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We have studied the sol-gel transition, the viscoelastic and the structural properties of networks constituted
of semiflexible actin filaments cross-linked bya-actinin. Cross-linking was regulated in a reversible way by
varying the temperature through the association-dissociation equilibrium of the actin–a-actinin system. Vis-
coelastic parameters@shear storage modulusG8(v), phase shift tan~w!~v!, creep complianceJ(t)# were mea-
sured as a function of temperature and actin-to-cross-linker ratio by a magnetically driven rotating disc rhe-
ometer.G8(v) and tan~w!~v! were studied at a frequencyv corresponding to the elastic plateau regime of the
G8(v) versusv spectrum of the purely entangled solution. The microstructure of the networks was viewed by
negative staining electron microscopy~EM!. The phase shift tan~w! ~or equivalently the viscosityh! diverges
and reaches a maximum when approaching the apparent gel point from lower and higher temperatures, and the
maximum defines the gel point~temperatureTg!. The elastic plateau modulusGN8 diverges at temperatures
beyond this gel pointT,Tg but increases only very slightly atT.Tg . The cross-linking transition~corre-
sponding to a sol-gel transition at zero frequency! is interpreted in terms of a percolation model and the
divergence ofGN8 at T,Tg is analyzed by a power law of the formGN8 ;@p(T)2pc#

g wherep(T) is the
temperature dependent fraction of crosslinks formed. A power ofg51.5–1.8 is found. Negative staining EM
shows~1! that the gel is essentially homogeneous above the cross-linking transition (T.Tg), ~2! that micro-
scopic segregation takes place atT,Tg leading to local formation of clusters~a state termed microgel!, and~3!
that at low actin–a-actinin ratios (r Aa<10) and low temperatures~T<10 °C! macroscopic segregation into
bundles of cross-linked actin filaments and a diluted solution of actin filaments is observed. The three regimes
of network structure are represented by an equivalent phase diagram.@S1063-651X~96!05408-6#

PACS number~s!: 87.22.2q, 64.60.Ak, 64.75.1g, 83.80.Lz

I. INTRODUCTION

A central role of the actin network and the associated
actin binding proteins for cell motility is now generally ac-
knowledged~cf. @1#!. However, the structural requirements
~average chain length, degree of cross-linking! and the con-
trol mechanisms enabling the generation of stresses—
ranging from some tenths to some hundreds of Pascals
@2#—are largely unknown.

A prominent point of controversy arises from the mecha-
nism driving the formation of cellular protrusions: Are these
generated by the formation of strongly cross-linked actin
bundles pushing the membrane forward? Or is the initial step
determined by the formation of free volume between the ac-
tin cortex and the plasma membrane which is subsequently
filled by a newly formed actin gel@3#?

A more physically motivated purpose of the present work
is to show that the actin network provides a versatile model
system to study fundamental properties of polymeric fluids
and gels. Actin forms a living polymer consisting of double
stranded semiflexible filaments@4#. The filaments~namedF-
actin! exhibit a fast ~called barbed! and a slowly ~called
pointed! growing end. These different ends are due to the
fact that the ratio of the association rate to the dissociation
rate of monomeric actin~namedG-actin, molecular weight
42 kDa! is large at the barbed end and small at the pointed
end@5,6#. At steady state the rate of growth at the barbed end
equals the rate of decay at the pointed end.

A large number of actin regulating proteins exist in a cell

@7,8#. To modify the actin network in a controlled manner we
used the severing protein gelsolin and the cross-linking pro-
teina-actinin. Binding of gelsolin to actin allows the adjust-
ment of the actin filament length@9#. a-actinin is a ho-
modimer with two actin binding sites. Depending on the
concentration of bounda-actinin molecules this cross-linker
tends to form random networks or bundles@10,11#.

Since actinin vitro can form filaments up to 50mm in
length @12,13# networks exhibiting mesh sizes in themm
range can be generated, allowing the application of optical
techniques~e.g., dynamic light scattering! to analyze internal
conformational dynamics of the individual filaments@14,15#.
Moreover single filament chains can be visualized by micro-
fluorescence to investigate their bending undulations and
reptation dynamics@16,17#.

In the present study we have analyzed networks of actin
filaments cross-linked bya-actinin. The association-
dissociation equilibrium of the actin–a-actinin binding
changes with temperature, i.e., by varying the temperature
the degree of cross-linking can be continuously regulated in
a reversible way. By lowering the temperature the networks
can be driven from entangled~semidilute! solutions to the
gel state~cf. @18#!.

The viscoelastic impedanceG* (v) [5G8(v)1 iG9(v)]
and the creep complianceJ(t) of actin–a-actinin networks
for various actin-to-a-actinin molecular ratios were mea-
sured by a magnetically driven rotation disc rheometer~cf.
@19,20#! as a function of temperature corresponding to a
variation of cross-linking. The temperature range covered the
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transition of the network from a sol state to a gel state~oc-
curring at a gel point temperatureTg!. The divergence of the
elastic shear constantGN8 below the gel pointT,Tg is inter-
preted in terms of the percolation theory of viscoelasticity of
gels.

