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ABSTRACT Prompted by recent reports suggesting that interaction of filamin A (FLNa) with its binding partners is regulated by
mechanical force, we examined mechanical properties of FLNa domains using magnetic tweezers. FLNa, an actin cross-linking
protein, consists of two subunits that dimerize through a C-terminal self-association domain. Each subunit contains an
N-terminal spectrin-related actin-binding domain followed by 24 immunoglobulinlike (Ig) repeats. The Ig repeats in the rod 1
segment (repeats 1–15) are arranged as a linear array, whereas rod 2 (repeats 16–23) is more compact due to interdomain inter-
actions. In the rod 1 segment, repeats 9–15 augment F-actin binding to a much greater extent than do repeats 1–8. Here, we
report that the three segments are unfolded at different forces under the same loading rate. Remarkably, we found that repeats
16–23 are susceptible to forces of ~10 pN or even less, whereas the repeats in the rod 1 segment can withstand significantly
higher forces. The differential force response of FLNa Ig domains has broad implications, since these domains not only support
the tension of actin network but also interact with many transmembrane and signaling proteins, mostly in the rod 2 segment. In
particular, our finding of unfolding of repeats 16–23 at ~10 pN or less is consistent with the hypothesized force-sensing function
of the rod 2 segment in FLNa.
INTRODUCTION
Filamin A (FLNa) is an elongated homodimeric protein
that can cross-link actin filaments into orthogonal networks
and is essential for cell mechanics mediated by myosin
contraction (1–4). FLNa is also a binding scaffold for
numerous cellular proteins of great functional diversity
(2,5). Each FLNa subunit has an N-terminal spectrin-
related actin-binding domain followed by 24 immunoglob-
ulin (Ig) repeats (IgFLNa 1–24) (6). Two intervening
hinges separate the Ig repeats into rod 1 (repeats 1–15),
rod 2 (repeats 16–23), and the self-association domain
(repeat 24) (Fig. 1 A). In addition to the N-terminal actin
binding domain, repeats 9–15 in rod 1 also interact with
actin, becoming the secondary actin-binding sites, whereas
the other Ig domains do not (3). A remarkable structural
difference between the two segments is that rod 2 is
a compact structure, whereas rod 1 is an extended linear
array (6). Recent publications have revealed that the
compact IgFLNa 16–23 is caused by interdomain interac-
tions: domains 16 and 17, 18 and 19, and 20 and 21 form
stable paired structures (7,8). It is intriguing that domain
pair 20-21, for example, masks the binding site on
IgFLNa21 for the integrin cytoplasmic tail (7,8). A recent
fully atomistic molecular dynamics simulation showed
that mechanical force can expose the cryptic integrin-
binding site on IgFLNa21, suggesting a force-regulated
integrin-FLNa interaction (9). Proteins binding to other
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domain pairs in IgFLNa 16–23 likely adopt the same
mechanism.

The force response of FLNa is physiologically important,
since in vivo FLNa is subject to mechanical force trans-
mitted from network of actin filaments. It has been shown
in vitro that under large deformations, F-actin networks
soften at low FLNa concentrations and strain-harden at
high FLNa concentrations (4). This result suggests that the
mechanical property of FLNa may affect the rheological
and mechanical properties of F-actin networks.

The force response of full-length FLNa was studied by
atomic force microscopy (AFM) (10). Under a pulling rate
of 0.37 mm/s, the unfolding force was found to be in the
range 50–200 pN, and the distribution of unfolding forces
showed three peaks (10). However, due to the differences
in function and structure among the different segments in
FLNa, it is necessary to study the differential force response
of IgFLNa 1–8, 9–15, and 16–23 to understand their possi-
ble force-dependent functions. In addition, the mechanical
stability of these segments under much lower loading rates
or under constant force is important, since the deformation
of F-actin networks in vivo takes place on a much slower
timescale. For example, the cell protrusion-retraction cycle
was reported to occur at a period of ~24 s (11). Most impor-
tant, many binding partners of FLNa target domains in the
rod 2 segment, and their binding affinity is likely dependent
on the force applied to IgFLNa 16–23. To date, however,
the force response of IgFLNa 16–23 has not been directly
investigated by experiment.

