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Orientational order parameter of the nematic liquid crystalline phase of F-actin
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We measured the orientational order parameter of F-actin traversing the isotropic-nematic phase transition
using a combination of techniques, including fluorescence imaging, local birefringence measurements, and
small-angle x-ray scattering. The order parameter approaches a saturated value of 0.75 for actin concentrations
above the region of the isotropic-nematic phase transition. This result implies a significant extent of misalign-
ment and consequently entanglement among long actin filaments, even in the nematic phase. We determine the
specific birefringence of completely aligned F-actin to be Any=2.3% 107 ml/mg. At concentrations slightly
below the isotropic-nematic transition, nonzero values of the order parameter are detected for hours following
an initial alignment, indicating extremely slow rotational kinetics of F-actin in the entangled networks.
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I. INTRODUCTION

The abundant and highly conserved cytoskeletal protein
actin is responsible for a myriad of cell functions including
motility, division, and structural morphology. Globular actin
(G-actin) polymerizes in a stochastic manner forming long
filaments, called F-actin, at physiological salt concentrations.
Actin is readily labeled with fluorescent probes, which al-
lows for direct recording of single-filament dynamics [1-3].
F-actin is a semiflexible polymer with a diameter of 8 nm
and persistence length of 15—18 um [4-6], which is larger
than the average filament length (€) found in living cells.
F-actin solutions undergo an isotropic- (I-) to-nematic (N)
liquid-crystalline phase transition as a function of concentra-
tion. The F-actin I-N phase transition has been shown to
occur at an onset concentration inversely proportional to €
[7-10], which is consistent with the statistical mechanical
theory developed by Onsager, Flory, and many others
[11-13]. In a recent publication we have shown that the for-
mation of the N phase for F-actin with an average filament
length =2.7 um is continuous in both filament alignment
and local concentration [10]. In contrast, for filament lengths
<2 um the F-actin solution undergoes a first-order phase
transition [ 14]. Tactoidal droplets of coexisting isotropic and
nematic domains form, showing clearly that it undergoes a
discontinuous phase transition. It has been argued that per-
haps due to the extreme filament length, polydispersity, and
semiflexibility, a combined outcome of defect suppression
and entanglement renders the F-actin /-N transition continu-
ous for long filaments [10]. The continuous I-N phase tran-
sition may be relevant to the theory of Lammert, Rokshar,
and Toner (LRT) [15,16], which predicts that a high discli-
nation line defect energy renders the /-N transition into two
continuous transitions.

The orientational order parameter (S) is a quantitative
measure of the level of molecular alignment of the /-N phase
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transition. Several methods are available to measure S, in-
cluding local birefringence measurements, x-ray scattering,
and single-filament imaging. Birefringence microscopy is the
most readily available and most convenient to perform. The
minimal setup requires only an optical microscope with cross
polarizers; thus, the technique has been extensively used for
phase transition studies of filamentous suspensions
[7-10,14,17]. Small-angle x-ray diffraction has been a stan-
dard technique for measurement of S and been applied to the
liquid-crystal solutions of a number of biological polymers
[17-19]. Single-filament imaging provides direct visualiza-
tion of the orientation of a large number of individual fila-
ments from which S can be calculated. Implementation of
this technique requires a fluorescence microscope and a high-
sensitivity camera. The procedure to obtain the order param-
eter is straightforward, although it can be a laborious task to
acquire sufficiently large number of images required. As a
recent example, Dogic et al. extracted S of the nematic sus-
pension of fd viruses by imaging fluorescently labeled
F-actin doped in as tracer filaments [3].

We report the orientational order parameter of the liquid-
crystalline phase of F-actin, measured for selected filament
lengths. This work integrates the three techniques and deter-
mines reliably the order parameter of F-actin in the nematic
phase. When performed alone, each technique has its limita-
tions. For small-angle x-ray scattering, it is difficult to fully
align the nematic director of F-actin along the x-ray capillary
tube [19]. Using the fluorescence imaging technique, visual-
ization of single F-actin in concentrated samples has a lim-
ited time interval of discernable contrast on the order of
hours. We have performed measurements using both meth-
ods despite their respective limitations. In addition, since S
and the specific birefringence are proportional [20], S can be
conveniently obtained using the far simpler birefringence
technique, provided that a proportionality constant between
the order parameter and the specific birefringence of F-actin
is determined at a selected sample condition. We explain in
this work that such a proportionality constant can be ex-
pressed in the form of the saturated specific birefringence,
which corresponds to complete filament alignment. We
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determine this constant to have a value of Ang,=2.3
X 107> ml/mg for F-actin.