Studies of these actin networks by negative staining elec-
tron microscopy~EM! provide evidence for a transition from
a homogeneous gel state~with a mesh size corresponding to
that of the purely entangled solution! to a microgel state
which is heterogeneous on amm scale but appears homoge-
neous on a macroscopic scale. At very low molar actin–a-
actinin ratios (r Aa,10) complete phase separation into a
highly dilute sol state and bundles of actin filaments could be
observed.

Extending the recent rheological studies of Wachsstock,
Schwartz, and Pollard@11,21#, where gel formation of actin–
a-actinin networks was studied by varying thea-actinin con-
centration and where data were analyzed in a qualitative
way, we now give a quantitative interpretation.

II. MATERIALS AND METHODS

Buffers. The polymerization of actin was achieved in the
usual way by adding physiological amounts of bivalent ions
Mg21 and Ca21 to the aqueous solution in which the mono-
meric actin ~called G-actin! was originally dissolved. The
composition of theG buffer was: 2 mM Tris, 0.5 mM ATP,
0.2 mM CaCl2, 0.2 mM dithiothreitol, 0.005 vol% NaN3 at
pH 7.4. The composition of the actin polymerizing buffer
~calledF buffer! was: 2 mM Imidazol, 0.5 mM ATP, 100
mM KCl, 2 mM MgCl2, 0.2 mM CaCl2, 0.2 mM dithiothrei-
tol at pH 7.4.

Proteins. Actin ~MW542 kDa! was extracted from an ac-
etone powder of rabbit skeletal muscle according to Pardee
and Spudich@22# with a gelfiltration step as suggested by
MacLean-Fletcher and Pollard@23# using a Sephacryl S-300
HR column. To minimize the fraction of residual actin bind-
ing proteins actin was only taken from the region beyond the
elution peak. The concentration ofG-actin was determined
by absorption spectroscopy assuming an extinction coeffi-
cient of 0.63 mg21 ml21 for the absorption at 290 nm@24#.
The ability ofG-actin to polymerize was tested by the tech-
nique of falling ball viscometry as described by Pollard and
Cooper@25#. Actin was stored inG buffer at 4 °C and was
used within 10 days.

a-actinin ~MW5200 kDa dimer! was prepared from
smooth muscle of turkey gizzard as described by Craig, Lan-
cashire, and Cooper@26#. The a-actinin concentration was
determined by its absorption at 278 nm using an extinction
coefficient of 0.97 mg21 ml21.

Gelsolin~MW582 kDa! was purified from bovine plasma
serum using a procedure based on that of Cooperet al. @27#.
The concentration of gelsolin was determined by the Brad-
ford technique with bovine serum albumin~BSA! as stan-
dard @28#. Before use,a-actinin and gelsolin were dialyzed
for 18–24 h againstG puffer and then stored at 4 °C for
several weeks. The purity of the proteins was checked by
SDS-polyacrylamide-gel-electrophoresis stained with com-
massie blue@29#, and estimated to be at least 95%.

Rotation disc rheometer. The apparatus has been de-
scribed in detail by Mu¨ller et al. @19#. The dynamic storage

and loss modulusG8(v) andG9(v) and the creep compli-
anceJ(t) can be measured betweenv/2p51025–101 Hz and
t51021–104 s, respectively. From the dynamic moduli the
phase shift angle tan~w! can be calculated as
tan(w)5G9/G8.

Basically, the rheometer consists of a cylindrical glass
cuvette with a diameter of 15 mm and a volume of'1.5 ml.
The base of the cuvette is mounted in an aluminum thermo-
stated holder, which is in thermal contact with the solution.
Temperature control is achieved by Peltier elements situated
in the holder. A glass disc of diameter 8 mm is placed on the
surface of the viscoelastic solution. On top of the disc a
magnet with dimensions of 0.530.531.5 mm3 and a 1.5
32.0 mm2 deflection mirror are mounted; the plane of the
latter forming an angle of 45° with the horizontal line.

The glass cuvette is surrounded by two perpendicularly
oriented magnetic coils. One of these serves to fix the orien-
tation of the disc and the other~the deflection coils! to apply
shear forces to the viscoelastic liquid. The voltage of the
deflection coils is computer controlled. For the measure-
ments of the dynamic moduliG8(v) andG9(v) the deflec-
tion coils are driven with an oscillatory voltage of frequency
v. At measurements of the complianceJ(t) a constant volt-
age is applied to these coils. The magnetic coils and the
measuring cuvette are placed within am-metal chamber to
shield external~interfering! magnetic fields.

The rotational amplitudea(t) of the disc is analyzed as
follows: The beam of a He-Ne laser incident in a vertical
direction along the rotational axis of the disc is horizontally
deflected by the mirror mounted on the disc. Its horizontal
orientation is recorded by a position-sensitive photodiode.
The amplified response of the diode is evaluated by com-
puter.