Here, we report what to our knowledge is the first study
of the differential force response of FLNa segments:
IgFLNa 1–8, IgFLNa 8–15, and IgFLNa 16–23 using
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FIGURE 1 (A) Schematic structure of the FLNa monomer. The rod 1

segment contains domains IgFLNa 1–15 and the rod 2 segment contains

domains IgFLNa 16–23. (B) SDS-PAGE gel of purified proteins used in

this study. Proteinswere stainedwithCoomassie brilliant blue (CBB) and de-

tected by anti-His antibody and streptavidin conjugated with peroxidase

(POD).

FIGURE 2 (A) Schematic representation of the magnetic-tweezers setup.

The protein is tethered between a paramagnetic bead and the coverslip

surface. Force is applied to the bead by a pair of permanent magnets above

the sample, and changing the distance, d, between the magnets and the bead

controls the magnitude of the force. Beads are illuminated by light through

the objective and imaged by charge-coupled device. A bead stuck on the

surface is used as a reference to eliminate drift in three dimensions. (B)

Schematic representation of the unfolding of a domain in the tethered

protein. Domain unfolding leads to an abrupt increase in the height of the

bead, Dz. The resulting change in the bead diffraction pattern is used to

measure Dz at a resolution of ~2 nm.
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a magnetic-tweezers setup under low loading rate or
constant force. We use IgFLNa 8–15 instead of IgFLNa
9–15 to have equivalent numbers of Ig repeats to IgFLNa
1–8 and 16–23. A difference in mechanical stability has
been observed among IgFLNa 1–8, 8–15, and 16–23.
Most important, some domains in FLNa 16–23 are suscep-
tible to forces of ~10 pN or even less, which are comparable
to in vivo forces that can be generated by one or a few
myosins (12). For comparison, domains in IgFLNa 1–8
and IgFLNa 8–15 can withstand much higher forces
(~20 pN or above).
MATERIALS AND METHODS

Three protein constructs of FLNa segments, IgFLNa 1–8, IgFLNa 8–15,

and IgFLNa 16–23, with a His-tag at the N-terminal and an Avi-tag at

the C-terminal ends were expressed and purified according to the protocol

of Chen et al. (13) (see Preparation of protein constructs in the Supporting

Material). Fig. 1 B shows an SDS-PAGE gel of the purified proteins used in

this study. The His-tag and biotin labels are confirmed by anti-His antibody

and streptavidin conjugated with peroxidase.

A magnetic-tweezers setup was used to stretch the three protein

constructs (Fig. 2 A) (13). To maximize the force, the sample channel

was made by sandwiching two coverslips with parafilm in between, and

two permanent magnets were placed close to each other above the sample.

Illumination was through the objective and back-scattered light of the bead

was used to form an image on the charge-coupled device (see Magnetic

tweezers in the Supporting Material).

In the experiments, the His-tag on the N-terminal end of the protein was

attached to a nitriloacetic acid (NTA)-nickel- or NTA-copper-coated cover-

slip surface (14), and the biotinylated Avi-tag on the C-terminus was

attached to a 2.8-mm-diameter streptavidin-coated paramagnetic bead
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(Dynal M-280 bead, Invitrogen, Carlsbad, CA). The paramagnetic bead is

used not only to apply force to the tethered protein, but also as a reporter

of the extension changes of the protein under tension (see Sample prepara-

tion in the Supporting Material). When a domain in the tethered protein is

unfolded, the extension will display a stepwise increase (see Fig. 2 B). Our

magnetic-tweezers setup has a spatial resolution of ~2 nm and a temporal

resolution of ~10 ms (13).

Adjusting the distance, d, between the permanent magnets and the

sample can control the force, F(d) (Fig. 2 A). Working under the force-

clamp mode, d was fixed and a constant force was applied. In this

mode, the tether was held for 30 s at each force. The three-dimensional

bead fluctuation is recorded under each force step. Because the protein

tethers are very short, this fluctuation cannot be directly used to calculate

forces >10 pN (13). Forces >10 pN can be calibrated using a calibration

curve, F(d), obtained from long l-DNA with contour length ~16 mm (13).

Due to the heterogeneity of the Dynal M-280 bead, at a given d, the

force can vary with a standard deviation of ~20%. After eliminating the

heterogeneity at forces <10 pN, where the force can be directly calculated

by bead fluctuation, the relative error in force calibration is ~5% using

the method described in Chen et al. (13). The accuracy of force measure-

ment was confirmed previously by overstretching of short DNA (15).

