would yield fila-
ments having mean lengths of 1, 10, and 20 gm. Polymerization was

initiated after 15 min raising the salt concentration to 50 mM NaCl, 2
mM MgCl2; then the samples were mixed by multiple suctions with a

pasteur pipette, and immediately transferred to l-ml quartz cuvettes
(10 x 2 mm cross-section), and left undisturbed until the end of the
experiment. The polymerization reaction was given at least 1 h.

Measurements of temperature
dependence of intensity of
light transmitted through
crossed polarizers
The three aforementioned cuvettes were placed together between
crossed Glan-Thompson polarizers in the thermostated sample holder
of a SPEX Fluorolog 2/2/2 spectrofluorometer (SPEX Industries,
Edison, NJ), which was operated in the transmission mode at a wave-

length of 400 nm. The pathlength of light through the samples was 1

cm. After equilibration at 46°C, the intensity of the transmitted light
was monitored as the temperature was decreased continuously at a rate
of 10°/h.

Preparation of an undistorted F-actin
liquid crystal
The following method relies on slow polymerization by diffusion ofsalt
into the G-actin solution; it bypasses the mixing step which usually
causes irreversible distortions in the incipient liquid crystal by orient-
ing oligomers in a turbulent flow.
A U-shaped, five-layer thick parafilm gasket was sandwiched be-

tween a clean glass slide and a coverslip, then melted in place with very
gentle heating from a desk lamp. (It was important not to overheat it.)
Then the three sides of the gasket were sealed with waterproof tape.
One side was left open for introducing -300 ,l of degassed G-actin
solution by capillary action (scheme 1).
Once the solution was in place, the slide was gently immersed in
300 ml ofdegassed F-buffer, where it remained horizontal and free of

vibrations for 7 d. Then it was gently retrieved from the bath and held
vertically (open end up); the outside was dried with tissue paper, with-
out disturbing the meniscus, and the open end was finally sealed with
waterproof tape to prevent dehydration. The sample was stored verti-
cally in a damp environment, at room temperature, until it was used
for fluorescence measurements.

stage and a photomultiplier tube was used as a polarizing microscope.
The incident light from a tungsten lamp was first passed through a

narrow bandpass interference filter (X = 599.7 nm, bandwidth 8.8
nm), then through a Glan-Thompson polarizer. The condenser tube,
equipped with a pair of irises, was used without a lens to select colli-
mated incident light, and the objective lens was replaced by a hollow 4
cm long cylinder with a wide pinhole at each end to select collimated
transmitted light. The depolarizing effects of high numerical aperture
lenses were thereby avoided. The transmitted light was finally passed
through a polaroid-type film analyzer.
The intensity of the light, I,.,, transmitted through a birefringent

medium, placed between crossed polarizers, whose optic axis is perpen-
dicular to the direction of illumination is:

trans nc sin'2(2P[I -Cos (27rzAn (1)

where IiJC is the intensity ofthe incident light, sp is the angle between its
plane of polarization and the optic axis of the sample (parallel to the
director), z is the pathlength, An is the birefringence, X is the wave-
length, and B is the background signal. I4.,* was measured with the
planes of polarization of the polarizer and analyzer parallel, while no

sample was on the stage. B was measured with the polarizer and ana-
lyzer crossed (900), while the optic axis of the sample was oriented
parallel to the incident polarization. The thickness of the sample was
measured with a micrometer. The birefringence was calculated by solv-
ing Eq. I for An.

Labeling with acrylodan
50 ml of 0.5 mg/ml G-actin solution were dialyzed exhaustively
against G-buffer containing no reducing agent. Insoluble material was
removed by sedimentation, then the actin was polymerized by raising
the salt concentration to 50 mM NaCl, 2 mM MgCl2. Acrylodan
powder was dissolved in 150 ul of dimethylformamide (DMF), and
then added in 25 ,d portions to the F-actin solution, with gentle mixing
between each addition. The final acrylodan-to-actin molar ratio was
3:1. The reaction was allowed to proceed with gentle mixing, for - 15
h, at room temperature, in the dark. The actin filaments, and some

precipitate, were sedimented ( lI0 g, 30 min), and then the pellets were
homogenized in a total of 10 ml of G-buffer containing 1 mM DTT.
The homogenate was then dialyzed against the same buffer, for 24 h at
0°C, to remove the remaining salt and allow the actin to depolymerize.
Any remaining insoluble material was removed by sedimentation, fol-
lowed by filtration ofthe supernatant ( 1.2 ,gm pores). The actin in the
supernatant was further purified by gel filtration (G-100 Sephadex) in
order to remove any unbound acrylodan. The final degree oflabeling of
the purified actin was -40%, and -25% of the original protein was
lost. The partially labelled acrylodan-actin (AA) was polymerized, sedi-
mented, and stored in pellets at 0°C in the dark.

Determination of the angle between
the acrylodan transition dipole
and the filament axis
As mentioned above, the emission dipole ofacrylodan has been shown
to lie parallel to the absorption dipole for excitation wavelengths in the
range of 320-450 nm (Weber and Farris, 1979, Marriott et al., 1988);
and acrylodan has been shown to remain nearly immobile during its
fluorescence lifetime (Marriott et al., 1988).

Since the actin filament is helical, the static orientational distribution
of the acrylodan dipoles must be symmetrical about the filament axis.
In order to derive the nematic order parameter (degree of filament
alignment) from polarized fluorescence measurements, the polar an-
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gle, g, between the transition dipoles and the filament axis must first be

determined. This angle was obtained approximatelyby comparing mea-

surements of polarized fluorescence from a solution of labeled actin

filaments that had been artificially aligned in a steep flow velocity gra-

dient, with the expected polarized fluorescence calculated for a series of

different values of u and a series of different degrees of alignment.

