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Isotropic to Nematic Liquid Crystalline Phase Transition of F-Actin Varies from Continuous
to First Order
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We report that the properties of the isotropic to nematic liquid crystalline phase transition of F-actin
depend critically on the average filament length. For average filament lengths longer than 2 um, we
confirm previous findings that the phase transition is continuous in both alignment and concentration. For
average filament lengths shorter than 2 um, we show for the first time a first order transition with a clear
discontinuity in both alignment and concentration. Tactoidal droplets of coexisting isotropic and nematic
phases, differing in concentration by approximately 30%, form over the course of hours and appear to

settle into near equilibrium metastable states.
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The cytoskeletal protein actin is vital to both cell mor-
phology and motility. In its globular form, G-actin, the
protein can be polymerized to form long filaments, F-actin.
These filaments have a diameter of 8 nm [1] and a distri-
bution of lengths characteristic of the stochastic polymer-
ization process [2]. They behave as semiflexible polymers
with persistence lengths of 15-18 um [3,4], which are
larger than the average lengths found in cells and
in vitro. Because of the important role actin plays in
biological functions there have been extensive studies
concerning many properties of F-actin, including dynamic
filament assembly and dissembly [5], phase transitions [6—
8], and viscoelasticity [9-11].

Of particular relevance to this report is that F-actin
undergoes an isotropic (/) to nematic (N) liquid crystalline
phase transition. Understanding this thermodynamic prop-
erty in the biological process is essential because of the
role that filament alignment plays in cellular dynamics [2]
and possibly the anisotropic viscoelasticity of the cytoske-
letal network [10]. The onset concentration of the I-N
transition of F-actin is inversely proportional to the aver-
age filament length [ [6—8,12], consistent with statistical
mechanical theories [13,14]. Experimental studies use op-
tical birefringence methods to measure the F-actin align-
ment across the /-N transition region. Under certain
preparation conditions, zebra birefringence patterns were
observed, which have been attributed to the spontaneous
separation of F-actin into / and N domains [12]. More
recently, however, two studies [6,8] have shown that the
F-actin [-N transition appears to be continuous in both
filament alignment and concentration for / = 2 um. The
large length, polydispersity, and semiflexibility of the fila-
ments may contribute to entangling the network, ultimately
resulting in a continuous transition [8]. This phenomenon
may also be relevant to the theory of Lammert, Rokshar,
and Toner [15,16], which predicts that a high disclination
line defect energy renders the /-N transition into two
continuous ones.
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In this Letter we confirm the continuous features of the
I-N transition for solutions of long F-actin (I =2 um),
but also show for the first time a true first order phase
separation for solutions of F-actin with / =2 um. Up to
this point a clear separation of phases into distinct domains
has not been observed in solutions of F-actin. Tactoidal
droplets characteristic of phase separation in such a rodlike
system were observed in at least three types: N tactoids in
an I background, I tactoids in an N background, and the
coexistence of N and [ tactoids in a background of weak
alignment. Quantitative fluorescence measurements show
a distinct difference in concentration between the / and N
regions. In addition, birefringence measurements show a
difference in alignment, further demonstrating the first-
order nature of the transition.

Actin was extracted from rabbit skeletal muscle follow-
ing an established method [17]. The globular G-actin was
polymerized upon addition of KCI and MgCl, up to 50 and
2 mM, respectively. The [ of F-actin was controlled
through the addition of gelsolin, a filament severing and
end-capping protein [18,19]. Rectangular capillary tubes
from VitroCom Inc. (Mt. Lks., NJ) of cross-sectional di-
mensions 0.2 X 2 mm were used for measurements by
fluorescence and birefringence microscopy. Both ends of
the capillary tube were sealed by an inert glue to eliminate
flow. Birefringence measurements were performed on a
Nikon E-800 microscope equipped with the CRI
PolScope (Cambridge, MA) package [8]. PolScope is ca-
pable of measuring the optical birefringence and the direc-
tion of the slow axis at each pixel position, thus reporting
local alignment [20]. For fluorescence imaging F-actin
was labeled 1 to 1000 with TRITC-phalloidin (Sigma,
St Louis, MO) as previously described [8].

Different features are observed between samples of
several [ of F-actin in their respective ranges of concen-
tration over which the /-N transition occurs. A sample of
F-actin with no gelsolin added was measured to have an
[ =11 pm, a value representative of most of our samples.
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FIG. 1.