Loading rate control is also implemented in experiments. In the loading

rate control experiments, the magnets are moved according to a pro-

grammed trajectory, d(t), which was designed such that force F(t) is a linear

function. In this constant-loading-rate working mode, we cannot calculate

the force applied to individual beads, since the force is varying with

time. Instead, we calibrate force based on the averaged F(d) (13). As

a result, both loading rate and unfolding force estimated in the constant-

loading-rate experiments have a relative error of ~20% for each individual

measurement. Our conclusion is based on statistical analysis from >10

tethers in all experiments.

The force-clamp working mode and loading-rate control can also be done

using AFM with feedback control (16). Compared with AFM, magnetic

tweezers have worse spatial and temporal resolution, but they have the

advantages of ultrastable force and long-term three-dimensional bead

tracking without drift.
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RESULTS

Mechanical stability of the rod 1 domains

As mentioned in the Introduction, the rod 1 domains of
FLNa include IgFLNa 1–15, in which the domains are line-
arly arranged. These domains can be further divided into
two segments, IgFLNa 1–8, which barely interacts with
F-actin, and IgFLNa 9–15, which increases affinity to
F-actin by one order of magnitude (6). The functional differ-
ence between these two segments may cause difference in
their mechanical stability. Therefore, we investigate their
stability separately. To have an equal number of domains
for comparison, we have used IgFLNa 8–15 instead of
IgFLNa 9–15 in experiments.

We begin with the studies of IgFLNa 1–8 where the
tethers are stretched by a force of 2~170 pN. Fig. 3 A shows
two representative processes of stretching IgFLNa 1–8
tethers at a constant loading rate 1.6 5 0.3 pN/s (see
Magnetic tweezers in the Supporting Material). A gradual
increase in extension, which indicates the elastic response
of intact IgFLNa 1–8, was observed till the force reached
~50 pN.

Domain unfolding started at ~50 pN, as indicated by
a stepwise extension increase of ~25 nm. More unfolding
events were observed at higher forces till the tether broke.
In these two representative unfolding processes, one tether
has all the eight domains unfolded before tether breaking,
whereas the other has seven domains unfolded before tether
breaking. In most experiments, less than eight unfolding
events could be recorded before tether breaking. The tether
breaking occurs at either the His-tag end or the biotin end,
FIGURE 3 (A) Two representative unfolding processes of IgFLNa 1–8 under a

the upper curve. (B) Histogram of the unfolding forces of IgFLNa 1–8 under a co

unfolding forces for IgFLNa 1–8 under three different loading rates. The solid lin

course of the unfolding process of IgFLNa 1–8 under constant forces indicated b

gram of the unfolding forces of IgFLNa 1–8 from 52 unfolding events obtained ac

of IgFLNa 1–8.
since these are the only noncovalent linkages in the tether.
Although the force of dissociation of His-tag from the
Ni/Cu-NTA surface has not been reported, it is likely the
weakest link, since the dissociation constant of His-tag
from the Ni/Cu-NTA surface is much lower than that of
biotin-streptavidin (18). Therefore, we believe that it may
contribute the most to tether breaking in our experiments.

To quantify the mechanical stability of IgFLNa 1–8, we
collected 107 unfolding events from 20 tethers under the
same loading rate, 1.6 5 0.3 pN/s, and plotted the histo-
grams of the unfolding forces in Fig. 3 B. It can be seen
that the unfolding forces of IgFLNa 1–8 are distributed in
a wide range, with a peak at ~70 pN. To estimate the energy
barrier that unfolding of domains needs to overcome, we
plotted the peak force as a function of three loading rates:
0.16 5 0.03 pN/s, 1.6 5 0.3 pN/s, and 16 5 3 pN/s (see
Distributions of unfolding forces of IgFLNa 1–8 under
different loading rates in the Supporting Material). We do
not have loading-rate dependence over a wider range due
to instrument limitation. As expected, the force depends
linearly on the loading rate in the logarithm scale (19):
f � ¼ kBT=xu lnðxur=kBTk0FÞ, where f � is the peak of the
unfolding force, kB is Boltzmann’s constant, T is the abso-
lute temperature, r is the loading rate, xu is the distance
between the native state and the transition state along the
force direction, and k0F is the unfolding rate of protein
domain at zero force. From the fitting, xuwas estimated to
be 0.405 0.06 nm, and k0F � 1:1� 10�4 s�1. For compar-
ison, xu � 0:25nm and k0F � 3:3� 10�4 s�1 for titin I27 in
previous AFM experiments using tandem I27 domains (20).
Here, we want to emphasize that the domains in IgFLNa 1–8
fixed loading rate of ~1.6 pN/s. An extension offset of 100 nm is applied to

