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Thickness distribution of actin bundles in vitro
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Abstract Bundles of filamentous actin form the primary
building blocks of a broad range of cytoskeletal structures,
including filopodia, stereocilia and microvilli. In each case,
the cell uses specific associated proteins to tailor the
dynamics, dimensions and mechanical properties of the
bundles to suit a specific cellular function. While the length
distribution of actin bundles was extensively studied,
almost nothing is known about the thickness distribution.
Here, we use high-resolution cryo-TEM to measure the
thickness distribution of actin/fascin bundles, in vitro. We
find that the thickness distribution has a prominent peak,
with an exponential tail, supporting a scenario of an initial
fast formation of a disc-like nucleus of short actin fila-
ments, which only later elongates. The bundle thicknesses
at steady state are found to follow the distribution of the
initial nuclei indicating that no lateral coalescence occurs.
Our results show that the distribution of bundles thick-
nesses can be controlled by monitoring the initial
nucleation process. In vivo, this is done by using specific
regulatory proteins complexes.
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Introduction

The cytoskeleton is a 3D protein network of polar elastic
filaments constantly remodeling via the action of a large
number of actin binding proteins (ABP’s) interacting with
the cytoskeletal filaments. As a consequence, in vivo, actin
filaments (F-actin) rarely exist as isolated single filaments
but instead associate into bundles, e.g., in the case of fil-
opodia (Vignjevic et al. 2006; Adams 2004), stereocilia
(Rzadzinska et al. 2004) and microvilli (Majstoravich et al.
2004; Morales et al. 2004), or networks, in concert with
these ABP’s to support various cellular processes such
as motility, division, and adhesion (Pollard and Borisy
2003; Scholey et al. 2003; Bershadsky et al. 2006). The
specialized subcellular localization of many F-actin
crosslinkers suggests that each of these auxiliary proteins
may play a unique role in orchestrating the dynamic
organization of actin bundles architectures. In each case,
the cell uses specific ABP’s to tailor the dimensions,
dynamics and mechanical properties of the bundles to suit a
specific biological function. In that respect, recent in vivo
studies demonstrated the occurrence of a delicate coupling
between microvili (Gorelik et al. 2003) and stereocilia
(Rzadzinska et al. 2004) dimensions (length) with their
internal actin turnover rates. While the length distribution
of actin bundles was investigated, both experimentally
(Rzadzinska et al. 2004; Gorelik et al. 2003; Popp et al.
2006, 2007; Biron et al. 2006) and theoretically (Biron
et al. 2006; Gov 2007), no information on the thickness
distribution of actin bundles is available. A previous work
studied the average thickness of actin bundles at low
concentrations of fascin (Stokes and DeRosier 1991).
Another work, studied the average thickness of actin bun-
dles in the presence of polycations (Kwon et al. 2006). One
of the conclusions of this study was that the actin bundles

@ Springer


http://dx.doi.org/10.1007/s00249-007-0236-1

448

Eur Biophys J (2008) 37:447-454

form in two stages; a fast initial formation of a seed of
defined diameter, which subsequently grows to form the
elongated bundles. Recently, it was further found that the
cross-linked actin bundles do not anneal through side-by-
side aggregation, while they keep coalescing longitudinally
(Lai et al. 2007).

Here, we present an in vitro study of the thickness dis-
tribution of actin/fascin bundles. Fascin forms bundles that
are unipolar, and is the characteristic bundling protein in
filopodia (Adams 2004). It was recently shown, both in
vivo (Mejillano et al. 2004) and in vitro (Haviv et al. 2006)
that filopodia bundles can originate from a preformed
branched actin network. In those studies the thickness of
the resulting bundles seems to be tightly regulated by the
properties of the originating network, and seem to have a
tight normal distribution in their thickness, although these
observations were limited by the optical resolution.

Materials and methods
Protein purification and labelling

Actin was purified from rabbit skeletal muscle acetone
powder (Spudich and Watt 1971). Recombinant fascin
(Ono et al. 1997) was expressed in Escherichia coli as a
glutathione-S-transferase (GST) fusion protein. Actin was

labeled on Cys374 with Oregon Green™ (Invitrogen).

