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ABSTRACT: Biopolymers such as DNA, F-actins, and microtubules, which are highly charged, rodlike
polyelectrolytes, are assembled into architectures with defined morphology and size by electrostatic
interaction with multivalent cations (or polycations) in vivo and in vitro. The physical origin to determine
their morphology and size is not clearly understood yet. Our results show that the actin bundle formation
consists of two stages: the thickness of actin bundles is determined nearly at the initial stage, while the
length of actin bundles is determined later on. It is also found that the thickness of actin bundles decreases
with the increase of polycation-mediated attraction between F-actins. From these results, we propose the
anisotropic nucleation-growth mechanism, in which the thickness of actin bundles is determined by critical
nucleus size, whereas the length of actin bundles is determined by the concentration of free actins relative
to nucleus concentration. Observing that polycations are concentrated in some sites of actin bundles,
which are thought to be nucleation sites to initiate the formation of actin bundles, supports this model.
This anisotropic nucleation-growth mechanism of actin bundles can be broadly applied to the self-assembly
of rodlike polyelectrolytes.

Biopolymers such as filamentous actin (F-actin),1 DNA,
and microtubule are rigid rodlike polyelectrolytes (1-3).
These biopolymers, carrying negative charges, self-assemble
into well-defined bundles, toroids, and networks by electro-
static interaction with multivalent cations (or polycations)
both in vivo and in vitro (2-21). For example, the structure
and the dynamics of the actin bundles and network are
rigorously regulated by interaction with a number of actin
binding proteins in the cell (22, 23). Some of the actin
binding proteins, such as Ena/VASP, calponin, dystrophin,
and MARCKS, induce the formation of actin architectures,
binding to actins by electrostatic interaction (2, 5-9).
Another example is found in the gene compaction process
of the living cell or viruses where cationic proteins and
polyamines are used in their DNA packaging (10, 11). These
facts indicate that the electrostatic interaction plays a central
role in the organization of biopolymers in the cell.

Researchers have studied the counterion-mediated con-
densation of biopolymers and suggested a considerable
number of theories to explain the physical origin to determine

the defined size of biopolymer assemblies. It has been
suggested that the growth of polyelectrolyte bundles is
limited by electrostatic repulsion of polyelectrolytes uncom-
pensated by counterions (12) or the kinetic barrier in bundling
between polyelectrolytes (13). However, it was shown that
the repulsion of the uncompensated polyelectrolytes cannot
limit the bundle growth (14). In addition, it was reported
that the larger DNA toroids are formed in higher ionic
strength (15-17), which cannot be explained by the kinetic
barrier in bundling of polyelectrolytes. Moreover, most
theories have been concentrated in the formation of toroidal
bundles limited in DNA (12, 15-19). Thus, it is needed to
construct a more general model to explain how the well-
defined size of the polyelectrolyte bundles is determined by
systematically investigating the defined thickness of poly-
electrolyte bundles.

Here, we use a model system consisting of F-actin and
polylysine (later denoted as p-Lys) to investigate the physical
origin of the well-defined thicknessD and lengthL of the
polyelectrolyte bundles. Our study shows thatD growth is
nearly completed in the initial stage of bundle growth, while
dramaticL growth starts later on, after completion ofD
growth. Additionally,D decreases with the increase in the
polycation-mediated attraction between F-actins but is hardly
influenced by the actin concentration (CA), while L increases
with the increase ofCA. We propose the new anisotropic
nucleation-growth model in whichD is determined by the
critical nucleus sizeD0, while the lengthL is determined by
free actin concentration relative to nucleus concentration.

This anisotropic growth of actin bundles originates from
the rodlike polyelectrolyte nature of F-actins. Therefore, our
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model not only provides insight into physical origins of how
the growth of cellular actin bundles is determined but also
can be broadly applied to the self-assembly of rodlike
polyelectrolytes.