II. MATERIALS AND METHODS

A. Sample preparation

Actin is extracted from rabbit skeletal muscle by the
method of Pardee and Spudich [21]. The globular form of the
protein, G-actin, is purified using the pharmacia fast protein
liquid chromatography (FPLC) system. The purified G-actin
is rapidly frozen in aliquots using liquid nitrogen and stored
at —80 °C. On the day of experiments the frozen actin is
quickly thawed to 25 °C, by placing the test tube inside a
heatblock, followed by a quick 5 min centrifugation at
7200 g to remove trace amounts of denatured protein.
G-actin is polymerized upon the addition of KCl and MgCl,
to the concentration of 50 mM and 2 mM, respectively. Di-
lution of a G-actin stock solution of 8.3 mg/ml to desired
concentrations is performed before actin polymerization.
This sequence in the sample preparation is necessary to en-
sure uniformity in protein concentration and avoid increased
pipetting errors due to the increase in viscosity, which ac-
companies the polymerization of the actin solution. The av-
erage filament length of F-actin varies from preparation to
preparation depending on how rigorously the minute amount
of impurity is removed by discarding fractions of the output
from of the FPLC column. It is known that a key regulator of
filament length of F-actin is the capping protein, Cap-Z [22],
which blocks the fast growing end of F-actin. Assuming that
each reconstituted filament is capped by a single capping
protein at its plus end, a preparation yielding an average
filament length /=10 um indicates that there is 1 capping
protein per 3700 actin molecules in molar ratio. This minute
amount of impurity is beyond the resolution of typical bio-
chemical assays. In practice, we try to determine / for each
preparation, and the values found from our repeated prepa-
rations are typically between 5 um and 12 um. All experi-
ments in this paper were performed using a preparation of
actin that yielded /=5.6 um. To further reduce the filament
length we added the actin severing and end capping protein
gelsolin [23,24]. Various molar ratios of gelsolin to actin are
used in our experiments, as indicated on the relevant figures
in the results section. However, the average filament length
was not determined for these various samples due to the
laborious nature of the procedure. Such an effort was taken
in a separate study, for which length plays a more crucial role
[14].

A microchannel cell with cross-sectional dimensions of
30X 76 um? is used to align F-actin under shear forces (Fig.
1). The channels are constructed by acid etching a standard
2.5-cm-wide microscope glass slide, followed by bonding
another microscope slide onto the etched slide. The micro-
channels are very robust, due to the thick (~1.2 mm) slides
used for the channel walls, which can endure a pressure of
200 psi. The microscope slides have negligible strain bire-
fringence, and thus such a microchannel assembly is suitable
for birefringence measurements. Single-filament fluores-
cence imaging, however, cannot be performed using this as-
sembly, since the thickness of the slide is beyond the work-
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FIG. 1. Skematic of a microchannel cell with channels of cross-
sectional dimensions of 30 X 76 um?. A cross-sectional view of the
channels is shown above. A slight curvature across the channel on
the bottom surface is the result of the acid etching technique.

ing distance of the high-magnification objectives. A pump
pressure of 66 psi is used to initiate flow of the F-actin so-
lution into the microchannel. All measurements are followed
with a cleaning procedure consisting of flowing ~2 ml of
water through the used microchannel at a pressure of
200 psi. The retardance measurements of the cleaned micro-
channel yield negligible values of 0.1-0.2 nm, which are
indistinguishable from that of a new sample. Therefore, the
cleaning procedure proves to be effective.

Rectangular capillary tubes from VitroCom Inc. (Mt.
Lakes, NJ) of cross-sectional dimensions of 0.05X 0.5 mm?
and wall thickness of 125 um are used to image the F-actin
alignment through fluorescence microscopy and birefrin-
gence measurements. Injection into the capillary tube is per-
formed gently (~50 ul/min) to avoid filament breakage.
Flow is terminated by sealing both ends of the capillary tube
with an inert glue. The capillary tubes are prepared for a
single use only, since due to their fragile geometry, it proves
impractical and ineffective to clean them afterwards.

B. Birefringence and fluorescence measurements

Birefringence measurements are performed on a Nikon
TE800 microscope equipped with the commercial CRI Pol-
Scope package (Cambridge Research, Inc., Worcester, MA).
The PolScope is capable of measuring the optical birefrin-
gence and the orientation of the slow axis at each pixel po-
sition, thus reporting both local values of birefringence and
alignment [25,26]. F-actin is gently injected into a micro-
channel with cross-sectional dimensions of 30X 76 um?.
The PolScope is used to measure optical retardance as a
function of actin concentration and of gelsolin to actin ratio
(G/A) (a higher ratio corresponds to a shorter average fila-
ment length).