The actin solution in the measuring cuvette is covered by
a phospholipid monolayer~dimystriolphosphatidylcholine!
which is essential to avoid the gelation of actin owing to its
denaturation at the air-water interface@19#. Moreover, it en-
sures good mechanical contact to the glass disc which is
covered by a monolayer of octadecyltrichlorosilane. Appro-
priate protein mixtures~400ml total volume! were placed in
the rheometer cuvette and were polymerized for 14–18 h
before measurement.

Electron microscopy. Samples to be inspected by electron
microscopy were absorbed to glow-discharged carbon-coated
formvar films on copper grids for 60 s. The grids were
washed with some drops of distilled water. Excess liquid was
drained with filter paper, and the grids were negatively
stained with 0.8% uranyl acetate for 60 s. Excess liquid was
again drained with filter paper.

III. RESULTS

The following three types of viscoelastic experiments
were performed:

~i! In order to evaluate the time dependence of semidilute
actin solutions or actin gels we measured the creep compli-
anceJ(t) @30#. The transient functionJ(t) gives more reli-
able values for the long time behavior of the viscoelasticity
of the network than the usually measured values of the dy-
namic moduliG8(v) andG9(v).

~ii ! To observe the temperature induced sol-gel transition
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in a continuous way, the shear elastic constantGN8 was mea-
sured while the temperature was varied in the range between
6 °C and 25 °C. The measurement ofGN8 was performed at a
frequency ofv/2p53.531023 Hz corresponding to the pla-
teau regime of the elastic modulusG8(v).

~iii ! Simultaneously withGN8 the phase shift tan~w! was
recorded as a function of temperature.

Figure 1 shows two examples of the time dependence of
the complianceJ(t) of actin–a-actinin networks at a tem-
perature well above and well below the gel point. The actin
monomer concentration wascA59.5mmol corresponding to
a mesh size of the purely entangled solution (T→`) of
j'0.55mm @14#. The average contour lengthL̄ of the fila-
ments was adjusted toL̄'22 mm in Fig. 1~a! and toL̄'5.6
mm in Fig. 1~b! by addition of appropriate amounts of gelso-
lin. The contour length and the end-to-end distance are thus
at least one order of magnitude larger than the mesh size.

Above the gel point,@cf. Fig. 1~a!, 1#, the J(t) curve
exhibits three regimes characteristic of entangled actin solu-
tions @20#: a zone determined by the internal chain confor-
mation dynamics~1!, a rubber plateau in the center~2!, and a
terminal transition into fluidlike behavior~3!.

A remarkably different behavior of the networks is ob-
served below the gel point besides the shift of the curves to
lower values ofJ(t) ~Fig. 1,L!:

The gel formed by the long chains, Fig. 1~a!, shows satu-
ration behavior at long times~t'104 s! as expected for a

homogeneous network cross-linked over macroscopic di-
mensions. It appears, however, that a small finite slope of the
J(t) versust curve remains, which could be attributed to the
dissociation kinetics of the actin–a-actinin binding. In fact,
the rate of dissociation of the cross-links is about 0.4 s21 at
20 °C @31# and the filaments could thus slowly slide past
each other under a constant force due to the statistical break-
ing of actin–a-actinin bonds. Another explanation for the
finite slope ofJ(t) may be the fracture of actin filaments
corresponding to shear thinning@32,33#.

The more strongly cross-linked gel composed of shorter
chains Fig. 1~b! exhibits a plateau att'20 s but shows flu-
idlike behavior at timest.102 s. This is explained in terms
of a heterogeneous structure of the gel. As will be shown
below, one can recognize in electron micrographs of the
same sample a phase separation into a dilute sol state of actin
filaments and a dense gel state of cross-linked actin fila-
ments.

In Fig. 2~a! we show a typical example of the temperature
dependence of the shear modulus observed by varying the
temperature over the regime of the sol-gel transition. An
Arrhenius-like plot of lnGN8 versus 1/T is presented, whereT
is the absolute temperature. The behavior of a purely en-
tangled actin solution of the same concentration and the
same average contour length is also shown. Figure 2~b! dis-
plays the Arrhenius-like plot of the phase angle tan~w! of the

FIG. 1. Time dependence of creep complianceJ(t) of actin–a-
actinin networks at temperature well above and well below the gel
point. The average contour length of actin was controlled by adding
gelsolin ~capper molecule!. The actin concentration wascA59.5
mmol ~400mg/ml! exhibiting a mesh size ofj'0.55mm. ~a! Net-
work of long chains. Actin-gelsolin molar ratio wasr AG58000,
corresponding to an average contour length ofL̄5r AG32.8 nm'22
mm. Actin-to-a-actinin molar ratior Aa555. ~L!: 5 °C and ~1!:
25 °C. The numbers indicate characteristic regimes for entangled
actin solutions:~1! internal chain conformation dynamics,~2! rub-
ber plateau, and~3! transition into fluidlike behavior.~b! Network
of short chains.r AG52000, corresponding toL̄'5.6mm. Actin-to-
a-actinin molar ratior Aa510. ~L!: 10 °C and~1!: 25 °C.