Cryo-TEM actin/fascin experiments

The following concentrations and ratios of reactants were
used for the cryo-TEM experiments: actin 5 uM; [fascin]/
[G-actin] = [F]/[A] ratios of 0, 1/200, 1/80, 1/20, 1/5, 1/2,
1/1, 3/1, and 6/1. After mixing the individual components,
the system was left to polymerize 1 h at room temperature
in polymerization buffer (10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.6; 5.5 mM
dithiothreitol (DTT); 0.12 mM 1,4 diazabicyclo[2,2,2]
octane (Dabco); 0.1 M KCI; 2 mM MgCl,; and 1.7 mM
Mg-ATP).

Specimens for cryo-TEM were prepared in a controlled
environment vitrification chamber (CEVS) (Talmon 1999).
All solutions were quenched from 25°C and 100% relative
humidity. A volume of 3 pl of the solution was carefully
deposited on a TEM grid coated with a holey carbon film
(lacey carbon, 300 mesh, Ted Pella, Inc.). The grid was
blotted with a filter paper (Whatman no. 1), and plunged
into liquid ethane at its freezing point. The vitrified sam-
ples were stored under liquid nitrogen before transfer to a
TEM (Technai 12, FEI) operated at 120 kV using a Gatan
cryo-holder for imaging at —180°C in low-dose mode and
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with a few micrometers underfocus to increase phase
contrast. Images were recorded on multiscan CCD cameras
(Gatan 794 or Gatan 791) with the Digital-Micrograph
software package and analyzed by METAMORPH (Uni-
versal Imaging Co.).

Quantification of number of filaments in bundles

Cryo-TEM images were used to quantify the number of
filaments in a bundle, N,. We analyzed a few hundred
bundles to obtain the distributions shown in Fig. 2 and
electronic supplementary material (Fig. S1). Considering a
bundle as a cylinder or a rod, we calculated the number of
filaments N, from the ratio Ay/A;, where Ay, is the cross-
section area of the bundle, given by Ay :%Dﬁ (Dy, is
measured from the bundles’ cross section), and A; is the
effective cross-section area of an actin filament within the
bundle, A = %D%. The effective diameter Dy corresponds
to the typical distance between two actin filaments in an
actin/fascin bundle (see Fig. le). In our calculation Dy was
kept constant at 9 nm (Ishikawa et al. 2003). Note that
in the EM pictures we do not resolve individual defects
in the packing of the filaments inside the bundles, and
we therefore assume that the filaments are compactly
organized.

Results

In order to resolve with higher precision the thickness
distribution of actin bundles, we conducted high-resolution
direct imaging cryo-transmission electron microscopy
(cryo-TEM) on solutions of actin/fascin bundles without
any branched network progenitor. Such a system is simpler
to study and analyze, and also has biological relevance
since filopodia bundles formation can proceeds without any
pre-existing branched network (Steffen et al. 2006).
Comparing Fig. la—d, we observed a significant effect on
bundle formation when adding increasing amount of fascin.
Below a certain fascin concentration [fascin]/[G-actin] =
[F1/[A] < 1/200]) bundles did not form, we observed only
individual actin filaments (Fig. 1a). Above [F]/[A] = 1/80
bundles start to form (data not shown), but only in negli-
gible amount. Increasing the amount of fascin generated
more and more bundles with respect to individual actin
filaments. At [F]/[A] = 1/5 and above, straight and well
ordered 3D compact bundles of diameter D, formed
(Fig. 1b—d). Below this concentration of fascin, the bundles
tend to open-up and form 2D sheets (data not shown), most
probably due to shearing during cryo-TEM sample prepa-
ration. When the Fascin cross linker concentration is too
dilute, the connectivity inside the bundle is so low that a
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Fig. 1 High-resolution cryo-TEM imaging of actin/fascin bundles.
Micrographs were obtained at [A] = 5 pM and variable [F]/[A] ratios
of: a 1/200, b 1/2, ¢ 1/1, and d 6/1. At very low fascin concentrations
(a) bundles did not form; only individual actin filaments are seen.
Straight compact bundles form above [F]/[A] = 1/5. Their diameter
Dy, increase with fascin content (b—d). Bars 0.2 pm. e Schematic
representation of a bundle. The bundle diameter is Dy, (left image, side
view) and the effective diameter of an actin filament in a bundle is
given by Dy (right image, fop view). The blue balls represent fascin
cross-linkers and the yellow circle, actin filaments. Note that since
fascin molecules can attach only at specific sites along the actin
filaments (Volkman et al. 2001), the blue balls represent attachments
of fascin at different highs. In this case the connectivity between actin
filaments within the bundle can be rather low