Fluorescence measurements are performed with the same
microscope and Photometrics Cool-Snap HQ high-resolution
camera bundled with the MetaMorph software (Universal
Imaging Inc., Chicago, IL). F-actin is labeled with tetram-
ethylrhodamine isothiocyanate (TRITC) conjugated phalloi-
din (Sigma, St. Louis, MO) and introduced at a tiny concen-
tration of 8X10™* mg/ml into the concentrated sample.
Phalloidin-stabilized F-actin is structurally similar to unla-
beled F-actin [4,27]. Labeled F-actin is mixed with the un-
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labeled actin, allowing single filaments to be visible while
they interact with an ocean of nonlabeled filaments. Labeled
filaments are imaged at the center of the capillary tube—i.e.,
~25 um from the top or bottom wall and a distance greater
than 100 wm from the side walls. The time interval within
which the contrast of the labeled filaments with the back-
ground remains suitable for computerized image analysis is
approximately 2 h. Such a rapid depreciation of image qual-
ity is due to the stochastic exchange of TRITC-phalloidin for
nonlabeled phalloidin. All measurements of single F-actin
are performed after an initial wait at 25 °C for 1 h from the
point in time when the capillary flow became visually unde-
tectable. To reduce photobleaching, an antibleaching buffer
was used, containing 16 ng/ml catalase, 0.4 mg/ml glucose,
80 wg/ml glucose oxidase, and 0.2 vol. % mercaptoethanol

[].

C. Single-filament tracing

A large number of fluorescently labeled actin filaments
are imaged as a direct method to determine the orientational
order parameter of selected samples. Still images of 0.2-s
exposures are taken at different positions along the length of
the capillary tube. A set of 600 images is collected for each
actin concentration. Only labeled filaments whose entire con-
tour length lies within the depth of focus are selected. This
selection process, with a typical efficiency of <3 filaments
per image, is the only aspect in the analysis where human
discretion is involved. F-actin has a diameter of 8 nm, as
determined by x-ray crystallography [6,28]. When imaged
under a fluorescence microscope, however, the filaments ap-
pear to be =0.5 um in diameter due to optical diffraction. To
find the center of the filament, image analysis is necessary,
the details of which are described below.

Image analysis is performed in MatLab 7.0 (The Math-
Works, Inc., MA). The image is threshold processed for
bright objects, and a series of morphological operations ren-
ders a one-pixel-thick line along the filament, which is de-
fined as the intensity thread [Fig. 2(a)]. The intensity thread
is almost always along what appears to be the center of the
filament. A line scan is made at every 18° in orientation at
every point along the intensity thread. The intensity profiles
are expected to be Gaussian in shape. A fitting routine finds
the line scan with the least spread, which naturally is the line
scan perpendicular to the local contour direction of the fila-
ment. The position of the maximum of a parabola best fit to
the line scan with the least spread is defined as the center of
the filament. Although the routine only uses the line scan
with the least spread, we find that the center is unchanged for
a series of line scans at oblique angles to the filament [Fig.
2(b)]. Such a process is repeated at every pixel along the
intensity thread to determine a collection of points that lie
along the center of the filament. This collection of points
defines a thin line, which we refer as the filament thread [Fig.
2(c)]. Finally, the filament thread is divided into segments,
the orientation of which is analyzed to calculate the orienta-
tional order parameter using Eq. (3). In a similar treatment,
Dogic et al. [3] restricted the segment lengths to =0.5 pm.
Below this they noted an unreliable fitting of the tangent-
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FIG. 2. Fluorescence imaging and analysis of F-actin: (a) An
intensity thread (black line) is used as a guide to a series of line
scans, depicted as a rosette of white lines. (b) The line scans are
Gaussian in shape with the minimal spread for the line scan perpen-
dicular to the local axis of the filament. The line scans of three
orientations are shown, with the angles from the x axis indicated.
The center of the filament is the maximum of the best fit parabola
(dashed lines) as pointed out by the dashed arrow. (c) The center of
filament (black line) is shown as calculated from line scans perpen-
dicular to the local direction of the filament. This line is called the
filament thread. (d) Segmentation of the filament thread into ~1
-um sections in size (black line terminated in circles). The scale
bars in (a) and (c) represent 1 wm in length.

tangent correlation function for wormlike micelles in a nem-
atic fd background to the theoretically predicted function
[29]. A combination of compromising factors may account
for the unreliability, including microscope resolution, camera
noise, pixelation, and extrapolation errors. We have accord-
ingly chosen the segmentation length to be 1 um for all the
filaments in our study, thereby safely avoiding the unreliabil-
ity. Filament ends are always investigating the surrounding
network by rapid fingering and reptative motion. We choose,
therefore, to neglect the end segments such that the contour
distance from the tips of the filament thread to the end of the
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closest segment is =1 wm, as shown in Fig. 2(d).