A l-ml sample of 3.59 mg/ml F-AA was loaded into a syringe with

no air pocket. The entire volume was flowed at high speed through a

70-cm long segment of Tygon tubing (ID = one-thirty second of an

inch) connected to a thin rectangular capillary tube (50x 3 x 0.2mm).

The flow velocity gradient transverse to the long axis of the capillary

tube caused the filaments to become aligned with this axis. The solu-

tion was allowed to flow out of the opposite end of the capillary tube

until the syringe was empty, while the Tygon tubing and the capillary

tube were still full. The capillary tube was disconnected and sealed at

both ends with molten parafilm.

Fluorescence measurement were made with the Axiovert micro-

scope in the epifluorescence mode (exciting and emitted light propagat-

ing along the same axis), with excitation wavelengths below 400 nm

and emission above 470 nm, using a 40x objective lens. Polarizations

are defined in terms of the following rectangular laboratory coordi-

nates. Light propagated along the X axis; the intersection between the

(sagital) plane of symmetry of the microscope and the plane of the

stage defined the Z axis; and the Yaxis was perpendicular to Xand Z.

The polarizations of the polarizer and analyzer could be made parallel

to either Yor Z, and will be referred to in that order(e.g., "Z Yconfigu-

ration" means polarizer parallel to Z, analyzer parallel to Y). The

fluorescence intensities Izz and Izy were measured as a function of the

orientation of the capillary in the Y-Z plane.

The orientation of a dipole can be described relative to the laboratory

frame in terms of a polar angle 0 between the Z axis and the dipole, and

an azimuthal angle (p between the X axis and the projection of the

dipole onto the X-Yplane (see scheme A2. ). The probability of exci-

tation of the dipole by incident light polarized parallel to Z is propor-

tional to 0. The probability of emission with polarization parallel

to Z is also proportional tocos2 0, whereas the probability of emission

with polarization along Y is proportional to sin2 0 sin2 (p. Thus, the

polarized intensities of the light emitted from that single dipole should

beIzz gcos4 0 andIzy = cos2 0 sin2 0 sin2 2p, where g is a constant.

For calculating the expected fluorescence, the orientational distribu-

tion of the filaments about the director (which is parallel to the long

axis of the capillary) was presumed to be Gaussian in the plane of the

flat capillary.
The computer program summed the contributions to Izz and Izy

from a statistical number ofdipoles in the aforementioned distribution,

and then repeated the procedure as it rotated the director in

plane in5° increments to generate a polar plot. Polar plots forIzz, Izy,

and the ratioIzz/Izy were generated for valuesof,u (the angle between

the dipole and the filament) and ofa (the standard deviation the

Gaussian) ranging from 0 to 900 in increments of100. Thus, 300 plots

were generated for comparison with the experimental plots.

Investigation of the potential role

of ATP hydrolysis in liquid
crystal texturing

Two 3.4 mg/ml G-actin samples, one containing 0.2 mM ATP

other 0.2 mM ADP were allowed to dialyze exhaustively against their

respective buffers, then cleared by centrifugation and degassed.

of these solutions was introduced vertically into separate glass con-

tainers consisting of two clean microscope slides separated by a mm

thick, U-shaped parafilm gasket that had been gently melted place

and sealed along three edges with waterproof tape. An equal

degassed F-buffer, containing 0.2 mM of either ATP or ADP, and

mM NaCl and 4 mM MgCl2, was then gently injected at the

each container with a long needle. The open end of each container was

then given an airtight seal. The boundary between the actin solution
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FIGURE I Phase diagram showing the concentrations and mean fila-
ment lengths at which F-actin solutions were either completely isotro-
pic (black symbols) or had varying degrees of anisotropy (open sym-
bols). The curve is the predicted phase boundary v = (8/x) (1 - 2/x)
derived by Flory (Flory, 1956a) for the emergence of an anisotropic
phase in monodisperse solutions of noninteracting rigid cylinders.

the upper layer, and the F-buffer in the lower layer, remained very
sharp. There was no mixing, except for a small disturbance in the ADP-
containing sample, caused by two small air bubbles rising from the
bottom through the two layers. After slowly equilibrating between the
two layers, the final uniform salt concentration would eventually reach
50 mM NaCl and 2mM MgC12.

RESULTS

Length versus concentration
phase diagram
Each of the 36 capillary tubes containing actin at con-
centrations ranging from 0.02 to 4.13 mg/ml and mean
filament lengths ranging from1 to 50 ,m was observed
with 40 x magnification under the polarizing micro-
scope. The actin solutions were scored qualitatively as
birefringent (transmitting light) or nonbirefringent. The
edges of the tubes were ignored, because they always
transmitted light due to depolarizing refraction effects at
the curved surfaces. All of the samples, except some of
the1,um samples, were either homogeneously birefrin-
gent or nonbirefringent. Coexisting isotropic and aniso-
tropic domains were not observed in any of the samples.
However, some of the1,um samples contained a few
tiny, scattered, oddly shaped, and strongly birefringent
crystalline objects. These objects contained a black cross
whose arms were always parallel to the polarization
planes of the polarizer and analyzer regardless of the ori-
entation ofthe sample. This indicates a radially symmet-
ric orientational distribution of the crystalline optic axis
in these objects. The solution surrounding the little crys-
tals was always completely nonbirefringent, however, so
these samples were scored as such.

