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Abstract Filamin A (ABP-280), which is an actin-binding
protein of 560 kDa as a dimer, can, together with actin
filaments, produce an isotropic cross-linked three-dimensional
network (actin/filamin A gel) that plays an important role in
mechanical responses of cells in processes such as maintenance of
membrane stability and translational locomotion. In this study,
we investigated the mechanical properties of single filamin A
molecules using atomic force microscopy. In force—extension
curves, we observed sawtooth patterns corresponding to the
unfolding of individual immunoglobulin (Ig)-fold domains of
filamin A. At a pulling speed of 0.37 pm/s, the unfolding interval
was sharply distributed around 30 nm, while the unfolding force
ranged from 50 to 220 pN. This wide distribution of the unfolding
force can be explained by variation in values of activation energy
and the width of activation barrier of 24 Ig-fold domains of the
filamin A at the unfolding transition. This unfolding can endow
filamin A with great extensibility. The refolding of the unfolded
chain of filamin A occurred when the force applied to the protein
was reduced to near zero, indicating that its unfolding is
reversible. Based on these results, we discuss here the physiolo-
gical implications of the mechanical properties of single filamin
A molecules. © 2001 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The actin cytoskeleton is thought to play important roles in
the formation of various kinds of structures of cell mem-
branes, the mechanical response of cells, and cell locomotion.
Actin filaments and a large number of F-actin cross-linking
proteins can form various kinds of structures, such as bundles
and isotropic three-dimensional (3-D) networks. Filamin A
(ABP-280) is one of these F-actin cross-linking proteins. It
is present at the leading edge and cortex of many kinds of
non-muscle cells such as fibroblasts, cerebral cortical neurons,
platelets, and macrophages [1-5]. This protein can produce
isotropic cross-linked 3-D networks with actin filaments (F-
actin) in vivo and in vitro [1,2,6,7]. In this report, we describe
such networks as actin/filamin A (actin/ABP-280) gel. Filamin
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A can also link the actin cytoskeleton to plasma membrane
via its association with integral membrane proteins such as 1
and B2 integrin [8,9], a tissue factor, presenilin, furin, Ibo in
platelets, and a receptor for the F. domain of immunoglobu-
lin (Ig) G (FcyR1).

Filamin A-deficient melanoma cells have impaired locomo-
tion and exhibit circumferential blebbing of plasma membrane
[10,11]. Mutations in filamin A prevent long-range, directed
migration of cerebral cortical neurons to the cortex in human
periventricular heterotopica [4]. Filamin A and actin filaments
accumulate at membrane cortices that are under high mem-
brane tension to increase the strength of the cortex for me-
chanoprotection [12]. These results suggest that filamin A and
actin/filamin A gel play an important role in the mechanical
properties of cells and cell locomotion.

Human endothelial filamin A is a dimeric protein with
equivalent 280-kDa subunits that associate with each other
at their C-terminal domain. It has two N-terminal actin-bind-
ing sites per dimer, and can thus cross-link actin filaments.
Most of this protein (90%) is a semiflexible rod composed of
24 tandem repeats, each containing 96 amino acids on aver-
age, and its amino acid sequence predicts stretches of anti-
parallel B-sheets in an Ig-fold [3]. A similar Ig-fold was found
in a filamin (gelation factor, or ABP-120) in Dictyostelium
discoideum, and the 3-D structure of segment 4 of its rod
domain was determined using nuclear magnetic resonance
spectroscopy [13].

In this study, we investigated the mechanical properties of
single filamin A molecules using atomic force microscopy
(AFM). Recent studies have shown that AFM can detect
the unfolding of proteins during extension by measuring ex-
ternal force in aqueous solutions [14-18]. Applying the meth-
ods used in these studies, we have found that single molecules
of human endothelial filamin A are unfolded by critical exter-
nal forces of various intensities, and that its unfolding is re-
versible; i.e. the refolding of the unfolded chain of filamin A
occurs when the external force is removed. Based on these
results, we discuss the physiological implications of the me-
chanical properties of single filamin A molecules.