D. Calculation of the order parameter

The orientational order parameter is defined as

S=JP2(0)f(9)dQ, (1)

where P,(6) is the second Legendre polynomial and f(6)d(}
is the probability of a filament to have its long axis within a
solid angle d() around an angle 6 with respect to the z axis.
f(6) is called the orientational distribution function (ODF).
The z axis is set parallel to the nematic director. S takes the
value of 1 for a perfectly aligned system and O for an isotro-
pic distribution.

When the filaments in solution are not straight rods, but
rather semiflexible polymers, it is necessary to subdivide
long filaments into short and relatively straight segments in
order to calculate S, as described by Dogic and colleagues
[3]. We thus apply the modified expression below to calcu-
late the order parameter:

L
_1L f dz f P,(0)F(z,0)dQ), (2)
L),

where L is the filament length and F(#)d() is similar to
f(6)dQ, but now applies to the distribution of segments, in-
stead of the entire filaments, since in uniaxial nematics F is
locally a function of only 6, i.e., the ¢ term is absent [30].
For a large number of segments with a finite length, Eq. (2)
can be written as

N n 3 1 .
Ej:l Ei:l {E 0052(91']‘) - E} Sln(aij)
S= .

N n .
Ej:l Ei:l Sln(aij)

The 6 values are for each of the ith segments in the jth
filament. The number of filaments at a certain filament length
bin size is N, each having n number of segments. The order
parameter can be calculated from the distribution of the ori-
entation of each segment of the filaments using Eq. (3).
Equivalently, the form of Eq. (2) can be used provided an
ODF. The functional form of the ODF is not exactly known,
and a series of trial functions is available such as the ones
used by Onsager [11,30], Odijk [13], and Oldenbourg e al.
[18]. Calculations of S obtained through Eq. (2) with the
Odijk ODF yield identical results to those of Eq. (3) for N
> 50, within the fitting errors of our MATLAB routines.

3)

E. Small angle x-ray scattering

Small-angle x-ray scattering (SAXS) measurements were
performed at 8-ID-I beamline at the Advanced Photon
Source. A monochromatic beam with an energy of 7.5 keV
was used, and the incident photon flux was 1
% 10'° photons/s over a beam area of 0.05X0.05 mm?. A
direct-illuminated charge-coupled-device (CCD) detector
(Princeton Instruments EEV 1300 X 1340) was used to col-
lect the scattering pattern. F-actin was injected into a 0.7
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-mm quartz x-ray capillary (Charles Supper Company, Nat-
ick, MA) and sealed with an inert plastic glue at both ends.
As the sample was filled, the N director was aligned along
the capillary tube but not completely. Consequently a spread
of the scattering lobes was observed, and the measured S was
reduced. The x-ray beam was intense enough to locally dam-
age the F-actin sample within 10 s of exposure. This damage
could be seen as holes lacking birefringence in the N phase
under polarization microscopy. To avoid filament damage
due to radiation, the flux density on the sample was reduced
by increasing the beam size to 0.25 X 0.25 mm? and adding
absorbers in the beam, thereby maintaining a total incident
photon flux of 1 X 10'° photons/s. To further limit radiation
damage, a single spot on the sample was illuminated for less
than 10 s and scattering images from several such spots were
integrated to improve the signal-to-noise ratio. Analysis of
the x-ray diffraction images was performed using MATLAB
7.0 in much the same method as described by Purdy and
co-workers [17] to calculate S for the interparticle scattering
of fd virus and what Oldenbourg and co-workers [18] em-
ployed for tobacco mosaic virus.

The scattering intensity from a continuous distribution of
rods G(W¥) is a one-dimensional integral along w, which is
the angle the filament makes with the x-ray beam:

2
G(¥) = J I(w)f(O)sin(w)do, 4)
0

where I (w)=1/sin(w) is the single-filament scattering inten-
sity, f(6) is defined as in Eq. (1), and ¥ is the angle mea-
sured from the symmetry axis of the scattering lobe. The
angles 6, ¥V, and w are related by cos(6)=cos(V)sin(w). An-
gular (W) line scans at a constant g are extracted from the
scattering intensity plots with a 21 X 21 pixel averaging area,
providing a ¢ resolution of +0.0004 A~'. A W angular line
scan is G(W), fitted using a least-squares routine to obtain
f(6). The overview of such a procedure is shown in Fig. 3.
Once the ODF is obtained, we apply Eq. (1) to calculate S.
The calculated value of S is expected to be independent of
the ¢ value, which was confirmed in the g range of 0.01
<g¢=0.027 A",