In Fig. 1, each sample is plotted according to its actin
concentration and mean filament length as a white circle
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FIGURE 2 Temperature dependence of the intensity of light transmit-
ted through 2.0 mg/ml F-actin solutions placed between crossed polar-
izers. Mean filament length fixed at 1, 10, and 20 ,um by gelsolin-in-
duced nucleation.

if it was birefringent, or as a black circle if it was not. The
curve drawn through the plot is the phase boundary v =

(8/x) (1 - 2/x) predicted by Flory (Flory, 1956a) for a
monodisperse solution of noninteracting rigid cylinders,
where v is the volume fraction occupied by the cylinders,
and x is their length-to-diameter ratio. Assuming that
the actin filament is a cylinder with a 70 A diameter and
a length of 28 A per subunit, this phase boundary can be
rewritten as F = (36.36/L) ( 1 - 0.014/L), where Fis
the F-actin concentration in mg/ml, and L is the mean
filament length in ,um. The experimental phase bound-
ary lies close to this curve but at slightly shorter lengths,
indicating that the actin filaments have a higher propen-
sity to line up than do the cylinders in Flory's model.

Temperature dependence of
orientational ordering
The intensity of light transmitted through solutions,
placed between crossed polarizers, containing 2.0 mg/
ml F-actin with mean filament lengths of 1, 10, and 20
,um, was monitored as the temperature was decreased
slowly from 46° to 5oC (Fig. 2). When initially viewed
between crossed polarizers with back illumination at
460C, each sample appeared completely nonbirefrin-
gent.
The samples containing 10 and 20 Am filaments be-

came increasingly anisotropic with decreasing tempera-
ture, whereas the sample containing 1 ,um filaments re-
mained optically isotropic at all temperatures in this
range. The intensity ofthe light transmitted by the 20 ,um
filaments was about twice as great as that transmitted by
the 10 ,um filaments. In both cases, the intensity reached
a maximum at a temperature of - 10°C, then declined
slightly at lower temperatures. These measurements
show that F-actin solutions become increasingly ordered

with decreasing temperature, and that long filaments be-
come more readily aligned than short ones. Another im-
portant observation is that the temperature-dependent
transition from the isotropic state to the anisotropic one

is gradual, i.e., there are no discontinuities in Fig. 2.

Specificity of the labeling site
Acrylodan is a thiol-reactive probe that reportedly reacts
specifically with actin's single highly reactive cysteine res-
idue (Cys 374) (Marriott et al., 1988). However, the
possibility ofalso labeling less reactive sites must be con-

sidered. The result of a fluorescence decay experiment
supported the contention that a single site was labeled. A
superposition of two fluorescence lifetimes of 5.57 and
0.78 ns gave the best fit to the fluorescence decay kinetics
for a solution containing acrylodan-labeled G-actin and
some free unreacted acrylodan. After polymerization,
the lifetimes were 5.14 and 0.79 ns, respectively. The
short lifetime, that is insensitive to the polymerization
state of the actin, corresponds to free acrylodan. The
long lifetime must correspond to a single labeled site ac-

cording to the following reasoning. If there were two (or
more) labeled sites with different lifetimes our fitting
would have been a forced-fit ofa double exponential to a
triple (or higher order) exponential experimental curve;
changes in the lifetimes ofthe labeled sites with polymer-
ization would have affected both of the force-fitted dou-
ble-exponential lifetimes. That wasn't the case, as the
short lifetime remained virtually unchanged. Therefore,
we conclude that only two lifetimes contributed to the
experimental fluorescence decay: one corresponding to
free acrylodan, and one corresponding to acrylodan
bound to a single site on actin. It must be recognized,
nonetheless, that while this experiment is highly sugges-
tive ofsite-specific labeling, it doesn't afford an incontro-
vertible proof that this is the case. There is a very small
chance that probes at several different sites could all have
the same initial lifetime before polymerization, and the
same new lifetime after polymerization.

Angle, u, between the acrylodan
dipole and the filament axis
Polar plots of the experimental values of Izz, Izy and
Izz/Izy as a function of the orientation of the flat capil-
lary (containing the 3.6 mg/ml solution of actin fila-
ments oriented by flow) were compared with those cal-
culated numerically for various values of,u and a. The
best fit was obtained for A = 900 and a- = 200. The experi-
mental and simulated polar plots are shown side by side
in Fig. 3. Since the simulated plots were generated for
values of,u and a at intervals of 100, the uncertainty in
determining the actual values of these angles was ±50.
The 200 standard deviation could be attributed to

three possible forms of disorder: (a) disorder of the
probe orientation on the filament, (b) curvature of the
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When the distribution of filament orientations is iso-
tropic, KCos2 0> = 1/3 and s = 0. When all the filaments
are parallel to the director, Kcos2 6> = 1 and s = 1. And
when all the filaments lie perpendicular to the director,
Kcos2 0> = 0 and s = -0.5. So s always lies between -0.5
and 1. The order parameter of a nematic containing ob-
late particles (like disks) will usually lie between -0.5
and 0, whereas if the particles are prolate (like cylin-
ders), s will usually lie between 0 and 1.
Two other unit vectors, a and b, can be affixed to each

filament. Together with c, these form a set of right-
handed orthogonal molecular coordinates. If the fila-
ments behave as cylindrically symmetric particles, it can
be shown (de Gennes, 1974) that the order parameters sa
and Sb, corresponding to molecular axes a and b, respec-
tively, are related to sc as follows:

Sa = Sb = 1/2Sc.