EXPERIMENTAL PROCEDURES

Materials. G-actin was purified from scallops by the
method of Spudich et al. (24). Fluorescence-labeled F-actin
was obtained by stoichiometrically mixing G-actins and
rhodamine phalloidin (Molecular Probes No. 4171) in
F-buffer [5 mM HEPES (pH 7.2), 0.2 mM ATP, 0.2 mM
CaCl2, 100 mM KCl, 2 mM MgCl2] for 24 h at 4 °C.
Phalloidin binds to F-actin stoichiometrically and stabilizes
it against depolymerization at a decreased critical concentra-
tion of actin. p-Lys (Sigma) with defined polymerization
degreeN and fluorescein isothiocyanate (later denoted as
FITC) labeled p-Lys (Sigma) are used as purchased. The
p-Lys concentration,CP, is expressed in terms of Lys
monomer unit.

Actin Bundle Preparation. Actin bundles were prepared
by mixing F-actin solution (1µL) with p-Lys solution (9
µL) to yield a 10µL reaction mixture where actin concentra-
tion CA, expressed in terms of G-actin concentration, was
varied from 2.3× 10-8 to 6.9 × 10-7 M; CP(N ) 26) is
10-4 or 2× 10-4 M; salt (KCl) concentrationCS ranges from
0.01 to 0.25 M. The samples were incubated at room
temperature for 60 min except for kinetic experiments and
observed by fluorescence microscopy (FM) and transmission
electron microscopy (TEM). In the case of kinetic experi-
ments, the reaction mixtures ofCA ) 4.6 × 10-8 M, CP(N
) 26)) 10-4 M, andCS ) 0.1 M were allowed to equilibrate
for 5, 10, 20, and 40 min, respectively, and then observed
by FM and TEM.

Transmission Electron Microscopy (TEM).TEM observa-
tion was performed using a JEOL (JEM-1200EX) at 120 kV
acceleration voltage. After incubation of mixtures of F-actin,
p-Lys, and KCl at room temperature for 60 min, 10µL of
the sample was dropped on carbon-coated grids (Nisshin EM
Co., Tokyo, Japan). After 3 min, 2% uranyl acetate was

added to the sample, and the grid was air-dried. The average
thickness of the actin bundleD was obtained over 20
samples.

Fluorescence Microscopy (FM).A cover glass was placed
on a slide glass equipped with two spacers 1.1-1.4 mm high
at both sides to form a cell. A solution of the reaction mixture
(about 10µL) was introduced into the cell by a micropipet.
Then the cell was placed on the stage of a fluorescence
microscope (Olympus BX 50) and observed under a 60×
objective lens. The fluorescence images were recorded by a
CCD camera (Olympus CD-300T-RC), and the longitudinal
length of actin bundles was measured by using a computer-
analyzing program (MetaMorph, Nippon ROPER). The
length of actin bundlesL was the average over 100 samples.
Dual color images of FITC-labeled p-Lys and rhodamine-
labeled F-actin were taken by laser scanning confocal
microscopy (FV 200, Olympus). After addition of FITC-p-
Lys (10-6 M) to the F-actin solution and incubation for 60
min, the dual color imaging of actin bundles was performed.

RESULTS AND DISCUSSION

Two Stages of Actin Bundle Formation.Native F-actins
are polydisperse in length between 1 and 10µm, get about
5 µm as average, and begin to grow, forming bundles above
a critical p-Lys concentration (CP

c). The time profiles of the
longitudinal (L) and the lateral (D) growth of actin bundles
are investigated by fluorescence imaging and TEM imaging,
respectively, in the condition ofCA ) 4.6 × 10-8 M, CP(N
) 26) ) 10-4 M, andCS ) 0.1 M. L hardly grows before 5
min but afterward begins to grow, and the growth continues
until 40 min (Figure 1). In contrast,D growth is nearly
completed within 5 min and hardly progresses later on. This
result shows thatD is determined at the first stage whileL
is determined at the second stage.