III. RESULTS

A. Concentration range of the F-actin isotropic-to-nematic
phase transition

Figure 4 shows the regions of I-N transition at several
average filament lengths. At low actin concentrations the
F-actin solution is in the [ phase, corresponding to no orien-
tational order and consequently no birefringence. Within a
defined concentration range for each average filament length,
the birefringence increases linearly with concentration. At
higher concentrations, a plateau of the specific retardance is
observed, corresponding to the nematic phase. For example,
in F-actin solutions with no gelsolin added partial alignment
is noticeable at concentrations above 1.5 mg/ml and the N
phase is reached at ~3 mg/ml. As the G/A ratio increases
the onset of the I-N phase transition shifts to higher actin
concentrations. Although the ratios of gelsolin to actin were
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FIG. 3. Small-angle x-ray scattering from F-actin: (a) g, and g,
intensity scatter plot. A one quadrant image of anisotropic scattering
pattern from a suspension of F-actin in the N phase. The 0-rad axis
is perpendicular to the capillary axis. The ODF is determined from
angular line scans. For example, a thin slice in the range of ¢
=0.026+0.0004 A~! is shown enclosed by the white dashed arc
lines. (b) The line scan is fitted with Eq. (4), which yields the
dash-dotted curve. (¢) The normalized Odijk [13] (solid line) and
Onsager [11] (dash line) ODF extracted from the data in (b). The
curves are indistinguishable.
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FIG. 4. Specific retardance of F-actin aligned by flow through a
30-um-thick channel as a function of concentration and filament
length indicated by the gelsolin-to-actin ratio. Illustrative examples
of the 7 and N phases are shown at the top row for 0.2 mg/ml and
8 mg/ml, respectively. The image intensity is scaled to represent
retardance in nm with slow axis alignment and magnitude depicted
by the direction and length of the white segments, respectively. The
scale bar represents 40 um. The onset concentration of the I-N
phase transition region increases as the average filament length
decreases.

designed to yield an average filament length of 6, 4, 3, and
2 um, respectively, the actual lengths were shorter than de-
signed and the exact values were not determined (as ex-
plained in the sample preparation section). Therefore, we
could not obtain a quantitative relation between transition
concentration and average filament length from Fig. 4. Nev-
ertheless, we note one reliable feature: that in the nematic
phase, all samples tend to reach the same level of alignment,
an observation confirmed by other sets of measurements
(data not shown).

The I-N phase transition region, characterized by the
sharp increase of specific retardance, has been the source of
recent studies aimed at determining the order of the phase
transition [10,14]. Although Fig. 4 gives a good overview of
the phase diagram, the order of the transition cannot be de-
termined from the birefringence measurements alone. De-
tailed local concentration and filament alignment measure-
ments at the phase transition region were performed, with
original findings presented elsewhere [10,14]. Briefly, the
I-N phase transition is observed to be continuous for ¢
=2 pum and discontinuous for £ <2 um in both filament
alignment and concentration [14]. The “no-gelsolin” condi-
tion corresponds to the samples of F-actin of the longest
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FIG. 5. Filament length distribution of 0.5 mg/ml F-actin de-
trmined by imaging fluorescently labeled filaments: ([J) inside a
0.05x0.5 mm? capillary tube, (O) inside a standard coverslip-
sample-slide assembly. The dashed line at 1 um denotes the short-
est filament length that can be reliably determined by fluorescence
microscopy.

average filament length, the exact value of which depends on
the purity of actin. This condition has been the standard for
most studies concerning the /-N transition of F-actin, al-
though not all published studies have determined the average
length of F-actin in their particular preparations. Neverthe-
less, in the high actin concentration when the sample is nem-
atic, the alignment is expected to be optimal. Our results also
show that the nematic F-actin of various average filament
lengths have the same extent of alignment, which lead to a
common value of order parameter. Thus, in this study, we
choose to determine such a common S by fluorescence mi-
croscopy and x-ray scattering, as presented below.

B. Characterization of filament length distribution

Due to the stochastic process of actin polymerization,
F-actin is extremely polydisperse. This property plays a key
role in a range of physical properties such as filament dy-
namics and rheology and perhaps also in the range of the
phase transition. An important feature of a polydisperse sys-
tem is the expected partitioning of the filaments with the
longer ones concentrating in the nematic phase [31,32].
Through Monte Carlo simulation techniques, Escobedo
showed such a partitioning effect in a bidisperse polymer
system [31]. Dogic and co-workers [3] showed experimen-
tally a higher-order parameter as the contour length of the
probe filaments increased. Therefore, we consider character-
izing the length distribution of actin filaments a relevant task
in order to define their alignment in the nematic phase.