shear force can open the bundle into a flat sheet of side-by-
side cross-linked filaments. Note that without the shear the
filaments will still form a cylindrical bundle, and similar
behavior is observed with other cross-linkers, such as
alpha-actinin. Therefore, data analysis was done only on
bundles formed above [F]/[A] = 1/5, for which the 3D
structure was kept intact. In addition, both fluorescence and
cryo-TEM do not show any formation of composite phases
or micro-phase separations as sometimes observed in the
presence of other ABP’s (Tempel et al. 1996; Wagner et al.
2006). We clearly see that the addition of fascin produces
bundles of larger diameter. At all fascin concentrations
studied, we observe a large polydispersity in the bundles’
thicknesses.

The number of filaments per bundle N, at different
fascin concentrations was determined from measurements
of bundle diameters Dy, on the cryo-TEM images (Fig. 1;
see Materials and methods for detailed description of N,
calculation procedure). The mean values of Dy, and N, for
the different [F]/[A] ratios, ¢, studied are given Table S1
(supporting material). We clearly see that the mean size of
the bundles increases with fascin concentration.

For all ¢’s, the distribution of Ny, P(NV,), displays the
same characteristic behavior (Fig. 2a, b; Fig. S1 of elec-
tronic supplementary material): a peak at Npeax, followed
by an exponential form for large N,. Long filaments with
strong cross-linkers, such that the binding energy per cross-
linker is ~10-30 kT and dominates over the entropy,
should under ideal conditions condense to form a single
bundle of infinite width. This is indeed the minimum
energy configuration for a perfectly hexagonal packing of
straight, neutral and a-chiral filaments; in this way the loss
of binding energy at the rim of the bundle is minimized.
Several mechanisms, elastic (Grason and Bruinsma 2007)
and electrostatic (Henle and Pincus 2005), have been
proposed, that give a finite width distribution for aggre-
gating long filaments. These mechanisms limit the side-by-
side aggregation of filaments and result in a finite bundle
diameter. In our experiment we have actin filaments that
simultaneously nucleate, polymerize, and aggregate in
bundles. As shown in Fig. 3 in our system the fascin cross-
linker promotes the formation of a stable actin nucleus,
composed of short filaments (a few monomers long), which
serves as a seed for subsequent actin polymerization. We
observe that in this system the actin polymerization
is already advanced after about a minute, while without
fascin there is a lag-time for nucleation of actin polymer-
ization of order of several minutes (Blanchoin et al. 2001).
This dynamic system may therefore be controlled by pro-
cesses that are not present in an equilibrium aggregation of
preformed long filaments, which is the case usually con-
sidered theoretically.

We therefore consider the width distribution of the ini-
tial disc-like nuclei of the bundles (Fig. 3). Such a system
of aggregating elements, in the form of a 2D disc, in
thermodynamic equilibrium will either: (1) tend to form an
infinitely large aggregate when the attraction forces are
dominant, or (2) form a broad distribution of aggregate
sizes when the entropy dominates. In the second case the
distribution is expected to have an exponential tail, but
without a peak. A class of systems that give rise to a
peaked distribution of 2D clusters in thermodynamic
equilibrium, are those that combine short-range attraction
with long-range repulsion (Seul and Andelman 1995), but
in our system there is strong screening of such repulsive
electrostatic interactions. In addition, since we observe
experimentally a prominent peak, we will perform the
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Fig. 2 a An example of the measured distribution function P(N) of
the actin bundle size N, for a [F]/[A] ratio of 3/1 (symbols). The fit
using Eq. (1) is given by the solid line, and shown as a semi-log plot
b. Note that for large widths the statistics is noisy, which leads to the
observed discrepancy between the fit and the experimental data
points b. The initial rise, peak and exponential decay are clearly

analysis using a dynamic model which is not constrained
by thermodynamic equilibrium considerations.