FIG. 2. ~a! Arrhenius-like representation of shear elastic plateau
modulusGN

8 measured at the frequencyv/2p53.531023 Hz for an
actin–a-actinin network ~L! and comparison with behavior of
purely entangled actin solution~1!. The average contour length of
actin filaments was adjusted toL̄'22 mm by adding gelsolin
~r AG58000!. The actin monomer concentration wascA59.5 mmol
and the actin-to-a-actinin molar ratio wasr Aa510. ~b! Arrhenius-
like plot of phase shift angle tan~w! simultaneously measured with
GN

8 for the same network as described in~a!. The temperature was
varied from 6 °C to 25 °C. The temperature, whereGN

8 starts to
increase abruptly and where tan~w! exhibits a maximum, is denoted
as the apparent gel point temperatureTg ~see vertical arrow!. The
roman numbers and vertical bars indicate regimes discussed in the
text.
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same actin network both in the absence and in the presence
of the cross-linker.

A closer inspection of Fig. 2~b! reveals that one can dis-
tinguish three zones: At zone~I! the phase tan~w! increases
strongly with decreasing temperature whereas the elastic
modulusGN8 increases only slightly but remarkably. At zone
~II ! GN8 increases steeply while tan~w! decreases. Finally at
zone ~III ! the values ofGN8 and tan~w! increase simulta-
neously. In the following we will denote the temperature
where tan~w! exhibits a maximum and whereGN8 starts to
increase abruptly as the apparent gel point or sol-to-gel tran-
sition temperatureTg . We use the term apparent sinceTg
may appear at a slightly different position than the gel point
temperature which is obtained by measuring the zero shear
viscosity.

In Fig. 3 a whole series ofGN8 versus 1/T plots of actin–
a-actinin networks of different actin-to-a-actinin molar ra-
tios is presented. The various data sets essentially exhibit the
same regimes described in Fig. 2. The divergence ofGN8 at
the sol-to-gel temperature (T<Tg) becomes less pronounced
with increasing actin-to-a-actinin ratios, but can be clearly
recognized in all cases.Tg is shifted to lower temperature
with increasing value ofr Aa , see Table I. By plottingTg
againstr Aa ~not shown! a straight line is found, indicating a
linear relationship betweenTg and r Aa .

In order to test the reversibility of the temperature-

induced sol-gel transition measurements were performed
with increasing and decreasing temperature. Two samples of
identical composition~cA59.5 mmol, r AG58000, r Aa510!
were prepared where one sample was polymerized at low
temperature,T56 °C, and the other sample at high tempera-
ture, T525 °C. The plateau modulusGN8 was measured at
increasing temperatures in the former case and at decreasing
temperatures in the latter case. As shown in Fig. 4 theGN8
versus 1/T plots agree well. At the steep ascent the two
curves are shifted to each other by only'0.9 °C.

The microstructure of the networks was observed by
negative staining electron microscopy. Although artifacts
cannot be excluded during the drying process~cf. Sec. II! the
technique yields at least qualitative images of the homogen-
ity and the average mesh size of the networks.

In Fig. 5 we present three micrographs for a sample with
the compositioncA59.5 mmol, r AG58000, andr Aa510
which were taken above~T530 °C!, just below~T519 °C!
and below~T510 °C! the gel point~Tg520.9 °C, see Table
I!. The mesh size of the purely entangled solution (T→`) is
calculated asj'0.55mm.

At 30 °C @Fig. 5~a!# one can recognize a homogeneous
network with a mesh size corresponding to that of the purely
entangled solution. At 19 °C@Fig. 5~b!# the network exhibits
slight fluctuations in density whereas at 10 °C@Fig. 5~c!#
strong fluctuations can be observed. However, in the two
latter cases the networks are homogeneous on a macroscopic
scale~micrographs not shown!. It should be noted that for
the given composition,T519 °C is very near to the sol-to-
gel transition temperature,Tg520.9 °C. Therefore the spatial
fluctuations in density are attributed to local segregations
caused by the cross-linker. This indicates that the average
distance between the cross-links near the gel point is smaller
than the mesh size.

IV. DISCUSSION

The gelation of the actin networks may be effected in two
ways: ~a! by copolymerization of actin and cross-linker or

FIG. 3. Arrhenius-like representation of shear elastic plateau
modulusGN

8 measured at the frequencyv/2p53.531023 Hz for
actin–a-actinin networks of different actin–a-actinin molar ratios.
The actin monomer concentration,cA59.5 mmol, and the average
contour length of the filamentsL̄'22 mm ~r AG58000!, were the
same in all cases. The actin–a-actinin molar ratios were~s! no
crosslinker, ~3! r Aa555, ~1! r Aa527, ~L! r Aa520 and ~h!
r Aa510. The measurements were performed by increasing the tem-
perature in the range 6–25 °C. The vertical arrows define the sol-
to-gel transition temperatureTg for each data set~see Table I!.