2. Materials and methods

Filamin A was purified from human uterine leiomyoma tissue by
gel filtration with a 4% agarose column [7]. Ruby mica (diameter, 14
mm; thickness, 300 =20 um) was purchased from S&J Trading Inc.
(Glen Oaks, NY, USA). Gold wires (99.99% pure; 1¢X 10 mm) were
purchased from Furuya metal (Tokyo, Japan).

We used a Nanoscope 11la Multimode AFM (MMAFM) (Digital
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Instruments, Santa Barbara, CA, USA) equipped with a D scanner
(12 um X 12 um X 4.4 pm) and a fluid cell. For the cantilever, we used
an oxide-sharpened Si3Ny cantilever (NP-S) with a spring constant of
k=0.06 N/m (Digital Instruments). The gold-coated mica substrate
used in the AFM experiment was prepared by deposition of gold on a
freshly cleaved mica surface using a vacuum deposition apparatus
(VPC-410, Sinku Kiko Co., Yokohama, Japan), and the thickness
of the gold layer was 100 nm. Filamin A protein molecules in aqueous
solution in 10 mM imidazole-HCI (pH 7.5), 0.1 M KCl, and 0.5 mM
EGTA (protein concentration, 70 pg/ml) were adsorbed onto a freshly
evaporated gold surface on the mica substrate for 10 min. When a
lower protein concentration was used, the probability of adsorbing the
protein molecule on the AFM tip was lower, but the pattern of the
force—extension curve was independent of the protein concentration.
After the surface was washed with the same imidazole buffer to re-
move the unadsorbed proteins, the AFM tip was brought to the gold
surface and the force—extension curve was measured.

The Monte Carlo simulation of the unfolding of Ig-fold domains
was performed according to the method of Rief et al. [19]. In the
simulation, a protein (i.e. polypeptide chain) is stretched with a con-
stant pulling speed v. from extension x=0 by a small amount Ax
(=v.Af) at each time interval. This stretching increases the force ex-
erted on the protein, which is calculated based on the worm-like chain
(WLC) model (Eq. 1). The probability of observing the unfolding of
any Ig-fold domains at this force is then calculated as described in
Section 3, and then random number decision is executed to define
their states. We used values of parameters: v,=0.4 um/s, p=04
nm, the length of the Ig-fold domain in the folded state (/f =4 nm)
and that in the unfolded state (7, =36 nm). This Monte Carlo simu-
lation produces a force—extension curve (0 =< x = 500 nm), showing the
sawtooth pattern.

3. Results and discussion

In order to investigate the mechanical properties of a single
molecule of filamin A protein, we stretched the molecule in
aqueous solution and measured its force—extension relation-
ship at room temperature using an AFM apparatus. After
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Fig. 1. (a) A force—extension curve of filamin A molecule in aque-
ous solution measured by AFM at room temperature. Filamin A
was stretched at a pulling speed of 0.37 um/s. (b) The fit between
the WLC model and the sawtooth pattern of the force-extension
curve where the force gradually increased after the abrupt decrease
in force. Filamin A was stretched at a pulling speed of 0.37 pum/s.
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adsorbing the protein molecules on the gold surface, the
AFM tip was brought to the gold surface and kept there
for 2 s with a force of 100 pN~1 nN to adsorb the segments
of the filamin A protein, after which the tip was pulled away.
In the retraction curves, we often observed a large attractive
force between the tip and the gold surface to a large exten-
sion, sometimes more than 500 nm. This indicates that the
filamin A molecule adsorbed on both the tip and the gold
surface was stretched as the distance between the tip and
the gold surface increased (i.e. extension). In most cases, we
observed a periodic increase and decrease in force during the
extension; i.e. so-called sawtooth pattern of the force-exten-
sion curve (Fig. 1a). With small extensions, before the appear-
ance of the sawtooth pattern in the extension curve, an irreg-
ular large attractive force which was not well-defined was
often observed (e.g. curve (ii) of Fig. 3). At a pulling speed
of 0.4 um/s, the maximum force and the periodicity of the
sawtooth patterns were 100 ~200 pN and 30+ 5 nm, respec-
tively. As well-analyzed in reports of the stretching of titin
and its analogue proteins [14,17], the abrupt decrease in force
in the sawtooth patterns corresponds to the force-induced
unfolding of an individual Ig-fold domain of filamin A.