Next, we examine the effect of actin concentrationCA on
bundle growth at a constantCP(N ) 26) ) 10-4 M and CS

) 0.01 M. As shown in Figure 2,L increases from 6.7 to
20.0µm with the increase ofCA from 2.3× 10-8 to 6.9×
10-7 M, but D hardly changes despite the considerable

FIGURE 1: Kinetics of actin bundle formation by electrostatic interaction with p-Lys (N ) 26). (a) Fluorescence images and time profile
of bundle lengthL. (b) TEM images and time profile of bundle thicknessD. CA ) 4.6 × 10-8 M, CP(N ) 26) ) 10-4 M, andCS ) 0.1
M. Scale bars represent 20µm for fluorescence images and 200 nm for TEM images.
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increase ofCA. This result indicates thatD andL of actin
bundles are determined by different factors.

Our results imply that the actin bundle growth consists of
two stages. Here, we investigate in detail what induces the
anisotropic growth of actin bundles and what determinesD
andL.

Effect of Binding Energy on Bundle Thickness.As clarified
in our previous results, F-actins begin to form bundles
cooperatively aboveCP

c (9, 10). This CP
c should be related

to energy gain of the self-assembly reaction. That is, the
larger the energy gain, the lower theCP

c.
The electrostatic attraction between the negatively charged

F-actin and the positively charged p-Lys should increase with
an increase in the degree of polymerizationN of p-Lys at a
constant ionic strength due to entropy effect. Therefore, we
expect an inverse dependence ofCP

c on N. Figure 3 shows
the bundle formation of F-actins with p-Lys of variousN.
As shown in Figure 3a, the critical p-Lys concentration to
induce the bundle formationCP

c decreases dramatically
with the increase ofN of p-Lys; CP

c of N ) 3, 5, 26, and
186 are 7.5× 10-3, 5.0× 10-5, 5.0× 10-6, and 5.0× 10-7

M, respectively, whereCP
c is expressed in terms of lysine

repeated unit. This confirms that the increase inN of p-Lys
increases the p-Lys-mediated attraction between F-actins and
therefore increases the energy gain by forming a bundle. The
charge-fluctuation model also showed that the attraction
between F-actins depends strongly on cation valence (25).
The effect of counterion valence on binding energy can
explain why there is a minimum counterion valence required
for polyelectrolyte bundle formation:+2 for F-actin bun-
dling and+3 for DNA condensation (2, 12).

From TEM images (Figure 3c), the thicknessD of actin
bundles formed just aboveCP

c decreases with the increase
in N, showing values of 59.2( 18.2, 41.6( 12.7, 33.5(
9.4, and 28.4( 5.5 nm for N ) 3, 5, 26, and 186,
respectively (Figure 3b). This result reveals that the stronger
the attraction between F-actins mediated by polycations, the
thinner the bundles formed.

To confirm the inverse relationship between the attraction
energy and theD, we further investigate the effect of ionic
strength onD because an elevated ionic strength will screen
the condensation of polycation to F-actin and hinder the
polycation-mediated attraction between F-actins. We found
that in a constantCP(N ) 26) of 2× 10-4 M, actin bundles
are formed in KCl concentration,CS, ranging from 0.01 to
0.2 M, but no bundles are formed at a higher salt concentra-
tion (above 0.25 M). This result shows that salts effectively
screen the electrostatic attraction between F-actin and poly-
cation and hinder the polycation-mediated attraction between
F-actins.

As shown in Figure 4,D increases from 27.2 to 49.3 nm
with the increase ofCS from 0.01 to 0.2 M. This again shows
that D increases with the decrease of attraction between
F-actins, consistent with the result observed for the effect
of N on D in Figure 3. Results in Figures 3 and 4 indicate
that D growth cannot be simply understood by the general
thermodynamic equilibrium which predicts that an increase
in binding energy promotes the growth. A similar phenom-
enon was reported for the DNA toroids formed in hexamine
cobalt solution where the diameter and the thickness of
toroids increase with decreasing binding energy by increasing
the ionic strength or the temperature (16, 17). This suggests
that the inverse relationship between binding energy and
intrinsic size of the assembly, that is, the thickness of actin
bundles or the size of DNA toroids, results from a common
mechanism.