FIGURE 3 Polar plots of Izz, Izy, and Izz/Izy as a function of sample
orientation with respect to the crossed polarizers for a 3.6 mg/ml F-
acrylodan-actin sample in which the filaments were aligned by flow (a,
b, c, respectively), and calculated from first principles assuming a =

20°, A = 900 (d, e,f, respectively). (a is the standard deviation of the
presumed Gaussian orientational distribution about the director in the
plane ofthe flat capillary; and A is the angle between each bound dipole
and the filament axis.)

filaments, and (c) poor alignment of filaments with one

another. The effect ofprobe disorder is minimal because
of its rigid attachment to actin. Filament curvature is
inevitable; it permits some disorder about the "average
orientation" of each filament, and it also allows more
rapid relaxation of flow-induced interfilament align-
ment after the flow has ceased. Since there was no mean-
dering of the optic axis in the capillary, there could have
been no widespread side-by-side parallel bending of ad-
jacent filaments; therefore, most of the measured dis-
order must have reflected interfilament misalignment.

Determination of the nematic
order parameter
The nematic order parameter, s, is a measure of the
mean degree of filament alignment along the director,
which is given by a polar angle Oc between the director
and a unit vector c parallel to the filament. The order
parameter sc is defined as (de Gennes, 1974):

S = '/2<3 cos26 1- >, (2)
where the subscript c has been dropped because the fila-
ment axis is customarily used as the default molecular
reference axis.

(3)

Thus, because ,u is -90°, Eq. 3 can be used to relate the
order parameter of the acrylodan dipoles directly to that
of the filaments.
To calculate the filaments' order parameter indepen-

dently of any experimental parameters (such as the
transmission coefficients of dichroic mirrors and the
quantum yield of acrylodan for example) nine measure-
ments should be made with the director parallel to the Z
axis: the polarized fluorescence intensity, Iij, the back-
ground intensity, B1j, and the incident light intensity, Xii,
where the indices ij denote ZZ, Y Y, and either YZ or
Z Y (one of these two is sufficient). The director was

aligned with the Z axis by rotating the stage while mea-

suring Izz until a minimum was found. Denoting z =

(Izz - Bzz)/Xzz, y = (Iyy - Byy)/Xyy, and w =

(Izy- Bzy)/Xzy = (Iyz - Byz)/Xyz, the order parame-
ter can be expressed as (see Appendix 2):

s = I _ 3 2w + z

4w+
8
y+ z

(4)

Comparison of the calculated order
parameter with the linear birefringence
As a verification that Eq. 4 yields reasonable values for s,

simultaneous determination of s (from fluorescence
measurements) and of An (from transmission measure-

ments) were made on three 2.4 mg/ml F-actin solutions
containing filaments of different average lengths as pre-
determined by the gelsolin concentration. The expected
mean filament lengths were 2 ,um, 10 ,um, and "un-
known" (no gelsolin). The birefringence is plotted as a
function ofthe order parameter in Fig. 4. While contain-
ing only three points, this plot is consistent with the pre-

diction that the birefringence should increase monotoni-
cally with the order parameter (De Jeu, 1980). The fila-
ments in the gelsolin-free sample were more highly
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FIGURE 4 Birefringence calculated from transmission measurements
plotted as a function of the order parameter calculated from fluores-
cence measurements for 2.4 mg/ml F-acrylodan-actin liquid crystals
containing filaments ofdifferent mean length. (Assuming a good align-
ment ofthe sample's optic axis with the microscope's plane ofpolariza-
tion, the calculated horizontal error bars are too small to be seen in this
plot.)

ordered than in the other two samples, since they were

formed through spontaneous nucleation which nor-

mally yields longer filaments.
The calculated order parameters were low (-0.015 to

+0.200), and corresponded to values of the birefrin-
gence that would be typical of dilute F-actin solutions in
which the filaments are moderately aligned in a flow ve-

locity gradient. For the 2 ,um sample, the true value ofs is
probably not negative, but rather zero or a very small
positive number, because actin filaments are prolate par-
ticles. The very small negative value of s that was calcu-
lated for this sample reflects the inherent experimental
uncertainty in aligning the optic axis ofa nearly isotropic
sample with the microscope's plane of polarization (the
Z axis). The other two more anisotropic samples could
be oriented with much higher accuracy.

Filament-length dependence of the
order parameter
The order parameters of five 3.7 mg/ml F-actin liquid
crystals containing filaments with average lengths of 2, 4,
8, 15, and "unknown" m (as predetermined by the gel-
solin concentration) were obtained as described above.
While remaining quite low (-0.005 < s < 0.15), the
order parameter increased monotonically with filament
length (Fig. 5). The order parameter of the gelsolin-free
sample containing filaments of unknown length is
drawn as a dotted line in the figure. The horizontal error
bars represent the calculated standard deviation of each
filament length distribution (see Appendix 1). The cal-
culated order parameter for the 2 ,um filaments turned
out to be a very small negative number (s -0.005).
This is again probably attributable to the experimental
uncertainty in the calculated value of s for a nearly iso-

ll
0 5 10 15 20

FILAMENT LENGTH (gim)
25

FIGURE 5 Dependence of the order parameter on mean filament
length for 3.7 mg/ml F-acrylodan-actin liquid crystals. The dotted line
shows the order parameter for a sample containing filaments of un-
known mean length (containing no gelsolin). Each point corresponds
to a mean length, and the horizontal error bars represent the standard
deviation of the length distribution as calculated in Appendix 1.

tropic sample. The plot in Fig. 5 is consistent with the
idea of a continuous phase transition from the isotropic
to the ordered state, which occurs above a threshold fila-
ment length lying between 2 and 4 um for an actin con-
centration of 3.7 mg/ml.