nstant loading rate of ~1.6 pN/s. The distribution peak is at ~70 pN. (C) Peak

e is a linear fit of the three experimental data points. (D) Representative time

y the different colors. At each force, the tether was held for 30 s. (E) Histo-

cording to the procedure inD. (F) Histogram of the unfolded contour length
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FIGURE 4 (A) Two representative unfolding processes of IgFLNa 8–15

under a loading rate of ~1.6 pN/s. An extension offset of 100 nm is applied

to the upper curve. (B) Histogram of unfolding forces of IgFLNa 8–15

under the same loading rate as in A. (C) Histogram of the unfolded contour

length of IgFLNa 8–15.
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are heterogeneous in amino acid sequence and molecular
weight; therefore, these results should be considered as
average over all the domains. Due to many uncertain factors
from domain heterogeneity, we have refrained from
studying the loading-rate dependence for other segments.
In the rest of the experiments, the loading rate was fixed
at 1.6 5 0.3 pN/s, since under this loading rate, the time
required to build up ~10 pN is close to the timescale
observed in the protrusion-retraction cycle of cells (11).

Compared with AFM, magnetic tweezers have a unique
advantage in stable force-clamp mode over long time.
This allows studies of unfolding dynamics under constant
forces. Fig. 3 D shows a representative unfolding time
course of IgFLNa 1–8 under a series of constant forces.
At each force, the tether was kept for 30 s. Then, the
magnets were moved 0.5 mm closer to the bead to apply
a bigger force. Therefore, the force increases stepwise and
nearly exponentially, since F(d) is nearly an exponential
function (13). In the figure, the time course recorded at
a particular constant force is indicated by a unique color.
Unfolding started at ~38 pN, where two unfolding events
were observed. At a larger force, ~71 pN, three more unfold-
ing events were recorded before the tether broke.

Similar to the unfolding experiment under constant
loading rate, we quantify the mechanical stability of IgFLNa
1–8 by making a histogram of the unfolding force over 52
unfolding events. Fig. 3 E shows that the unfolding forces
are distributed in a wide range, with a peak at ~35 pN,
smaller than the ~70-pN peak force observed under the
loading rate of 1.6 5 0.3 pN/s. This is not surprising, since
the experimental timescale is longer in the force-clamp
experiment than in the experiments with ~1.6 pN/s constant
loading rate.

In both the constant-loading-rate and force-clamp-mode
experiments, the unfolding events are characterized by
a stepwise increase in extension. Assuming that an unfold-
ing event results in conversion of a folded structure into
an extended peptide chain, the released contour length can
be estimated using the wormlike chain (WLC) with a persis-
tence length of 0.5 nm (21,22). Fig. 3 F shows histograms of
the unfolded contour length based on 360 unfolding events
obtained from both constant-loading-rate and constant-force
experiments. A peak of ~31 nm is observed, consistent with
previous AFM data showing a peak of 31 nm for FLNa Ig
domains, which have an average of ~96 amino acids/domain
(10), and a peak of ~29 nm for titin I27, which has 89 amino
acids (23,24).

Having analyzed the mechanical stability of IgFLNa 1–8,
we proceeded to study IgFLNa 8–15, which contains the
secondary actin-binding sites under a constant loading rate
of 1.65 0.3 pN/s. Fig. 4 A shows two representative unfold-
ing processes of IgFLNa 8–15, of which one curve shows
eight unfolding events before tether breaking. Fig. 4 B
shows the peak of the unfolding force shifting to a smaller
force of ~40 pN. This is not surprising, since IgFLNa
Biophysical Journal 101(5) 1231–1237
8–15 contains the secondary actin binding sites, whereas
IgFLNa 1–8 does not. Compared with Fig. 3 F, the histo-
gram of the unfolded contour length for IgFLNa 8–15
(Fig. 4 C) did not appear to be different from that for
IgFLNa 1–8, except that there seem to be slightly more
unfolding events, with a shorter unfolded contour length
of ~15 nm observed for IgFLNa 8–15.
Mechanical stability of the rod 2 domains