FIGURE 2: Effect of actin concentrationCA on L growth (a) andD
growth (b) inCP(N ) 26) ) 10-4 M and CS ) 0.01 M.

FIGURE 3: Effect of the degree of polymerizationN of p-Lys on
the actin bundle formation. (a) Dependence ofCP

c on N of p-Lys.
(b) Relationship betweenN and actin bundle thicknessD formed
just above the critical concentration for bundle formationCP

c. (c)
TEM images of the actin bundle formed just above theCP

c. CA )
2.3 × 10-7 M and CS ) 0.01 M. Scale bars represent 200 nm.
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Anisotropic Nucleation-Growth Mechanism for Actin
Bundle Formation.The above experimental results can be
summarized as follows:

(1) D is completed at the initial stage of bundle growth,
and L dramatically increases later on, after theD growth.

(2) D is weakly dependent onCA, while L increases with
increase inCA at a constantCP.

(3) D decreases remarkably with an increase in polycation-
mediated attraction between F-actins.

Results 1 and 2 indicate that the self-assembly consists of
two stages, andD andL are determined by different factors,
respectively; results 2 and 3 indicate thatD growth cannot
be explained by general thermodynamics. From these results,
we conclude that the first stage of actin bundle formation is
the nucleation process and the second stage is the growth
process.D is determined in the nucleation process by the
critical nucleus sizeD0, where the stronger the attraction
between F-actins, the smaller the critical nuclei that are able
to survive.L is determined by the free F-actins available to
grow relative to the concentration of stable nuclei. The
nucleus concentration is dominated byCP. As shown in
Figure 2, at a constantCP, D does not change butL increases
with the increase ofCA since the concentration of free
F-actins relative to nucleus concentration increases and
consequently allows each nucleus to grow to a longer size.

Here, we discuss the factor to determineD in more detail.
In F-actin and polycation mixing solution, polycations either
condensed on F-actins or in the free state are coexistent. Like-
charged F-actins are assembled into bundles when the amount
of polycations condensed on them increases to a critical
value. The free energy,∆G, of forming bundles can be
expressed as∆G ) ∆Gbulk + ∆Gsurf ) -∆gV + γS, where
∆g is the energy gain due to bundle formaton of F-actins
per unit volume,V is the volume of actin bundles,γ is the
surface energy per unit area, andS is the surface area of
actin bundles. For the nucleation-growth process, spontane-
ous growth occurs only when stable nuclei are formed, which
occurs when the favorable volume term∆Gbulk surpasses the
unfavorable surface term∆Gsurf. We regard the bundle as a

cylindrical object with a lengthL and a thicknessD. The
free energy∆G(D,L) for the formation of the bundle is

where it is assumed that (i) for a newborn nucleus,D ,
γ/∆g , L. The behavior of∆G(L,D) can be made clear by
considering the following two simple paths for change of
the arguments: WhenD remains at a small value and only
L increases, the free energy is given by-(π/4)(∆gD2 -
4γD)L (the prefactor ofL is positive under assumption i).
Thus, ∆G monotonically increases along the path; on the
other hand, whenL remains at a small value and onlyD
increases, the free energy is-(π/4)[(∆gL)D2 - (4γL)D],
and we have the critical thicknessD0 above which∆G
decreases with increasingD (and alsoL). This observation
tells us thatD growth must come ahead to form the stable
nuclei. D0 is determined by the free energy barrier∆G*
where∆G is maximum. From∂∆G/∂D ) 0, we have

Equations 2 and 3 indicate thatD0 and∆G* are reciprocally
proportional to the energy gain per unit volume for bundle
formation ∆g. In other words, the increase in polycation-
mediated attraction between F-actins decreasesD0, which
explains well whyD decreases with the increase in binding
energy between F-actins under assumption that (ii) the
observed thicknessDob of the bundles is slightly larger but
very close toD0.