We compare the observed distribution functions P(Ny)
to the steady-state distribution of a system of aggregating
2D elements (Gov 2006). We find below that the observed
distributions indicate that the actin bundle emerges from a
flat disc-like nucleus, composed of short actin filaments,
possibly containing just several monomers in length, that
are cross-linked by fascin. This nucleus forms on a fast
time-scale (less than a minute), and then elongates, while
the bundle thickness does not change much after the fila-
ments reach their final length (data not shown). This lack of
lateral, side-by-side aggregation of bundles, as opposed to
longitudinal, was recently observed in vitro (Kwon et al.
2006; Lai et al. 2007).

If side-by-side annealing of long bundles can occur, then
the steady-state bundle width distribution that we calculate
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visible. ¢ Values of k,,/D and k.g/D (black squares and red circles,
respectively) that we fitted to the measured distributions, as a function
of the [F]/[A] ratio, ¢. The different fits are described in the text.
d The values of Njeq that we fitted to the measured data (squares).
The different fits correspond to those in ¢

(Eq. 1 below) will not represent the distribution of the
elongated bundles, since the bundles will now be able to
aggregate and change their width distribution. The reason
that prevents side-by-side annealing is not clear at the
moment, and can be due to various physical effects that
were recently suggested (Grason and Bruinsma 2007).
Since fascin is a very compact and small bundling protein,
we expect that it acts as an efficient cross-linker only when
there is a very precise alignment and orientation of
neighboring filaments. This sensitivity may prevent the
efficient side-by-side annealing of long bundles, but allows
rapid growth and cross linking when the filaments all
elongate together from their initial nucleus.

To test this hypothesis we repeated the experiment with
preformed actin filaments, where fascin is added only after
the polymerization process has ended. In this system
(Fig. 4) we find that the bundles are much less organized,
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Fig. 3 Dynamics of growth of a disc-like nucleus. a, b The cylinders
represent the short actin filaments and the oval objects the fascin
cross-linkers. a for low [F]/[A] ratios the on-rate is determined by the
availability of fascin-attached actin-filaments in the solution. b For
large [F]/[A] ratios the fascin “coat” on the actin filaments hinders
aggregation (dashed arrow), which occurs only where fascin is
thermally removed (solid arrows)

thinner, shorter, and with many defects, compared with the
previous case where all the components are mixed in
monomeric form (Fig. 4a, c). The bundles in the experi-
ment with the preformed filaments are so disordered and
not well defined that we could not extract a meaningful
quantitative width distribution. This experiment demon-
strates that side-by-side aggregation of preformed actin
filaments and bundles is very inefficient, due to physical
mechanisms that are still not fully resolved.

In the system studied here the cross-linker, i.e., fascin,
attaches specifically to the actin filaments, and is strong
enough to overcome the electrostatic repulsion between
actin filaments, which are here highly screened by the high
salt concentration (see Materials and methods). In this
system, equilibrium thermodynamics is expected to give an
infinite-sized bundle. The observed finite bundle sizes can
be therefore explained as a metastable state due to a non-
equilibrium dynamic steady-state. From the fits to the
observed distribution (Fig. 2a, b; Fig. S1) we find a plau-
sible dynamic aggregation process, as shown schematically
in Fig. 3a. This aggregation process allows new filaments
to attach only at the disc rim, while they can be thermally
excited to leave the cluster also from its bulk. This kind of

dynamic process means that the cluster is packed (Fig. le)
such that new filaments will attach much more easily at the
rim (Fig. 3a) and dominate the growth process. On the
other hand, for the dissociation of filaments to occur
throughout the bulk of the disc, we conclude that the cross-
linking connectivity of the actin filaments inside the disc is
therefore low (Fig. 3a). This means that the connectivity of
a filament inside the bulk of the cluster is similar to that at
the rim, suggesting that short filaments can be thermally
excited and leave the cluster just as easily from both
regions (Fig. 3a). This low connectivity may follow from
the fact that a cross-linker such as fascin (as fimbrin,
Volkman et al. 2001) can attach to the actin monomers
only at specific sites. Since the filaments in the cluster are
short, they can only have a small number of possible
attachments per filament, and the connectivity is low. Note
that other types of packing defects that were recently
considered (Grason and Bruinsma 2007; Upmanyu and
Barber 2005) are not relevant during the initial disc for-
mation, where the geometry is very flat and the filaments
are very short.