Concentration dependence of the
order parameter
The order parameters of five liquid crystals containing
1.2, 1.8, 2.2, 2.6, and 3.0 mg/ml F-actin and no gelsolin
were obtained as described above (Fig. 6). While the
mean filament length in these solutions was unknown, it
probably decreased with increasing concentration be-
cause the spontaneous nucleation rate (and therefore the
filament number concentration) increases as the third or

cl

uJw
F-
w

LL
w

0

0

0.2 -

0.15 -

0.1

0.05

0-

-0.05
1 2 3

ACTIN CONCENTRATION (mg/ml)

FIGURE 6 Dependence of the order parameter of F-acrylodan-actin
liquid crystals on the actin concentration. The mean filament lengths
are unknown.
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fourth power of the initial G-actin concentration (Kasai
et al., 1962).
Once again, the calculated value of s for the least or-

dered solution ( 1.2 mg/ml) turned out slightly negative.
This could be attributed to the aforementioned experi-
mental uncertainty in orienting a nearly isotropic sam-

ple. Above 1.5 mg/ ml, the order parameter was a strictly
positive, monotonically increasing function of the actin
concentration. This means that there is a continuous
phase transition from the isotropic state to an ordered
state, occurring above a threshold actin concentration.
The downward curvature in Fig. 6 is probably due to the
expected decrease in the mean length of spontaneously
nucleated filaments with increasing actin concentration.

In this experiment the order parameters again re-

mained fairly low (s < 0.2). However, under physiologi-
cal conditions, the actin concentration is at least ten
times greater than in our most concentrated sample, and
the order parameter, therefore, should be much closer
to one.

Textures
Texturing refers to the smooth meandering ofthe orien-
tation of the director from one place to the next within
the liquid crystal. It is manifested as a convoluted pat-
tern of black lines that changes shape as the solution is
rotated between crossed polarizers with back illumina-
tion. While texturing is an interesting phenomenon that
may be physiologically important, it often precludes
measurement ofthe birefringence or ofthe order parame-
ter, because these measurements require macroscopic liq-
uid crystalline regions in which the director is invariant.

Qualitatively, the distortion due to texturing always
seemed to increase with increasing polymerization rate.
Liquid crystals in which the actin had been slowly poly-
merized by diffusion of salt always contained vast untex-
tured areas (>1 cm2), whereas those in which the actin
had been rapidly polymerized by suddenly raising the
salt concentration to 50 mM NaCl and 2 mM MgCl2,
almost always became completely textured. Among rap-

idly polymerized samples, the characteristic length scale
of the director's meandering (persistence length of the
director) seemed to decrease with increasing actin con-

centration, and therefore, with polymerization rate;
hence, concentrated samples appeared more convoluted
than dilute ones. There was always a delay of - 15-30
min (during polymerization) between the appearance of
birefringence and the onset of texturing. Texturing al-
ways originated at one or several "nucleation sites" such
as the parafilm gasket or a small air bubble, and then
propagated throughout the liquid crystal at rates ofup to
-1 mm/min.
While it was usually difficult to deduce the orientation

of the director at every point throughout the sample, in
some cases the pattern was sufficiently simple to allow a

description of the texture's geometry. For example, the

"zebra pattern" was quite common; it consisted ofmod-
erately aligned dark and bright stripes that would ex-

change place as the sample was rotated between crossed
polarizers (Fig. 7). Similar patterns have previously
been found in microtubule solutions (Hitt et al., 1990)
and F-actin solutions (Suzuki et al., 1991 ). The "zebra
pattern" is consistent with either a zigzaging texture (as
drawn in Fig. 8) or a helicoidal texture.

F-actin liquid crystals that were prepared by adding
salt to the G-actin solution, mixing, and immediately
injecting the solution of polymerizing actin between a

glass slide and a coverslip (separated by a thin gasket)
often developed fine black striations, 10-20 ,um apart,
that lay perpendicular to the direction in which the solu-
tion had previously flowed, and that persisted upon rota-
tion of the sample under the polarizing microscope.
These striations indicate a twisting of the director about
a screw axis with a pitch of 10-20 ,tm, which is reminis-
cent of the structure of a cholesteric liquid crystal
(scheme 2). In a cholesteric liquid crystal the twisting is
spontaneous, and is believed to be due to short range

asymmetrical intermolecular interactions. Whereas
asymmetrical interactions between actin filaments are

plausible, because ofthe filaments' helical fine structure,
the mean interfilament separation is probably too great
for such interactions to have any significant effect. Fur-
thermore, the striations were never observed in samples
polymerized by salt diffusion or in samples that were

sufficiently thick. Therefore, the apparent twisting was

probably not due to a cholesteric liquid crystal forma-
tion, but rather to a flow instability in the solution of
oligomers as it was being introduced into the thin
chamber, which imparts a helicoidal texture to the ne-

matic liquid crystal as previously described (Meyer,
1982) (scheme 3). In scheme 3 the arrow represents the
orientation of the director, and the horizontal line is the
direction of flow.
Some convoluted patterns in solutions of microtu-

bules have been attributed to the putative formation of
nonequilibrium energy-dissipating structures (through
GTP hydrolysis) (Mandelkow et al., 1989; Robert et al.,
1990; Tabony and Job, 1990) analogous to the spiral
chemical waves in the Belousov-Zhabotinski reaction
(Glansdorff and Prigogine, 1971). We investigated the
possible role of ATP hydrolysis in the formation and
persistence ofpatterns in F-actin liquid crystals by slowly
polymerizing actin in the presence of either 0.2 mM
ATP or 0.2 mM ADP, as described in Materials and
Methods.
Within a few minutes of their preparation, both sam-

ples developed an untextured birefringent phase just
above the upper boundary of the F-buffer layer. During
the following week, the upper boundary of this birefrin-
gent region migrated upward, while the isotropic region
above it shrank. The boundary between the F-buffer and
the actin solution remained fixed, meaning that the rate
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FIGURE 7 Micrograph of a zebra pattern in a 3.8 mg/mI F-actin LC. Magnification 41 X. (The white oval is a speck of dust, on the outside ofthe
glass, used as a reference point.)