In the sawtooth patterns, immediately after the abrupt de-
crease in force due to the unfolding of the Ig-fold domain, the
force again gradually increased with increasing extension. As
shown in Fig. 1b, the force, F(x), vs. extension, x, curve of
this part of the sawtooth pattern is described well by the WLC
model, as follows:

e I

where p is persistence length and L. is contour length. The
best fit gave p=0.33 nm and AL, (i.e. the change in contour
length between consecutive force peaks) =312 1 nm. This re-
sult shows that the force-extension curve of the unfolded
polypeptide chain can be described well by the WLC model,
indicating that the force that increases with increasing exten-
sion is an entropic force due to the stretching of the unfolded
polypeptide chain of filamin A. When the force reaches the
critical intensity by extending the unfolded chain, an unfold-
ing transition of another Ig-fold domain of filamin A is in-
duced. This characteristic change in force was repeated several
times in the force—extension curve, resulting in the sawtooth
pattern.

The force at which the unfolding occurs is defined as the
unfolding force, F*. As shown in Fig. la, F* had various
values. Fig. 2a shows a histogram of the unfolding force of
filamin A at a pulling speed of 0.37 um/s when it was pulled
up until x =500 nm (» =214 unfolding events). The unfolding
force F* ranged from 50 to 220 pN. On the other hand, a
histogram of the unfolding interval (i.e. the periodicity of the
sawtooth patterns) of filamin A in Fig. 2b exhibited a narrow
distribution around an average value of 30 nm. This indicates
that the successive unfolding of Ig-fold domains in either of
two identical subunits of filamin A should give such a wide
distribution pattern of the unfolding force as shown in Fig.
2a.

To investigate the cause of the wide distribution in the
unfolding force of filamin A, we performed a Monte Carlo
simulation of the unfolding of this protein. The mechanical
unfolding of proteins can be explained as a non-equilibrium
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Fig. 2. (a) A histogram of the unfolding force of the Ig-fold do-
mains of filamin A at the pulling speed of 0.37 um/s (»=214 un-
folding events from 24 independent experiments). The three curves
correspond to the unfolding force obtained from Monte Carlo simu-
lations of 20 Ig-fold domains with different structures, as character-
ized by two parameters (k% and x,). Curve (i), x,=0.5 nm and
k0=3.0x10"* s71; curve (ii), x,=0.4 nm and k2=3.0x107° s71;
curve (i), x, =0.3 nm and kﬂ=3.()><l()_5 s~!. (b) A histogram of
the unfolding interval of filamin A, obtained from the same data
sets used to construct the unfolding force histogram (a).

process of transition between two states, i.e. a native state and
an unfolded state. The rate of transition from the native state
to the unfolded state (i.e. the unfolding rate) in the absence of
the force, k¥, depends on activation energy (energy barrier),
E?, and is given by the following equation:

kg =A eXp(—E?l/kBT) (2)
where kg is Boltzmann’s constant and 7T is temperature. Ex-

ternal force, F, reduces the energy barrier by Fx,, where x, is
the width of the activation barrier (i.e. the distance to the
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transition state along the direction of force) [19,20], and the
unfolding rate k,(F) is thus expressed as follows:
ku(F) = A exp(—(E%—Fx,)/ksT) = k% exp(Fx,/ksT)  (3)

The transition between the two states is a stochastic process
that can be simulated well by the Monte Carlo method
[17,20]. The probability of observing the unfolding of any
modules is P, = N¢ky(F)At, where Ny is the number of identi-
cal folded modules and At is the polling interval of the Monte
Carlo simulation. During unfolding by force, folding of the
unfolded chain does not occur [17]. In this model, the prob-
ability of mechanical unfolding of protein can be determined
using only two parameters related to the protein structure; i.e.
the activation energy E° and the width of the activation bar-
rier, x,. The k?, and x, values were determined for proteins
consisting of a finite number of identical domains, such as
127¢ (the eight tandem repeats of the 27th Ig-fold domain of
human cardiac titin prepared using a recombinant DNA tech-
nique); x, =0.25 nm and k% =3.3x10"* s~!. The stochastic
nature of the unfolding transition contributes to the width of
the histograms of the unfolding force of the proteins [17,21].
However, the width of the histogram of the unfolding force of
filamin A (Fig. 2a) is much broader than that of 1275, and the
distribution function of the unfolding force in the histogram
of filamin A cannot be represented as the kind of simple
distribution function observed for 127g. This indicates that
there is broad heterogeneity in the unfolding forces of filamin
A.