We therefore end up with the boundary-on/bulk-off
dynamics (Gov 2006) shown in Fig. 3a, with which we fit
the experimental data, for the various [F]/[A] ratios, ¢
(Fig. 2a, b; Fig. S1 in the supporting material). The steady-
state size distribution of the disc-like clusters, using this
model, is given by (Gov 2006):

P(Nb) = Rnezkon\/lvb/De_kOfbe/D7 (1)

where k., and k¢ are the on and off rates, respectively, D
represents the noise and fluctuations in this growth process
and R, is a normalization constant. Since we do not know
the value of D independently, we give the values of the
combined parameters used for the fits in Table 1. The
factor f gives the normalized amplitude of the peak of
P(Ny) relative to the maximal data point. The value of the
peak in the distribution of Eq. (1) is given by: Npeax = (kon/
kogr)>. Note that if the filaments have a higher connectivity
of cross-linkers in the bulk of the cluster, then they can be
excited to leave the cluster only at the rim, and the resulting
steady-state distribution is a simple exponential with no
peak at a finite cluster size (Gov 2006). The distinct peak
that we find in all the distributions, rules out this possible
scenario.

In Fig. 2c, d we plot the values of 2k,./D, k./D and
Npeak as a function ¢. The behavior of Npe,y for small ¢'s
(Fig. 2d) corroborate with the data shown in Fig. 1 of
Lieleg et al. (2007). The observed behaviors can be
understood from a simple model: The off-rate k.¢ decrea-
ses as ¢ increases, since as the number of fascin cross-
linkers per short actin filament increases, the energy barrier
for dissociation increases, and the off-rate follows from an
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Fig. 4 Assembly routes for actin/fascin bundles formation. Condi-
tions: [A]/[F] = 1/1, (A] =5 puM. a—c Preformed F-actin filaments
were mixed with fascin and left to assemble for 1 h. b, d Actin/fascin
bundles formed by mixing all components in monomeric form.
a Fluorescence microscopy images of F-actin filaments crosslinked by
fascin. The system is composed of short and thin actin filaments/

Table 1 Parameters used in the fit of the data to the distribution
P(Ny) of dynamic disc size, shown in Fig. 2a and b and Fig. S1 in the
supporting material

[FIIA] = ¢ 2kon/D Kot/ D f Npeak
1/5 0.4962 0.09 0.94 7.6
172 0.5724 0.08 0.88 12.8
1/1 0.5695 0.062 1.0 21.1
31 0.4396 0.04 1.0 30.2
6/1 0.2159 0.019 0.70 323

Arhenius thermal excitation process: ko o< exp(—oe/
kgT), where o is a fit parameter, and ¢ is the adsorption
energy between a fascin molecule and an actin monomer
along the filament. When there are more fascin molecules
in the solution, more dissociation events have to occur on
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bundles, compared to b where the bundles are assembled by a
nucleation/growth process. ¢ Cryo-TEM image of the same solution
as in a. The bundles are much less organized, thinner, and with many
defects, compared with the case d where all the components are
mixed in monomeric form. a, b Bars 20 pm. ¢, d Bars 0.2 pm

average during the process of removing a single actin fil-
ament. The value of the binding energy of a single fascin—
actin bond can be estimated to be: ¢ &~ 10kgT (Borukhov
et al. 2005). This exponential behavior is fitted to the
observed values of kqg/D (solid black line in Fig. 2c, using
o =~ 0.032), and gives a good agreement. This indicates
that the dominant noise in the growth process is indepen-
dent of ¢, so that D can be taken to be constant.

The on-rate k,, is proportional to the density of actin in
the solution n,, which was kept constant (5 uM) in all
experiments. The actin can bind to the cluster rim only
when fascin forms a cross-link between two actin fila-
ments, therefore, the relevant concentration is that of actin
filaments having an attached fascin molecule (Fig. 3a).
This concentration is given by, n,s = n,ps,, where py, is the
probability that a short actin filament in the solution is
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attached to a fascin cross-linker, given by (Callen 1985):
Pra = Ppet’™T /(1 + Ppet/*T), where f¢p is proportional
to the fascin volume fraction in the solution. In the limit of
no fascin, the on-rate vanishes, while it approaches a
constant value at large fascin concentration. In Fig. 2c we
plot the fit of both a constant k,, o n, (red solid line) and
one including the effect of fascin adsorption, i.e., ko, o< N ¢
(red dashed line), which give a reasonable agreement for
small ¢'s (using f ~ 2.75 x 107%).