Birefringence measurement of F-actin solutions at / = 11 um (a),(b),(c) and at / = 1 um (d),(e),(f). The 50 wm scale bar

and the gray scale intensity bar, indicating retardance values from 0 to 10 nm, apply to all the images. The line segments represent the
local direction and relative magnitude of filament alignment. (a),(b),(c) Representative samples are shown in the I phase, in the I-N
transition region for long F-actin, and in the N phase, respectively. No discontinuity is detected in the transition region. (d),(e),(f) At
/=1 pm and in the I-N transition region, F-actin phase separates into tactoidal droplets: N droplets in an / background (d),
coexistence of N and I droplets (e), and an / droplet in a N background (f).

Figure 1 shows typical results of birefringence and filament
alignment for F-actin in the I phase [Fig. 1(a)], transition
region [1(b)], and the N phase [1(c)]. Of particular note is
that uniform retardance is found in the /-N transition
region [1(b)]. This suggests that F-actin is continuous in
alignment during the transition in addition to being con-
tinuous in concentration as found previously [8]. Zebra
patterns were occasionally observed, especially near the
wall of a capillary tube or at an air-liquid interface, ex-
amples of which have been shown by previous studies
[6,8,12,21]. These zebra patterns, representing regions of
different alignment, do not show a difference in concen-
tration. Coexistence is never observed in long F-actin
samples [8,21,22]. In stark contrast, however, further re-
duction of / to =2 um results in the F-actin solution
phase separating into tactoidal droplets and a surrounding
medium [Fig. 1(d)]. A small increase in either concentra-
tion or average filament length can then give rise to coex-
istence of I and N tactoids [1(e)], and [/ tactoids in a N
background [1(f)].

While the formation of tactoids is a robust process, the
tactoids themselves are sensitive to mechanical perturba-
tions. Even gentle shaking distorts the boundary between
phases. Strong shaking or sonication almost entirely dis-
torts the order in the system. When the agitation is stopped
the system again phase separates and settles back into a
stable state over a period of a few hours. Tactoids are
almost always present in this resettled system. Once stable,
the system remains so for days. It is important to note that,
while being sensitive to mechanical perturbations, this
phase separation does not necessarily require the initial
alignment created by injection of the filaments into the

capillary. In fact, tactoids have also been observed on
slides where there is no initial alignment.

Quantitative fluorescence microscopy has been per-
formed on selected tactoids (top, Fig. 2). The fluorescence
image clearly shows a difference in concentration between
the tactoid and the surrounding solution. These fluores-
cence intensity data allow us to quantitatively determine
the difference in concentration between the nematic and
isotropic regions. We have measured a number of N tac-
toids and found that the N region has a concentration 36 =
5% greater than the background I medium [23]. Mea-
surements reveal that [ tactoids in a N background show
similar concentration differences. These results confirm
the first order nature of the /-N transition.

Additional properties of the tactoids are obtained via
birefringence imaging (middle, Fig. 2). Average alignment
is represented by a line segment through each white dot
where the length of the segment depicts the magnitude of
the retardance. The I solution surrounding the tactoid
shows no average alignment and clearly illustrates the
difference in alignment between the tactoid and its sur-
rounding regions. Slow axis measurements inside the N
tactoids suggest that the director field is bipolar, connect-
ing two point defects, termed boojums [24], at the opposite
poles. Retardance data plotted below the image, shown
with a fit to an equation scaled from a semicircle [25],
support the three dimensional characterization of the
tactoid.

Using this technique we have also measured the average
alignment of F-actin at four / as a function of actin con-
centration over the range of the /-N transition (Fig. 3). The
[ was determined by fluorescence imaging or atomic force
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FIG. 2 (color online). A tactoid measured by fluorescence
microscopy (top) and birefringence microscopy (middle) in a
solution of 10.8 mg/ml F-actin. The arrows depict line scans
performed across the width of the tactoid and the 25 um scale
bar applies to both images. Fluorescence intensity (<), birefrin-
gence retardance (@), and a fit of a scaled semicircle to the
birefringence data (solid line) are plotted. The plot illustrates the
agreement between the two methods of imaging, both showing
the three-dimensional symmetry of the tactoid. The fluorescence
image reveals distinct concentrations in each region and yields a
result 36 = 5% greater inside the tactoid than the surrounding
solution. The birefringence image shows a clear difference
in alignment inside the nematic tactoid and the surrounding
solution.