of actin diffusion into the lower layer was extremely
slow. In both samples the anisotropic, birefringent,
phase contained large (>1 cm2) homogeneous, untex-
tured regions, flanked by textured regions, some of
which were very convoluted. Qualitatively, the ATP-
and ADP-containing samples were identical. The photo-
graph shown in Fig. 9 was taken through crossed polar-
izers on the seventh day. The left sample contains ATP,
the right one contains ADP.

DISCUSSION

Length vs. concentration
phase diagram
The phase diagram contains a single phase boundary sep-
arating conditions under which F-actin solutions are uni-

formly isotropic from those under which they are uni-
formly anisotropic; it does not include the predicted re-
gion of coexistence of isotropic and anisotropic phases
(Flory, 1956b). The experimental phase boundary lies
slightly lower (shorter filaments) and to the left (lower
concentrations) of the theoretically predicted boundary
between an isotropic region and a biphasic region for a
monodisperse solution of noninteracting rigid cylinders
(Flory, 1956b). Therefore, the anisotropic phase forms
more readily than expected. This could be due to the
existence of a long range anisotropic electrostatic inter-
action that torques neighboring filaments into alignment
with each other.

In Fig. 1, the experimental and theoretical phase
boundaries seem to intersect at a filament length of - 30
,Am. This intersection is probably due to the experimen-
tal uncertainty in attempting to predetermine filament
lengths by making use of gelsolin as a nucleating agent.
With decreasing gelsolin concentration, spontaneous
(gelsolin-independent) nucleation becomes increasingly
important. Ignoring this spontaneous nucleation leads to
an underestimation of the filament concentration, and

Polarizer

Analyzer

SCHEME 2
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FIGURE 8 Representation ofthe zigzaging ofthe director (solid lines),
giving rise to a series of alternating bright and dark stripes (zebra pat-
tern) when the sample is viewed under the polarizing microscope.
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therefore, to an overestimation of the final mean fila-
ment length. Thus, the estimated mean length of short
filaments is fairly accurate, whereas the estimated mean
length of long filaments is probably somewhat exagger-
ated because of spontaneous nucleation.

Temperature dependence of
orientational ordering

Dilute F-actin solutions (-2 mg/ml) containing me-
dium filaments (10 and 20 ,m) were rendered increas-
ingly anisotropic by decreasing the temperature. This
means that, under these conditions, the emergence of
anisotropy was enthalpically driven while entropically
unfavorable. The enthalpic contribution to the standard
free energy of the solution could arise from the putative
anisotropic interfilament interaction. Ordering was
more readily induced by cooling solutions containing
long filaments than short ones. This is consistent with
excluded-volume theories (Flory, 1956b; Ishihara, 195 1;
Onsager, 1949) and with our experimental phase dia-
gram according to which, in dilute solutions, it is entro-
pically more unfavorable for short filaments to align
than for long ones. Alignment is entropically favorable
only if the filaments are sufficiently long, or if the solu-
tion is sufficiently concentrated.

In the samples containing 10 and 20 ,m filaments, the
anisotropy of the domain under observation increased
gradually from zero with decreasing temperature, mean-
ing that the phase transition was continuous. By con-
trast, a separation ofcoexisting isotropic and anisotropic
phases would require a discontinuous phase transition.
The lack ofa phase separation under any ofthe condi-

tions that we used might be attributable to the slow ki-
netics ofthe filaments' translational diffusion when they
are highly congested and entangled. According to Flory
et al. (Abe and Flory, 1978; Flory and Abe, 1978; Flory
and Frost, 1978; Frost and Flory, 1978), the phase sepa-
ration occurring in a polydisperse solution of cylinders
should involve the concomitant spontaneous transfer of
short filaments into dilute isotropic domains, and ofthe
long ones into more concentrated anisotropic domains.
In the case ofactin, this diffusion-dependent sorting pro-

cess could be so slow as to render the expected phase
separation experimentally unaccessible. (Even F-actin
solutions that had been allowed to "age" at 4°C for up to
4 months showed no sign of phase separation.)

The development of a nonperturbating method for
quantitating the nematic order parameter constitutes, in
our view, a significant advance because it opens the door
to the quantitative study of the effects of various actin-
binding proteins on F-actin liquid crystals.
We found that, above a certain length threshold, the

order parameter increases continuously with filament
length; and above a certain concentration threshold, it
increases continuously with concentration. Below these
thresholds the solutions are isotropic. These observa-
tions were consistent with the aforementioned lack of
coexistence of isotropic and anisotropic phases, which
would require a discontinuous phase transition. Since
the order parameter increases rapidly with concentra-
tion, one should expect a high degree of spontaneous
ordering at physiological concentrations (>30 mg/ml in
the cytoplasm of some locomoting cells). The existence
ofcytoplasmic domains containing a high concentration
of isotropically oriented filaments must, therefore, re-
quire accessory proteins that cross-link the filaments in
an orthogonal lattice (Stossel, 1990). In the cytoplasm,
the ordered phase can be spontaneous whereas the iso-
tropic one must be induced; not the other way around!