For larger fascin concentrations we find that the on-rate
decreases. This effect can arise from the fact that in the
limit of large fascin concentrations the fascin molecules
cover all the possible attachment points along the short
actin filaments in the disc and therefore block their
association at the cluster rim (dashed arrow in Fig. 3b). A
new filament can bind on to the cluster rim only where
there is a thermal fluctuation that breaks some fascin—
actin bonds (solid arrow in Fig. 3b). The on-rate now
depends on the breaking of existing bonds, enabling
addition of a new filament, the same process that drives
the off-rate, so that we get, ko, o< n,¢korr. This is shown by
the red dotted line in Fig. 2c, and gives a very good
agreement with the data. The resulting peak position is
now given by Npea = (konlkoge)® o< n2, also in good
agreement with the data (dotted line Fig. 3d). Note that
the errors in the determination of the on/off rates (£20%)
are estimated by slightly changing the binning of the data,
giving rise to larger errors in the peak position due to the
quadratic dependence.

Discussion

Long filaments with strong cross-linkers are expected to
form a single bundle of infinite width, under ideal condi-
tions. Several mechanisms have been proposed, that give a
finite width distribution for aggregating long filaments.
One mechanism is based on elastic energy inside the
bundle (Grason and Bruinsma 2007), while another is
based on electrostatic interactions (Henle and Pincus
2005). In our experiment we have actin filaments that
simultaneously nucleate, polymerize, and aggregate in
bundles. This dynamic system may therefore be controlled
by processes that are not present in an equilibrium aggre-
gation of preformed long filaments, which is the case
usually considered theoretically.

In this work we present quantitative information of the
thickness distribution of actin/fascin bundles formed in
vitro, and show that it has a prominent peak with a wide
exponential tail. We further show that this distribution
seems to follow from a dynamic model of the growth of an
initial flat disc-like shape seed. The good agreement
between the observed distribution and the steady-state

solution of this dynamic model indicates that following the
formation of the initial disc-like nucleus, the actin fila-
ments elongate, but the overall bundle thickness does not
change significantly through side-by-side annealing. This
was further confirmed by comparison with a system of
preformed actin filaments cross-linked by fascin. The
width distribution observed when actin and fascin are
added in monomeric form therefore reflects the width
distribution of the initial nuclei, which is the main pro-
posal of our paper.

Finally, we find that the dynamic rate constants follow a
simple Arhenius behavior of thermal excitation over the
binding barrier. We find that the peak position of the dis-
tribution saturates in the limit of large fascin concentrations,
due to the strengthening of the metastability, i.e., the kinetic
barrier, resulting from a fascin “coat” hindering further
cluster growth.

It will be interesting in the future to observe the shapes
and sizes of the initial nucleus of the actin/fascin bundle,
which here we could not temporally resolve. It will also be
worthwhile to replace fascin with other types of cross-
linking proteins, to see if the dynamics described here is
universal. It is also interesting to ask if the process of
bundling we describe in vitro has any counterpart inside
living cells, where the process is regulated by additional
proteins.

To conclude, we found here that the thickness distri-
bution of in vitro actin bundles, formed spontaneously due
to the presence of one kind of cross-linking protein (fa-
scin), is very wide (exponential), with a distinct peak. This
property can be used by cells to maintain a large distri-
bution of membrane protrusions and actin bundles sizes, as
in the case of stereocilia hair cells (Rzadzinska et al. 2004)
and microvili (Majstoravich et al. 2004). When needed, this
can allow cells through the introduction of additional
regulating proteins, to select a tighter size distribution
(Morales et al. 2004). Our system closely resembles the
situation inside the living cell, since also there the nucle-
ation of actin polymerization and cross-linking into
bundles always occur simultaneously. In the cell the initial
nucleus is formed by specific proteins (such as formins/
VASP), from which the actin filaments polymerize and
cross-linked to form a bundle (Faix and Grosse 2006). Our
experiments show that such a mechanism may allow cells
to form well-ordered and compact actin bundles, at a
specific location.
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