TABLE I. Variation of temperature of gel pointTg with
actin–a-actinin molar ratior Aa . Data taken from Fig. 3.

r Aa 10 20 27 55

Tg
21 (1023 K21) 3.402 3.438 3.454 3.516

Tg ~°C! 20.9 17.9 16.5 11.4

FIG. 4. On reversibility of temperature induced sol-gel transi-
tion. Measurements ofGN

8 versus 1/T for two actin–a-actinin net-
works of identical composition~cA59.5 mmol, r AG58000,
r Aa510! at increasing~L! and decreasing~1! temperature.~L!
Sample prepared at 6 °C and then measured from 6 °C up to 25 °C.
~1! Sample prepared at 25 °C and then measured from 25 °C down
to 8 °C. The rate of temperature change was about 2.5 °C/h in both
directions.
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~b! by polymerizing the actin filaments first while the cross-
linker is activated subsequently. In the former case a locally
heterogeneous gel forms, consisting of clusters of cross-
linked short chains which are interconnected by long chains
@34#. This structure is a consequence of the slow generation
of actin trimers which are necessary as nuclei for the poly-
merization process@35#. It leads to the initial formation of
very long chains which cannot effectively link due to their
semiflexibility. At later times shorter chains are formed
which are both cross-linked among themselves and coupled
to long chains. Because of the fast diffusion of the short
chains the gelation is associated with local phase separation.
A microgel composed of clusters of interconnected short

chains coupled by long filaments results, which can be char-
acterized by a small and a large value of the mesh size.

For the present experimental conditions the situation is
much simpler because of the reversibility of the binding of
actin anda-actinin. The protein gelsolin facilitates nucle-
ation and leads to a nearly homogeneous length distribution
of actin filaments@9#. Even if the gel is formed by copoly-
merization of actin anda-actinin at low temperatures and is
thus heterogeneous, heating up well above the gel point and
annealing for some hours will lead to a purely entangled,
homogeneous solution which can then be gradually cross-
linked by lowering the temperature.

The electron microscopic studies provide strong evidence
that the gel is homogeneous at low degree of cross-linking
@see Fig. 5~a!# corresponding to regime I in Fig. 2. The net-
work assumes a slightly heterogeneous structure near the gel
point @see Fig. 5~b!#, where the phase tan~w! has a maximum
@see Fig. 2~b!#. The clusters of more densely packed and
more strongly cross-linked filaments grow with decreasing
temperature. This coarsening behavior is attributed to regime
II in Fig. 2. However, even in this regime the gel is still
homogeneous on a macroscopic scale. At very low tempera-
ture and high degree of cross-linking complete separation
into bundlelike structures and dilute solution of residual fila-
ments occurs. This conformation of the gel can basically be
recognized in Fig. 5~c! and is attributed to regime III in Fig.
2. In the following we attempt to explain the sol-gel-like
transition and the cluster formation in terms of a percolation
model.

Percolation model of temperature induced sol-gel transi-
tion. The transition from a homogeneous state~Fig. 2, re-
gime I! into the microheterogeneous state~Fig. 2, regime II!
at increasing degree of cross-linking is well known from syn-
thetic gels@36,37#. If the spatial density of the reacted cross-
linkers is smaller than the density of the points of entangle-
ment, cross-links are preferentially formed at the natural
points of entanglement without changing the conformation of
the polymers. With increasing number of cross-links, inter-
connected clusters of cross-linked points of entanglement are
formed. The building of these clusters is equivalent to a bond
percolation problem.

The size of the clusters grows with the fraction of
a-actinin reacted. If the average distance of cross-links along
the actin filaments becomes equal to the mesh size all points
of entanglement are fixed. This point can~approximately! be
attributed to the gel pointTg . Increasing the cross-linker
density beyond the gel point (T,Tg) causes local contrac-
tions of the actin filaments and the spatial filament distribu-
tion becomes heterogeneous. The coarsening of the gel could
imply increases of the amplitudes as well as of the correla-
tion lengths of the density fluctuations~similar to the situa-
tion during spinodal decomposition!.

The sharp rise of the elastic modulus atT,Tg is not
completely analogous to the situation of gel formation in
solutions of short chains which are fluid prior to cross-
linking. In our case it is due to the percolation transition of
more densely packed cross-linked regions. The forming of
spatial fluctuations in the polymer density has previously
been observed in synthetic gels by small angle neutron scat-
tering and can be described in terms of a percolation model if
the cross-links are randomly formed@38#. Colby, Gillmor,

FIG. 5. Negative staining electron micrographs of an actin–a-
actinin network~cA59.5mmol, r AG58000,r Aa510! at three tem-
peratures. The sol-gel transition temperature for the given compo-
sition wasTg520.9 °C~see Table I!. ~a! Temperature above sol-gel
transitionT530 °C. ~b! Temperature just below sol-gel transition
T519 °C. ~c! Temperature below sol-gel transitionT510 °C. The
bar represents 3mm.