microscopy (for the shortest /) of single F-actin for at least
500 filaments of each /. Below a threshold concentration,
F-actin solutions are in the I phase, thus producing zero
retardance (region A). As the concentration increases, the
solution reaches the /-N transition region, characterized by
a sharp increase of specific retardance (region B). In the
high concentration region, the F-actin solution is com-
pletely in the N phase (region C). As [ decreases, the onset
concentration of the [-N transition increases, consistent
with the earlier reports [6—8,12]. D, E, and F in Fig. 3
indicate the I-N transition region for / = 1.0 um, where
the specific birefringence values were measured prior to
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FIG. 3. The specific retardance of F-actin is plotted as a
function of concentration with varying [. An F-actin solution
with no added gelsolin ([1) and with average filament lengths of
3.9 um (O), 2.5 um (A), and 1.0 um (). The letter desig-
nations correspond to regions denoted in Fig. 1. The dashed lines
are guides for the eye.

phase separation as shown in Fig. 1. These birefringence
measurements help define the range of concentrations over
which the /-N transition occurs.

When actin is polymerized at slightly above the I con-
centration, nascent tactoids are nucleated in the transition
region for F-actin with / = 2 um. Coalescence of tactoi-
dal droplets is often observed, along with the continuous
growth of separate tactoids over the time span of hours.
When the actin concentration is close to midway between
the coexisting I and N concentrations (both are sensitive
functions of /), we reproducibly observed the phenomenon
of spinodal decomposition. The details of this are the
subject of further investigation. Briefly, at the high con-
centration of several mg/ml, F-actin polymerization oc-
curs within seconds following the addition of KCIl and
MgCl, [26]. The solution, therefore, becomes weakly
aligned by the shear flow as it is injected into the capillary
tube. A granular structure appears throughout the capillary
tube within minutes after the initiation of polymerization.
By the 30 min time point, both / and N droplets are
discernible. The late stage growth lasts for many hours,
with both continuous growth of existing tactoids and occa-
sional coalescence of neighboring tactoids.

Several features which suggest metastability are ob-
served in the /-N transition region. While the shape of
the tactoids is consistent throughout the sample, there is
appreciable scatter in the data comparing the dimensions of
the droplets (not shown). Furthermore, measurements in-
dicate that the local concentration within the / and N
regions shows a dependence on the total average concen-
tration. For a true first order phase transition, the volume
fraction of the solution in the / or N phase would depend on
the total average concentration of the solution, but the local
concentration of each phase would remain constant. Both 7
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and N tactoids are also regularly found to be present in a
weakly aligned background. Taken together, these obser-
vations lead us to conclude that the system often exists in a
metastable state.

It is important to note that the actin tactoids we report
here are fundamentally different from what we previously
reported [27]. Actin granules characterized in our previous
report were induced by an actin cross-linking protein,
alpha-actinin. As a result, the density of actin in the actin
granules is over 10 times higher than in this study. The
tactoids formed here due to the /-N separation also easily
disappear upon dilution and slight agitation, unlike the
permanent tactoids due to the cross-linking of alpha-
actinin. The similarity in shape likely has to do with a
minimization of the free energy density where there is a
competition between the splay and bending elastic energies
and the surface tension of a droplet [24,28]. It is thus not
surprising that tactoids of similar shapes are found in two
distinct types of actin granules, in concentrated suspen-
sions of tobacco mosaic virus (TMV) [29], and in that of
filamentous phage fd [30].

In conclusion, we have shown new features of the I-N
phase transition of F-actin solutions as a function of /. At
[ =2 pm, the I-N phase transition is continuous, consis-
tent with previous findings [6,8]. However, biphasic be-
havior characteristic of a first order transition is observed
for [ =2 pum, including both phenomena of nucleation-
growth and spinodal decomposition. A clear separation of
phases with different concentrations is shown for the first
time. Tactoidal droplets of either / or N domains form in
the N or I background, respectively. Tactoids of both
phases can also coexist with a weakly aligned background
state, suggesting metastability. The process for tactoidal
growth involves both constant recruitment of the surround-
ing filaments and coalescence of existing neighboring
tactoids.
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