Filament threads are collected for 700—1200 filaments at
each actin concentration for samples filled in capillaries. The
contour length distributions typically follow a bell shape
(Fig. 5). The average length € and length distribution ob-
tained by manually tracing 1169 filaments prepared by the
standard coverslip-sample-slide sandwich are similar to
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those obtained with the capillary injection method. Among
the two representative sets of data for comparison (Fig. 5),
the measured average filament length is 8.1 um over 780
filaments imaged in the capillery tubes and 6.8 um over
1169 filaments imaged on the slides, labeled as the standard
method. The similar filament length distribution shows that
the injection process is strong enough to align the N director
but gentle enough to keep shear forces from breaking a sig-
nificant number of filaments. Imaging the filaments inside
the capillary is therefore comparable to observing them on a
microscope slide. In addition, we note that the filament
length distributions at all concentrations of actin above
1 mg/ml are similar not only in shape, but also in the aver-
age length € (data not shown).

Although a detailed account of the F-actin filament length
distribution is beyond the scope of this paper, we would like
to mention that such a system has been treated theoretically
by many studies [33-35]. Most of these treatments predict an
exponential filament length distribution with, to our knowl-
edge, the exception of [35]. The latest work by Bolterauer
and co-workers [35] on tubulin assembly retains the expo-
nential decay function for the stochastic nucleation and
growth model only. If a catastrophe and rescue mechanism is
included, a bell shape distribution similar to that of Fig. 5
emerges when the probability of rescue is not constant
throughout the filament. A scenario providing a constant
probability of rescue at the position of each monomer along
the filament returns the exponential decay result. The appli-
cability of the theory of Bolterauer et al. to F-actin is still up
for debate. Although F-actin polymerization and depolymer-
ization dynamics are not as dramatic as those of microtu-
bules, actin filaments may undergo a similar dynamic insta-
bility behavior [36], which could account for the observed
bell shape distribution. Among the recent studies, the F-actin
length distribution has been shown to have the predicted ex-
ponential decay by some [37-39], but bell shape distribu-
tions have been reported by others [1,38]. We have per-
formed measurements of filament lengths by counting up to
6305 filaments in a typical preparation condition without
adding gelsolin and confirmed a bell shape distribution. Fur-
ther theoretical work withstanding, it is important to recog-
nize the polydisperse and nonexponential filament length dis-
tribution of F-actin, which may be a property of concern to
the orientational ordering and certain features of the /-N tran-
sition of F-actin.

C. Measurement of nematic order parameter by fluorescence
imaging

Observations of a large number of segmented filament
threads in the I phase indicate no alignment, as shown in
Figs. 6(a) and 6(b). Even long filaments of 9 wm-sized seg-
ments are found with completely random orientations, just as
their shorter counterparts. In contrast, F-actin in the N phase
is aligned [Figs. 6(c) and 6(d)]. The filaments are found to
align along the capillary axis, but with a spread that yields an
orientational order parameter less than unity. Figure 6(d) also
shows a rare occurrence of one filament severely bent to
form a hairpin turn. Hairpin defects such as this, when ob-
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FIG. 6. Filaments nine segments long in the isotropic and nematic liquid-crystalline phases: (a) Individual filament alignment at the 1
phase with neither axial nor positional order. The actin concentration is 0.2 mg/ml. (b) A collection of 64 filaments of nine segments long
is found in the isotropic phase, as the rosette of aligned filaments show. (c) Long-range axial alignment with no positional order is observed
for F-actin at the N phase for an actin concentration of 8.0 mg/ml. (d) Seventy-four filaments of nine segments long are found in the nematic
phase. All filaments are positioned with the center of filaments at the origin of coordinates. The axial unit length is equal to 1 um.

served over time, tend to straighten following repeated repta-
tive motions. Similar behavior was observed by Dogic et al.
[3], in which case F-actin hairpin defects were seen to “pop”
out in a background of fd viruses in the N phase. Filaments
in Figs. 6(b) and 6(d) are representative subsets of the total
filaments acquired at the two actin concentrations. For ex-
ample, for a 8-mg/ml sample the total number of filaments
imaged is 926, out of which 74 filaments possess a length of
9 segments. The number of filaments at each selected length
depends on the filament length distribution (Fig. 5). Since the
tail end on the filament length distribution is exponential
[39], filaments of lengths >15 wm are extremely rare.
Optical birefringence measurements of the same capillary
tubes used to gather the fluorescence images are performed
after an overnight repose at 4 °C, followed by room-
temperature equilibration for 1 h. Optical retardance and
filament axis alignment measurements confirm that for
G-actin concentrations in the / phase there is no net axial
alignment. Similarly, in the I-N phase transition region and
for the N phase, filament alignment is predominantly parallel
to the capillary axis. Specific retardance measurements cor-
relate well to the data acquired for 30-um-thick microchan-
nels shown in Fig. 4. In the isotropic phase zero birefrin-
gence is seen at low G-actin concentrations followed by the

I-N phase transition region characterized by a linearly in-
creasing specific retardance, which ultimately reaches a pla-
teau beyond the concentration at which the sample becomes
completely nematic (Fig. 7).