Comparing with the linearly arranged rod 1 domains, rod 2
domains (IgFLNa 16–23) are arranged very differently. A
remarkable feature of IgFLNa 16–23 is that it is a compact
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structure due to interdomain interaction (6,7). In addition,
IgFLNa 16–23 is also functionally distinct from the rod 1
domains. It provides binding sites for numerous proteins
of great functional diversity (3,9). It has been suggested
that interdomain interactions in IgFLNa 16–23 and its
binding proteins are regulated by mechanical force (8,9).
As such, IgFLNa 16–23 is also considered to play critical
roles in mechanosensing of FLNa. The unique domain orga-
nization of IgFLNa 16–23 and its possible relevance to the
mechanosensing functions of FLNa make it important to
investigate its force response, which has remained unclear
to date.

Fig. 5 A shows two representative unfolding processes of
IgFLNa 16–23 under a constant loading rate of 1.6 5 0.3
pN/s. Unfolding events were observed at<20 pN. The histo-
gram of the unfolding force (Fig. 5 B) shows that the force
peak shifts to 10–20 pN, significantly lower than the unfold-
ing force peaks of ~70 pN and ~40 pN observed for IgFLNa
1–8 (Fig. 3 B) and IgFLNa 8–15 (Fig. 4 B), respectively. A
similar trend was observed in the constant-force experi-
ments. In the representative time course of the constant-
force experiment (Fig. 5 C), unfolding was observed at
a small force of ~7 pN. Consistent with this, the histogram
of unfolding force shows a peak at <10 pN (Fig. 5 D). In
fact, a significant fraction of unfolding events (~40%)
occurred under a force of <10 pN. These results clearly
demonstrate that IgFLNa 16–23 is much less mechanically
stable than the rod 1 domains. Our results suggest that
unfolding of some domains inside IgFLNa 16–23 are
possible in vivo, since the unfolding force of ~10 pN is close
to the force generated by one or a few myosin motors (12).
FIGURE 5 (A) Two representative unfolding processes of IgFLNa 16–23 unde

to the upper curve. (B) Histogram of the unfolding forces of IgFLNa 16–23 u

unfolding processes of IgFLNa 16–23 in force-clamp measurements in which

was held for 30 s. (D) Histogram of the unfolding forces of IgFLNa 16–23 in

to the procedure in C. (E) Histogram of the unfolded contour length of IgFLNa
To see whether there is a difference in the unfolded
contour length, we plotted the histogram of the unfolded
contour length (Fig. 5 E), which shows that the peak is still
located at ~31 nm, similar to the peaks observed in IgFLNa
1–8 and IgFLNa 8–15. However, the fraction of small steps
seems larger in IgFLNa 16–23. From the data we have
collected, the fraction of unfolding events that released
<20-nm contour lengths was 11% for IgFLNa 1–8, 17%
for IgFLNa 8–15, and 19% for IgFLNa 16–23, which is
similar to that for IgFLNa 8–15. A possible explanation
for the smaller unfolding lengths in IgFLNa 8–15 and
IgFLNa 16–23 is that they are less stable than IgFLNa
1–8. It can be intuited that a less stable domain is more
likely to have partially unfolded intermediate structures at
low loading rates.
DISCUSSION

Our experiments have revealed differential mechanical
stabilities of the three FLNa segments: IgFLNa 1–8, IgFLNa
8–15, and IgFLNa 16–23. The rod 2 segment, IgFLNa
16–23, has a distinct distribution of the unfolding forces
from IgFLNa 1–8 and IgFLNa 8–15 in the rod 1 segment.
A significantly large percentage of unfolding events for
IgFLNa 16–23 occurred at a lower force range compared
with IgFLNa 1–8 and IgFLNa 8–15. To see more details
of the unfolding events at low force, we replotted the histo-
grams of unfolding force using the data from Figs. 3 B, 4 B,
and 5 B in logarithm scale for all three segments under the
same loading rate of 1.6 5 0.3 pN/s. Fig. 6 shows that in
logarithm scale, the unfolding forces of IgFLNa 1–8 and
r a fixed loading rate of ~1.6 pN/s. An extension offset of 100 nm is applied

nder the same loading rate as in A. (C) Representative time course of the

different forces are indicated by different colors. At each force, the tether

force-clamp measurements from 86 unfolding events obtained according

16–23.
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FIGURE 6 Histograms in logarithm scale of unfolding forces for IgFLNa

1–8 (upper), IgFLNa 8–15 (middle), and IgFLNa 16–23 (lower) at a loading

rate of ~1.6 pN/s. Solid curves are results of Gaussian fitting of the distri-

bution peaks.
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IgFLNa 8–15 still show single-peak distribution. However,
a unique two-peak distribution was revealed for IgFLNa
16–23. One peak is located at ~12 pN, whereas the other
occurs at ~40 pN. The force peak at 12 pN is interesting,
because it is rarely observed in either IgFLNa 1–8 or
IgFLNa 8–15 and is close to forces generated by myosin
motors.