The remaining problem is how we justify crucial assump-
tion ii. Once nuclei of critical thicknessD0 are formed,
growth in D andL both favors the free energy; that is, the
growth process is favorable thermodynamically. However,
the electrostatic repulsion of side-to-side bundling of F-actins
is much stronger than that of end-to-end annealing of F-actins
because F-actin is a rodlike polyelectrolyte. Therefore,D
growth will be suppressed kinetically butL growth favored
kinetically in the subsequent growth process. Accordingly,
D should be slightly larger but almost equal toD0. This
explains why F-actin bundles grow in two stages, switching
from D growth in the initial stage toL growth later on.

ObserVation of Nucleation Site.The above discussion
shows thatD growth is essential for the formation of stable
nuclei despite the high electrostatic repulsion of side-to-side
bundling of F-actins. Therefore, the nucleation process
requires a higher condensation of polycations on F-actins to
overcome the high energy barrier due to the strong repulsion
between F-actins in side-to-site bundling, in comparison with
the end-to-end growth. This suggests that the polycation
condensed at the nucleus sites should have a higher density
than that of other sites in the bundles. Thus, we examine
the polycation distribution in actin bundles by using a FITC-
labeled p-Lys. Figure 5 shows that FITC-p-Lyses are not
homogeneously distributed but concentrated at some sites
in most of the actin bundles. We found that most of the p-Lys
concentrated sites in actin bundles have 1-3 µm length.

FIGURE 4: Effect of salt concentrationCS on actin bundle formation.
TEM images and average thickness of actin bundles formed in
variousCS. The numbers on the top of the TEM images are salt
concentration,CS (M). CA ) 2.3× 10-7 M andCP(N ) 6) ) 2 ×
10-4 M. Scale bars represent 200 nm.

∆G ) - πD2L
4

∆g + πD2 + 2πDL
2

γ ≈

- π
4
(∆gD2L - 4γDL) (1)

D0 ≈ 2γ/∆g (2)

∆G* ≈ πγ2L/∆g (3)
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These p-Lys concentrated sites may be the nuclei to initiate
the formation of actin bundles. A possible explanation for
why nucleation sites are shorter than average F-actin length
is that the shorter F-actins among polydisperse F-actins in
length are more favorable for nucleation formation due to
the weaker electrostatic repulsion of side-to-side bundling.

CONCLUSIONS

The self-assembly of well-defined actin bundles by
interacting with p-Lys is explained in terms of the anisotropic
nucleation-growth mechanism, in which the thicknessD and
the lengthL of actin bundles are dominated by the critical
nucleus sizeD0 and the concentration of free actins relative
to the concentration of the nucleus, respectively. This
mechanism originates from the rodlike polyelectrolyte nature
of the F-actins.

This anisotropic nucleation-growth mechanism may be
generally applied to the organization of rodlike polyelectro-
lytes and provides new insight into understanding physical
origins of biopolymer self-organization in cells. For example,
it was reported recently that the phosphorylation of Ena/
VASP induces the reorganization of actins from network
(lamellipodia) to parallel bundle (filopodia) (26, 27). How-
ever, it has not been understood why phosphorylation can
induce their reorganization. Since the dominant interaction
between Ena/VASP and actin is electrostatic (5), we consider
that phosphorylation of Ena/VASP weakens the electrostatic
attraction between Ena/VASP and actin and thus decreases
the binding energy between actins. According to the recipro-
cal relationship between the energy gain by bundling and
the bundle thickness shown in eq 1, phosphorylation may
rather promote the bundling process. Actually, in vitro
experiments showed that the phosphorylated VASP induces
the formation of thicker bundles than wild-type VASP despite
the decrease in the attraction with actins (6), which is in
agreement with the anisotropic nucleation-growth mecha-
nism.

The anisotropic nucleation-growth mechanism shows that
the thickest and most robust bundles are formed near the
unstable state, and they can be dramatically disassembled
into native F-actins by a slight increase in salt concentration
near KCl, 0.2 M (Figure 4). This dramatic transition in
structure due to a little change of binding energy might be
responsible for the dynamic assembly/disassembly of actins
that is biologically essential for cell locomotion, adhesion,
and cytokinesis. It remains to be investigated experimentally

whether the biopolymer organization based on this model
actually occurs in living systems.
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