1806 54M. TEMPEL, G. ISENBERG, AND E. SACKMANN



and Rubinstein@39# studied the viscoelasticity of gels~of the
first kind! in the region of the sol-gel transition and showed
that these properties can be well explained in terms of per-
colation but also in terms of mean field theory of critical
phenomena and phase transitions. Following these authors
we now attempt to explain our experimental data in terms of
a percolation model.

The degree of cross-linking is characterized by the actual
fraction of cross-linksp formed during the reaction relative
to the criticalp-valuepc at which an infinite cluster of con-
nected filaments is formed. The percolation theory of vis-
coelasticity of gels predicts two power laws~cf. @36,40,41#!:

~i!

GN8 ;~p2pc!
t, ~1!

for the elastic constantGN8 at valuesp.pc ~that means be-
yond the gel point!, and

~ii !

h;~pc2p!2s, ~2!

for the viscosityh at values upon approaching the gel point
from both sides~i.e., p.pc andp,pc!.

The exponentst and s depend on the theoretical model.
The classical prediction by the mean field theory assuming
an analogy between gels and electrical networks ist51.7
21.9 ands51.3 @36#. The more advanced percolation theo-
ries predict that close to the gel point the elastic constant of
the system vanishes witht.3.8 and the viscosity diverges
with an exponents.0.74 @40#.

In our study of the thermally induced gelation process we
measured the elastic impedanceG* (v) at a frequency of
v/2p53.531023 Hz and instead ofh we measured the phase
shift angle tan~w!, which is given by

h~v!5vG95vG8tan~w!. ~3!

Due to the limited stability of the biopolymers~e.g., denatur-
ation! it was not possible to measure the zero shear viscosity
@e.g., by J(t) versus t measurements#, for which Eq. ~2!
strictly applies: because of the large filament length the mea-
surement for each temperature would take 1–2 h. Moreover,
the dynamic viscosityh~v! is more interesting from the bio-
logical point of view since many chemomechanical pro-
cesses of cells occur at the time scale of seconds.

The divergence of the viscoelastic parameters at the sol-
gel transition is clearly revealed by the phase shift angle
tan~w!: following Eq. ~2! and Eq.~3!, tan~w! diverges at the
gel point since the viscosityh diverges. The maximum of the
tan~w! versus 1/T plot, see Fig. 2~b!, is thus attributed to the
gel point.

The maximum ofh can be explained by the postulate that
the viscosity is determined by the time it takes a cross-linked
cluster to diffuse over a distance equal to the cluster size.
Since the percolation theory predicts that the size of the larg-
est branched polymer diverges as the gel point is ap-
proached, the viscosityh @as well as phase shift tan~w!# as-
sumes a maximum at the gel point from either side. The
decrease ofh beyond the gel point is attributed to the de-
crease of the cluster size caused by the local contraction of
the network during microgelation.

A closer inspection of Fig. 2~a! and Fig. 3 also shows a
slight but significant increase ofGN8 at p,pc ~i.e., T.Tg!
with respect to the purely entangled solution. This difference
can be attributed to the fixation of dangling bonds.

For a more qualitative evaluation of the behavior ofGN8 at
the sol-gel transition we have to consider the association-
dissociation equilibrium of the complex formation between
actin (A) anda-actinin ~a!

A1a

K

~Aa![C. ~4!

K is the equilibrium constant of the reaction~in units of
mol21! and is given by

K5
@C#

@A#@a#
, ~5!

where the square brackets denote concentrations~in units of
mol!.

The fraction of reacteda-actinin molecules is

ra5
@C#

@C#1@a#
5

@A#K

@A#K11
~6!

and sincea-actinin is bifunctional the fraction of cross-links
formed is

p5 1
2 ra . ~7!

Consider now the temperature dependence of the fraction
of cross-links formed. Similar to Van’t Hoff’s law we use the
relation

K5K0expS DH

RTD , ~8!

whereK0 is the equilibrium constant at some standard state,
DH is the heat of association, andR is the gas constant.
According to this equation the equilibrium~or association!
constantK increases with decreasing temperature. Insertion
of Eq. ~8! into Eq. ~6! yields for the fraction of cross-links
formed Eq.~7!

p~T!5
1

2
ra~T!5

1

2

@A#K0exp~DH/RT!

@A#K0exp~DH/RT!11
. ~9!

Taking into account Eq.~1! the functional behavior of the
elastic constantGN8 beyond the gel point is expressed by a
power law

GN8 ~T!;@p~T!2pc#
g @p~T!.pc#, ~10!

wherep is the fraction of reacted bonds.
The equilibrium constantK0 has been measured by sev-

eral groups~e.g.,@11,31,42,43#!. One method is based on the
measurement of the on-ratesk1 and off-ratesk2 of the
actin–a-actinin binding@31#. For rabbit smooth musclea-
actinin at 20 °C the kinetic constantsk151.03106

mol21s21 andk250.4 s21 were found thus yielding
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K05
k1

k2
50.43106 mol21.

Our experiments were performed at the actin concentration
cA[[A]59.5mmol where [A]K053.8.