Textures
Texturing ofthe F-actin liquid crystal might be ofconsid-
erable physiological importance. A liquid crystal in

FIGURE 9 Photograph, taken between crossed polarizers, of 3.4 mg/
ml F-actin liquid crystals polymerized for 7 d in the presence of 0.2
mM ATP (left) or ADP (right), by diffusion of salt from the lower,
isotropic, layer of F-buffer (which contained 100 mM NaCl and 4 mM
MgCl2). Actual size.
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which the orientation of the director is always uniform
and non modulatable would be oflittle use in the control
of cell shape and motility. In contrast, a sensitive actin
liquid crystal capable of rapidly adopting a variety of
textures could account for the cooperative reorganiza-
tion of a statistical number of cytoplasmic microfila-
ments in response to a localized disturbance (from the
membrane for example).
How are textures formed and what determines their

geometry? In most cases, we don't know. The twisted
texture that we observed was induced by flow, and is
therefore probably not physiologically relevant. In con-

trast, the zigzaging texture giving rise to the zebra pattern
was spontaneous, and its formation can be tentatively
explained as follows. At a salt concentration of 50 mM
NaCl and 2 mM MgCl2, polymerization is very rapid.
Having reached a state of moderate alignment and en-

tanglement, the filaments could still be elongating very
rapidly, while the rate ofalignment would become gradu-
ally slower because of steric constraints; thus, the in-
crease in filament alignment would lag behind the poly-
merization reaction. Each filament would attempt to
elongate further in spite of the lack of available space in
the poorly ordered solution (nonaligned adjacent fila-
ments would attempt to intersect). With further poly-
merization, a stress could develop in the liquid crystal,
analogous to the stress in a metal plate under thermal
expansion when its edges are fixed in place.
The stress could be relieved by a warping, or a corruga-

tion of the director, beginning at the boundary. In some
cases a slight disturbance may be required to trigger the
corrugation. Ifpolymerization is slow, the increase in the
degree of alignment has a better chance of keeping up
with the elongation of the filaments, and corrugation is
less likely. If, on the other hand, polymerization is fast,
but there is no perturbation, the stress may slowly dissi-
pate as the filaments align, and corrugation may again be
averted. Thus, certain cytoskeletal architectures could be
achieved, at least in part, through the physiological con-

trol ofthe rate ofactin polymerization. Numerous other
textures, more complicated than the zigzaging one, have
been observed, and will be the subject of further investi-
gations.

tin liquid crystals was derived from measurements of
polarized fluorescence, and was found to increase contin-
uously with filament length and with actin concentra-
tion above a certain threshold. (d) F-actin liquid crystals
can become textured through what appears to be an

ATP-independent nucleated process whose likelihood in-
creases with polymerization rate.

APPENDIX 1

Estimate of the length distribution of
filaments nucleated with gelsolin

In some of our F-actin solutions the mean number of subunits per
filament was predetermined by the actin-to-gelsolin ratio. Each gelsolin
molecule nucleates one filament and then remains tightly bound to the
last two actin subunits at its barbed end. Whereas the mean length
remains constant after polymerization is complete, the width of the
distribution continues to increase for many days. In this appendix we
calculate the expected time course ofthe length distribution for a repre-
sentative experimental sample.
PN is the probability that a filament will contain N subunits; k f is the

"forward" (association) rate constant, and kb is the "backward" (disso-
ciation) rate constant for the binding ofa subunit to the pointed end of
a filament. These rate constants have been shown to be 0.1 zIM -'s-'
and 0.4 s-', respectively, in the presence ofATP under the ionic condi-
tions used in our experiments (see Korn et al., 1987, for review on
polymerization rate constants).
A simple (first approximation) gelsolin-nucleated polymerization

model can be based on the following premises: (a) Polymerization
begins at time t = 0 with a sudden rise in salt concentration. (b) There is
no spontaneous nucleation. (c) Filaments contain at least two actin
subunits. (d) The rate constants are independent ofATP hydrolysis at
the free end. (e) The rate constants are independent of filament length.
(f ) There is no severing or reannealing of filaments.
The differential equations describing this model are:

Monomers:

Dimers:

AdPI X 00
dt1 - z kbPN- PiPN

dt N=3 N-2

dP2 = kbP3 kfP1P2
dt

(Al.la)

(Al1.b)

Trimers, etc.:

dPN kP(PN- PN) -kb(PN- PN+1). (Al.lc)
dt

SUMMARY
(a) Sufficiently concentrated F-actin solutions contain-
ing sufficiently long filaments spontaneously form a ne-
matic liquid crystal because of excluded volume (entro-
pic) effects and, possibly, orientation dependent interfi-
lament interactions. (b) The phase transition is
continuous, which explains why we never observed
coexisting isotropic and anisotropic domains. The pre-
dicted phase separation, while possibly being energeti-
cally favorable, might be kinetically prohibited. (c) The
order parameter of untextured, acrylodan-labeled F-ac-