Recently, Li showed that point mutations in a different
amino acid of 127g affected the mechanical stability signifi-
cantly: kY ranged from 8.0x1077 to 3.3x107* s~! due to
the variation in values of the activation energy E° in each
mutant protein, and the width of the activation barrier, xy,
ranged from 0.25 to 0.60 nm [21]. Thus, we can reasonably
assume that each Ig-fold domain of filamin A has different
values of EY (and, therefore, k) and x,, because the individ-
ual Ig domains of filamin A have different amino acid sequen-
ces. To demonstrate the effects of k% and x, on the unfolding
force of the Ig-fold domain, in Fig. 2a we plotted three curves
obtained from Monte Carlo simulations of 20 identical Ig-fold
domains having different structures, as characterized by two

parameters (k) and x,): curve (i), x,=0.5 nm and
kK0=3.0x10"* s7!; curve (i), x=04 nm and
kK0=3.0x10"° s7'; curve (i), x,=03 nm and

k2=3.0x1075 s7!. These curves fit well into parts of the
histogram in Fig. 2a. Such heterogeneity in the unfolding
force of filamin A can yield a wide dynamic range in the force
needed to extend the molecule, suggesting that, in the mechan-
ical responses of cells, the extension of filamin A may be
suitably adjusted by forces of various intensities.

Fig. 3 shows a refolding of the unfolded Ig-fold domains of
filamin A. After several Ig-fold domains of filamin A were
unfolded during the large extension caused by the external
force, the AFM tip was brought to a position 44 nm above
the gold surface, to relax the protein to almost its initial
length and reduce the force to near zero. After holding the
tip at that position for 10 s, the protein was stretched again
(the second stretch). As shown in the figure, most of the
sawtooth patterns reappeared in the second stretch, indicating
that most of the unfolded domains were refolded by this pro-
cedure, i.e. the unfolding was reversible. In another similar
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Fig. 3. Refolding of the unfolded filamin A protein. The AFM tip
was brought to the gold surface and kept there for 2 s to adsorb
the protein onto its tip (curve (i)). The filamin A was then stretched
(curve (ii)), and the characteristic sawtooth pattern appeared. After
the extension, the AFM tip was brought to a position 44 nm above
the gold surface to reduce the force to near zero (curve (iii)). After
holding there for 10 s, the protein was stretched again (curve (iv)).
The pulling speed and the approach speed were both 0.40 pum/s.

experiment, after the filamin A was unfolded during the initial
large extension, the AFM tip was brought to a position 40 nm
above the gold surface and held at that position for 1 s instead
of 10 s, after which the protein was stretched again. This time,
fewer sawtooth patterns reappeared during the large extension
in the second stretch (data not shown), suggesting that it takes
time for the unfolded domains to refold.

The F-actin network cross-linked by filamin A (actin/fila-
min A gel) shows the following characteristic properties in
vitro (Ito et al., manuscript in preparation). At low shear
strains (y <20%), it behaves as a linearly deforming gel; at
moderate shear strains (20% < y < 100%), it behaves as a non-
linearly deforming gel with deformability that increases with
increasing shear strain; at high shear strains (y > 100%), it
behaves as a non-Newtonian fluid. In addition, its rheological
properties show reversibility; after the removal of a large
shear strain, the rheological properties return to their original
values.

Cross-linking of actin filaments by filamin A may suppress
the undulation motion of the actin filaments in the network
[22]. A relatively large shear force imposed on the network
would induce a stepwise unfolding of filamin A as reported
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here, and this unfolding of the cross-linker should bring about
a gradual increase in the undulation motion of the filaments.
Such a change of the undulation motion of the filaments and
the reversibility of the unfolding of the cross-linker may well
account for the characteristic rheological properties of the
network described above. This actin/filamin A network, which
constructs cortical shell of non-muscle cells, may play an es-
sential role in the mechanical responses of cells to external
deformation. The above-described in vitro responses of the
actin/filamin A network suggest that cells can stabilize their
shapes against a small shear force, and that their deformabil-
ity increases against a large shear force.
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