We proceed to determine S by binning the filaments con-
sidered to have short (1-5 segments), medium (6-12 seg-
ments), and long (=13 segments) contour lengths to ensure
good statistics while comparing the extent of order for vari-
ous filament lengths. At any actin concentration, the short
filaments will be able to rotate, thereby exploring possible
reptation tubes more easily than long filaments. Accordingly,
a lower S is predicted for short filaments [31,32]. Figure 7
shows such a trend. In the / phase at an actin concentration
of 0.2 mg/ml, S is negligible. When the actin concentration
is raised while still below the onset concentration of the /
-N transition, the entangled isotropic phase is reached. Under
entanglement a filament’s rotational mobility is drastically
reduced, increasing the time required to reach the equilib-
rium distribution of their orientations. Such slow rotational
kinetics can be seen for actin concentrations of
0.5—1 mg/ml. A nonzero S in the entangled / phase indicates
that the initial unintended alignment due to the injection of
the F-actin solution into the capillary tube is still present 1 h
later. Extremely long filaments are affected more by the ro-
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FIG. 7. Order parameter of F-actin aligned by flow through a
50-um-deep channel as a function of actin concentration and fila-
ment length binned as indicated in the figure legend for 1-5 seg-
ments, 6—12 segments, and 13 segments and above as squares,
circles, and triangles, respectively. The order parameter of F-actin
aligned by flow in a 0.7-mm-diameter x-ray capillary is shown for
comparison (diamonds). Specific retardance (solid circles) tracks
the order parameter plots. All lines serve as guides for the eye.

tational hindrance and show a greater degree of residual
alignment than short- and medium-length filaments. Once a
nematic director is established, filaments are drawn to align
along the capillary axis. Energetic discouragement for a fila-
ment perpendicular to the nematic director favors their align-
ment towards the selected orientation, and thus slow kinetics
does not occur in this region. At the onset of the /-N phase
transition, a nematic director is established and a nonzero S
is observed. S resumes a linear dependence on concentration
in the phase transition region above 2 mg/ml. At high actin
concentrations, the F-actin solution settles into the N phase,
indicated by the apparent saturation of the order parameter.

D. Order parameter measured by x-ray scattering

A plateau of S is observed once the N phase is reached,
which correlates well with the plateau for the specific retar-
dance. The N plateau value of S=0.75 by single-filament
imaging and §=0.70 by x-ray scattering agree reasonably
well. For x-ray scattering experiments, the alignment of the
N director field along the capillary axis is rather crude, which
is expected to lead to a reduced S. Recently, Helfer and co-
workers measured S by x-ray scattering, obtaining values
between 0.4 and 0.7 [19]. Such a variability is likely due to
the difficulty in aligning the nematic director of F-actin
samples along the x-ray capillary. Nonetheless, the high end
value of Heifer ef al. of 0.7 is in good agreement with our
measurements by both x-ray and fluorescence methods.

E. Specific birefringence of nematic F-actin

Theoretically, we expect the sample birefringence An to
be proportional to S and the birefringence of a perfectly
aligned F-actin solution, Ang, as [20,40]

PHYSICAL REVIEW E 73, 061901 (2006)

i _ A% 5)
c c
For samples with a thickness of 50 wm, the saturated spe-
cific retardance is 0.85 nm X ml/mg. Thus the specific bire-
fringence is An,,=1.7X 107 ml/mg. A value for §=0.75
leads to a Any=2.3X 107> ml/mg for F-actin. This result is
in good agreement with Helfer er al. [19]. This result for
F-actin is also similar to that of tobacco mosaic virus ob-
tained by Fraden and co-workers [41] and that of microtu-
bules by Bras er al. [42], likely due to the common proteina-
ceous nature among these systems.

IV. DISCUSSION AND CONCLUSIONS

F-actin solutions undergo an /-N liquid-crystalline phase
transition with respect to both concentration and €. Theoreti-
cally, a discontinuous /-N phase transition is predicted. At
the onset of the nematic phase § is predicted to be =0.8 by
Onsager [11] and =0.7 by Straley [43]. Our measured values
of $=0.75 by single-filament microscopy and 0.7 by small-
angle x-ray scattering agree favorably with these theoretical
predictions.