Using the percolation relation Eq.~10! and the above
value for the product [A]K0 we simulated theGN8 versus 1/T
curves shown in Fig. 3. Only data points at temperatures
1/T.1/Tg were considered. The results of the data fitting are
presented in Fig. 6, where the lines present the percolation
model. A reasonably good agreement between the experi-
mental data and the fitted model function is observed for
actin–a-actinin ratiosr Aa510, 20, and 27 while forr Aa555
the number of data points was too small to fit the data. All
curves were fitted with nearly the same values of the free
parametersDH51.6–2.9 kJ, g51.5–1.8, andpc50.44–
0.47. The value of the critical exponentg51.5–1.8 agrees
rather well with the mean field value,t51.7–1.9@36#, but
not with the value predicted for three-dimensional percola-
tion networkst.3.8 @44#. However, if only the initial slope
of the data points near the gel point is considered, a value of
g53.6–4.0 is found.

Characterization of the gel point. Gel formation is ex-
pected to be associated with phase separation if the volume
density of cross-links formed is larger than the density of
entanglement points. Or in other words, if the average dis-
tancedcc between randomly distributed cross-links on a fila-
ment becomes smaller than the mesh sizej. If we assume a
cubic lattice of the entangled solution the number of sides to
the number of entanglement points is 3:1. The number of
actin monomers~diametera'5.5 nm@45#! per side of length
j of the lattice isnA52j/a ~the double stranded structure of
F-actin is taken into account by the factor 2!. Thus the lim-
iting value of the actin-to-cross-linker ratior̂AC where all
points of entanglement are fixed, is approximately given by

r̂AC5
3

2
nA53

j

a
. ~11!

We definer̂AC as the apparent gel point of our network.
A number of cross-linkers exhibit much larger association

equilibrium constantsK0 thana-actinin and do not dissociate
below physiological temperatures. Examples are filamin and
30 kDa cross-linker fromDictyostelium discoideum. In sepa-
rate experiments~unpublished data! we found that for the
two latter types of cross-linkers and an actin concentration of
cA57.0 mmol ~mesh sizej50.64mm! the gel point is ob-
served atr̂AC'500. Since both molecules are bivalent cross-
linkers one expects from Eq.~11! an actin–cross-linker ratio
of r̂AC'350, in good agreement with the experimentally ob-
servedr̂AC value.

The above consideration shows that the gel point for
actin–a-actinin networks is expected at considerably lower
r Aa values in correspondence with our experimental data.

According to Table I the gel point temperatureTg in-
creases linearly with decreasing actin–a-actinin ratio
~r Aa/Tg'const! at constant actin concentration. This dis-
placement law can be rationalized in terms of the kinetic
model as follows:

For constant actin concentrations the gel point always oc-
curs at the same effective value of the actin–a-actinin ratio
r Aa
eff,g(T). It depends on the fraction of cross-linker molecules
reactedra(T) according to

r Aa
eff,g~T!5

r Aa

ra~T!
. ~12!

The temperature dependence ofra(T)
21 is approximately

determined by the linear term of a Taylor expansion in terms
of (1/T21/T0), and the effective actin–a-actinin ratio is of
the form

r Aa
eff 5r AaFra~T0!

211constS 1T2
1

T0
D1••• G .

Since the gel point at constant actin concentration is deter-
mined by a unique value ofr Aa

eff the following condition must
hold:

r Aa /Tg'const,

which is the experimentally found displacement law.
It is important to note that the actual position of the gel

point may be shifted with respect to the value ofTg , defined
in Fig. 2. As has been pointed out by various groups@46–
49#, the characteristic length of the entangled network is not
the mesh sizej but the entanglement lengthje , which may
be considerably larger thanj unless the end-to-end distance
of the filaments is an order of magnitude larger than the
mesh size@46#. In our experiments the actin concentration
was cA59.5 mmol, which corresponds to a mesh size of
j'0.55mm, and the chain length was adjusted by gelsolin to
about 22mm (rAG58000!. Thus the shift ofTg is expected to
be small.

Phase diagram of microgelation and bundle formation. At
increasing degree of cross-linking the formation of three
types of structures can be observed:~1! a homogeneous gel,

FIG. 6. Simulation of Arrhenius-like plots of elastic constant
GN

8 in terms of percolation model assuming chemical equilibrium
for reacted crosslinkers@Eq. ~9!#. The actin–a-actinin molar ratios
were~1! r Aa527, ~L! r Aa520, and~h! r Aa510. Forr Aa555 no
fit was done because of the small number of available data points;
see Fig. 3. Lines: fitted power laws for temperatures below the gel
point temperature 1/T.1/Tg ~for values of 1/Tg see Table I!. The
fits were done with nearly the same values of free parameters
DH51.6–2.9 kJ,pc50.44–0.47, and exponentg51.5–1.8.
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~2! a locally heterogeneous but macroscopically homoge-
neous microgel, and~3! a coexistence of sol and gel consist-
ing of bundles.