These equations were solved numerically for a hypothetical 71.41AM
(=3.0 mg/ml) actin sample containing 0.0614,uM gelsolin. After poly-
merization the mean filament length would be 3 Mm, and a critical
concentration of 4 MM of actin would remain unpolymerized. Eight
"snapshots" of the filament length distribution at 10, 20, 30 s, 1, 2, 4,
15 min, and 1 h after the onset of polymerization are shown in Fig.
Al. I a. After 15 min, polymerization is nearly complete (Fig. Al1.2),
and the mean length has reached its final value at 3 Mm while the
distribution is still very narrow (shown full scale in Fig. A 1. lb). Once
the monomer concentration has reached a stable value, the broadening
ofthe initially narrow distribution centered at No can bederived analyti-
cally as shown by Hill (Hill, 1987):
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FIGURE A 1.2 Calculated time course ofthe G-actin concentration dur-
ing polymerization for the F-actin sample whose time-dependent fila-
ment length distribution is shown in Fig. Al.1. Polymerization is
nearly complete after 15 min.

probability ofemission with polarization parallel to Zand Yare, respec-
tively, Pem,z = cOs2 6 and Pem,y = sin2 6 sin2 sp.

Consider an ensemble of dipoles with a cylindrically symmetrical
orientational distribution about Z, and denote the measured intensity
as Iij, the incident intensity as being proportional to XLj, the back-
ground intensity as Bij, an unknown constant as k, and brackets as
meaning an average over all dipoles. The following equations give the
measured intensities:

0 1 2 3
FILAMENT LENGTH (gm)

4

FIGURE Al.1 Calculated time course of the filament length distribu-
tion for a hypothetical 3.0 mg/ml F-actin solution in which the fila-
ments were nucleated with 0.0614MgM gelsolin, and subsequently elon-
gated at their pointed ends to yield a final mean length of 3 Mm (a).
After 15 min, the mean length has stabilized, and the distribution is still
quite narrow (shown full scale in b).

PN(t) = 2 ( 7rkbt)-1/2

(N-N0)2 (N+ N)2]*

X( expt kt° + exp[ - k )2]} (A 1.2 ){P[ 4kbt j+ep- 4kgt
The length distribution after 1 wk is shown in Fig. Al.3. The standard
deviation is 57% ofthe mean. This relative width was used to calculate
the horizontal error bars in Fig. 5.

APPENDIX 2

Calculation of the nematic order
parameter from fluorescence
measurements
The acrylodan dipole orientation relative to the laboratory frame is
shown in scheme A2. 1. The director coincides with the Z axis; light
propagates along the X axis; and selected polarizations are parallel to
the Z or Y axes.
The probabilities of excitation with incident light polarized parallel

to Z and Yare, respectively, P,,,z = cOs2 6 and P,,y = sin2 6 sin2 (p. The

Izz = kXzzKcos4 O> + Bzz

Izy = kXzy(sin2 6 cos2 6 sin2 p> + Bzy
= '/2kXzyK sin2 6 cos2 6> + Bzy

Iyz = kXyz(sin2 6 cos2 6 sin2 p> + Byz
= '/2kXyz<sin2 6 cos2 6> + Byz

Iyy = kXyy<sin4 6 sin4 (p> + Byy
= 3/8 kXyy< sin4 6>.

In Eq. A2.1 the terms in sp could be uncoupled from the terms in 6
because of cylindrical symmetry about Z. Now we need to get rid ofk
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FIGURE A1.3 Calculated length distribution for the same hypothetical
sample as in Fig. A l. l after 7 d. The mean length (<L>) is 3.09,um and
the standard deviation (a) is 1.75 grm.
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SCHEME A2. 1

and express Kcos2 o> in terms of the observables Iij, Bij, and Xij. De-
note: z = (Izz - Bzz)/Xzz, y = (Iyy - Byy)/Xy, and w =
(Izy - Bzy)/Xzy = (Iyz - Byz)Xyz, and rewrite Eq. A2.1 as:

- = <cos4 (A2.2a)

Y= 3Ksin4 )> = 3 3 (COS2o> + 3 <Cos4 O> (A2.2b)

w = <(sin2Ocos2 =O> <cos2 >- <Kcos4 O>. (A2.2c)

Now, by denoting <cos4 0> = u and <cos2 0> = v, we can eliminate k =
zl u and rewrite Eq. A2.2 as a system of two equations in two un-
knowns, u and v:

y 3 3 3
-u =

3
-

3
v +

3
u (A2.3a)

z 8 4 8

w 1 1
-u=-v--u. (A2.3b)
z 2 2

Solving for v we get:

v=cOs2O>= 2w+ z (A2.4)
4w +

3
Y + z

Let a, b, and c be the filament's orthogonal molecular coordinates,
with c parallel to the filament's long axis. Then the acrylodan dipoles,
which lie at 90° to the filament axis, can be assigned to either a or b,
arbitrarily, because of cylindrical symmetry. Choose a for example.
Then the order parameter sa describing the ordering of the dipoles
about the liquid crystal's director can be written as:

Sa = '/2[3KcoS2 Oa>- 1], (A2.5)

where the subscript a was appended to 0 as a reminder that this is the
angle between the dipole and the director. Finally, we can make use of
the relation S. = Sb = -sc/2, to calculate the order parameter of the
filaments, sc: s = sc= -2 = 1 - 3 (Cos2 Oa>

2w + z
S 3 8 (A2.6)

4w+ y+ z

Eq. A2.6 yields the order parameter for the ordering ofthe filaments
in the liquid crystal. It contains no reference to experimental and in-

strumental parameters such as the probe concentration or the trans-
mission coefficients of optical filters. These parameters were all con-
tained in the unknown constant k, which was eliminated. This deriva-
tion does assume, however, that the light is collimated along the Xaxis
rather than being convergent. Therefore, experiments should be carried
out without an objective lens.
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