Recent studies of the I-N phase transition of F-actin are
primarily based on optical polarization techniques [7-10].
Although it is a quantitative molecular alignment measure-
ment tool, determination of S from birefringence measure-
ments is difficult in F-actin solutions, since An, requires
perfectly aligned F-actin. We have determined S by single
filament fluorescence microscopy image analysis and by
X-ray scattering, obtaining the useful proportionality constant
of Any/c=2.3X 107> ml/mg, and thus allowing the order pa-
rameter to be calculated for future optical birefringence mea-
surements. Furthermore, molecular alignment behavior
across the I-N phase transition also illustrates filament kinet-
ics. At concentrations <0.2 mg/ml the axial randomization
inherent in the / phase is achieved within 1 h. In the tightly
entangled I phase (0.5-1.5 mg/ml) rotational hindrance ren-
ders F-actin with diminished rotational motion. Conse-
quently, in the time window provided by our experiment we
measure a nonzero S for the entangled / phase, a result of the
unintended initial filament alignment caused by injecting the
sample. Motions of individual filaments are severely hin-
dered by the constraining tube. Such a constraint is even
more severe for longer filaments. Therefore, long filaments
show a greater degree of residual alignment after 1 h than
short filaments. Due to the stochastic exchange of TRITC-
phalloidin for phalloidin and vice versa, image contrast is
reduced to the sensitivity limit of our image analysis algo-
rithm approximately 2 h after the initial mixing of the la-
beled and unlabeled F-actin. Therefore, the time window for
imaging is not long enough to allow complete rerandomiza-
tion of the F-actin following injection for the entangled /
phase (Fig. 7). Once a nematic director is established at the
onset of the I-N phase transition, the range of the filaments’
rotation is reduced by the energetic favorability of aligning
parallel to the N director. As such, close correlation between
S and the specific retardance at the /-N transition and N
phase is expected and observed, except at the onset of the
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weak alignment region due to the slow kinetics.

Filament entanglement has been suggested in the polymer
community as immobilizing long filaments in solution,
thereby preventing the establishment of thermodynamic
equilibrium. Consequently, the polymer solution may be
found in a metastable state and the /-N phase transition could
become continuous for long enough €. An actin filament of
length 7 wm undulates under kz7T with an amplitude of
~1 um at the lowest harmonic mode, implicating strong en-
tanglement of F-actin solutions. F-actin entanglement brings
about a frequency-independent elastic modulus as observed
by Gardel et al. [44], reinforcing the entanglement assertion
with its possible hindrance of thermodynamic equilibrium
for long €.

The theoretical treatment of steric jamming at polymer
densities where rotational diffusion is hindered was consid-
ered by Edwards and Evans [45]. They studied the motions
of a rod diffusing along a reptation tube with gates that open
and close randomly through thermal fluctuations. The gating
is due to the motions of neighboring filaments protruding
into the reptation tube and hampering motions past them, a
result of the limited freedom to sidestep the protruding ob-
stacle. They showed that the diffusion of a filament along the
reptation tube depends critically upon the cooperation of the
surrounding filaments. Furthermore, filaments become more
immobilized at increased concentration or filament length.
Taking into account the jamming effect, it is reasonable to
expect the continuous /-N phase transition for long F-actin.

The recent theory by LRT [15,16] predicts that the weakly
first-order /I-N transition can break into two continuous tran-
sitions, I to topologically ordered isotropic (T), followed by a
weakly aligned N phase, if the disclination core energy is
raised sufficiently high. An alternative explanation is that
thermodynamic equilibrium could be hindered by the fila-
ment entanglement and the jamming effect explained above.
Recent work by Helfer et al. show disclination line defects
near the meniscus of a 2-mg/ml F-actin solution [19]. Our
observations suggest that such defects are extremely rare and
could be caused by the poorly defined shear pattern as the
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samples are injected into capillaries. Helfer ef al. also studied
the birefringence patterns after sonication and attributed the
pattern formation to the mechanical history of the sample
rather than thermodynamics. Entanglement could play an im-
portant role in explaining the mechanical stress dependence
of the pattern [14]. Clearly, further studies are called for to
assess the thermodynamic origin of such an interesting ¢
dependence of the I-N phase transition of F-actin.

In summary, by direct imaging of filaments in the nematic
phase, we have determined the orientational order parameter
to reach a saturating value of 0.75 when filaments of various
lengths are averaged. A similar value is obtained by x-ray
scattering measurements. A saturated specific birefringence
value of nematic F-actin is determined for the same sample.
By comparing these values, we determine the specific bire-
fringence of completely aligned F-actin to be Any/c=2.3
X 1075 ml/mg. This value is useful for determining the order
parameter of F-actin at various lengths and solution condi-
tions in the future, solely by birefringence measurements,
which can be conveniently performed in small laboratories.
The results of this work show clearly a noticeable width of
the /-N transition region and slow kinetics coupled with the
transition for solutions of long filaments. However, this work
does not address the expected first-order nature of the phase
transition and the issues such as phase separation and coex-
istence.
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