In the following we attempt to represent the sol-gel tran-
sition, the microgelation, and the bundle formation in terms
of a ra–cA-phase diagram similar to the equivalent phase
diagram proposed by deGennes for synthetic gels@36#. The
phase diagram is presented in Fig. 7. Since the fraction of
cross-linkers reacted increases with decreasing temperature,
the ordinate could also be represented by a temperature scale
with increasing values ofT pointing in the positivey direc-
tion.

The thin line in Fig. 7 defines the phase boundary of the
gel point. Above this line the cross-linkers are expected to
connect the points of entanglement of the actin solution with-
out appreciably changing the equilibrium mesh size. In this
regime the distance between cross-linkerdcc is greater than
the mesh sizej. According to Fig. 2 and previous studies
@19# the elastic modulusGN8 increases only slightly while the
viscosityh diverges. Exactly the same behavior was found
for other much stronger cross-linkers as filamin and 120 kDa
cross-linker fromDictyostelium discoideumcells ~unpub-
lished data!.

Below the phase line of the gel point local mesh size
fluctuations arise becausedcc becomes smaller than the av-
erage value ofj and cross-linking is associated with local
contractions of the meshwork. However, since the filament
length is large compared toj the network remains homoge-
neous on a macroscopic scale.

When further increasing the fraction of bonds reacted, the
fluctuations in polymer density~or the coarseness of the mi-
crogel! become more and more pronounced. The clusters

separate completely and macroscopic phase separation into a
sol and a tightly packed gel occurs. The latter consists
mainly of parallel bundles of cross-linked gel. The coexist-
ence between bundles and sol is described by a miscibility
gap ~Fig. 7, thick line! but nothing is yet known about the
phase line and the critical point. The situation in this phase
regime is complicated by pronounced kinetic effects since
the bundle formation is strongly hindered in random net-
works of long filaments. We found out in separate experi-
ments that the development of bundles can already be ob-
served atr Aa550 if the network is annealed for 5 days at
4 °C. Annealing only one day under the same conditions a
bundling threshold ofr Aa,5 is found.

V. BIOLOGICAL IMPLICATIONS

The present work shows that gelation of networks of
semiflexible actin filaments passes through the same se-
quence of transitions at increasing degrees of cross-linking as
synthetic gels@36#: from a homogeneous, partially cross-
linked network to a macroscopically homogeneous mi-
crophase and finally into a state of sol-gel coexistence where
the gel consists of bundles. Since bundle formation is also
induced by other cross-linkers~notably filamin! we postulate
that the behavior found fora-actinin is universal for all
actin-cross-linker networks.

The formation of bundles, however, is strongly impeded
in networks composed of long filaments~contour length of
filaments is large compared to mesh sizej! but occurs much
more readily for filament lengths comparable toj @50#. In
biological cells such asDictyostelium discoideum, 80% of
the actin filaments have lengths of the order of 0.5mm and
only 10% exhibitmm lengths@51#. Therefore in such cells
bundling is highly probable.

Another intriguing question is whethera-actinin can ac-
tually form cross-links in cells at physiological temperatures
since the constantK of the association-dissociation equilib-
rium is rather small and the gel point temperature is low. On
the other side we found a displacement law showing that the
gel point is strongly shifted to higher temperatures with a
decreasing actin–cross-linker ratio.

In cells the actin concentration is much higher~about an
order of magnitude! than in our in vitro models and the
actin–a-actinin ratio isr Aa'80 for the case ofDictyostelium
discoideumcells @52#. According to Eq.~9! the temperature
of the midpoint of the reaction—wherera51/2—is deter-
mined by the condition

@A#K0exp~DH/RT!51.

SinceDH'RT an increase of [A] by a factor of 10 would
increase the absolute temperature of the midpoint by about a
factor of two ~that is from 300 K to 600 K!. In cells the
dissociation-association equilibrium of the actin–a-actinin
system is easily shifted to the side of association by adjust-
ment of the fraction of polymerizable actin controlled by the
sequestering actin-binding protein profilin@25#. The sensitive
dependence of the gel point on the actin concentration and

FIG. 7. Equivalent phase diagram of actin–a-actinin network.
As abscissa the actin molar fraction or the mesh size can be used
sincej;cA

1/2. As ordinate the temperatureT or the fraction of re-
acted cross-linkersra could be taken. Note that decreasing values
of ra correspond to increasing values ofT. The thin line defines the
phase boundary of the sol-gel percolation transition. Above this line
the mesh size of the network is not changed by cross-linking. Below
the line the mesh size strongly fluctuates but the gel remains mac-
roscopically homogeneous. In the vertical direction the fluctuations
become more pronounced with increasing fraction of reacted bonds.
The thick boundary defines the miscibility gap below which
bundles of actin filaments coexist with highly dilute solutions of
actin filaments.
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the actin-to-a-actinin ratio provides cells with a powerful
tool to control the elasticity of the actin-based cytoskeleton,
in particular if the parameters [A] and r Aa of the actin net-
work are adjusted nearly to a phase boundary.
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