The different mechanical stability of these segments must
be related to how their Ig domains are organized. An intact
IgFLNa domain without pairing interaction with neigh-
boring domains is composed of seven b-strands (A–G)
(25). The first strand and last strand have the same orienta-
tion, resulting in a shear-force pulling geometry when the
force is applied to its two termini (see Stretching geometry
in the Supporting Material). In a linear array of such Ig
domains, such as IgFLNa 1–8, IgFLNa 8–15, or tandem titin
I27 domains (23,24), all the domains will feel the same
shear force when the array is stretched. The situation is
different in IgFLNa 16–23, where there are domain pairs
(7,8). Strands A of IgFLNa 18 and 20 are excluded from
their normal positions and interact with the CD faces
of neighboring IgFLNa 19 and 21, respectively. When
stretched, these interfaces will feel an unzipping force;
therefore, these interfaces should be unzipped at lower
forces (9). We propose that the unfolding at smaller forces
centered on ~12 pN is likely related to the dissociation of
these domain pairs in IgFLNa 16–23.
Biophysical Journal 101(5) 1231–1237
The presence of the second peak of unfolding force in
IgFLNa 16–23, at ~40 pN, can also be understood in terms
of the domain organization. After unzipping of an interface
in a domain pair, the two dissociated domains may be
subject to different force geometry. For example, right after
the A-strand of IgFLNa 20 is unzipped from IgFLNa 21,
IgFLNa 20 is still under the unzipping-force geometry. In
contrast, the domain 21 will be in shear-force geometry
(9) and can withstand a higher force. Such domains (IgFLNa
17, 19, 21, 22, and 23) should have force responses similar
to those in the rod 1 segment. This may explain why the
second peak at higher unfolding force exists in IgFLNa
16–23.

According to the simulation results in Pentikäinen and
Ylänne (9), a few different intermediate states may exist
during domain-pair dissociation of IgFLNa 20-21 and
IgFLNa 18-19, corresponding to different unfolding steps.
In our experiments, we cannot differentiate between domain
unfolding and domain-pair dissociation. However, such
signals should lead to a broader distribution of the nominal
unfolded contour length converted from the unfolding-step
size according to the WLC polymer model. This is in
general agreement with our observation of a greater number
of smaller unfolded contour lengths in IgFLNa 16–23
(Fig. 5 E) compared with that in IgFLNa 1–8 (Fig. 3 F).
Here, we should note that IgFLNa 8–15 also had a significant
fraction of unfolding events with smaller released contour
length (Fig. 4 C). However, this does not conflict with our
argument, since IgFLNa 8–15 is also less stable than
IgFLNa 1–8.

The mechanical stability of the entire IgFLNa 1–24 had
been investigated using AFM at a pulling rate of 0.37 mm/s.
Three distinct peaks of unfolding forces were reported at
~85 pN, ~135 pN, and ~185 pN (10). This is consistent
with observations in our experiments of three peaks, located
at ~12 pN (IgFLNa 16–23), ~40 pN (IgFLNa 8–15 and
IgFLNa 16–23), and ~70 pN (IgFLNa 1–8), obtained under
a loading rate of ~1.6 pN/s. The peak forces in our experi-
ments are shifted to a lower force range than those observed
in AFM experiments, which can be understood by the differ-
ence in the loading rates between the AFM experiments
and our magnetic-tweezers experiments. From the pulling
rate of 0.37 mm/s in the AFM experiment, the loading
rate upon unfolding of FLNa domains is ~2000 pN/s, three
orders of magnitude faster than our constant loading rate of
~1.6 pN/s (see Loading rate estimate in AFM experiment in
the Supporting Material). The AFM experiments also report
a peak of ~31 nm in the distribution of the unfolded contour
length. A histogram based on all data obtained from
IgFLNa 1–8, 8–15, and 16–23 has shown a similar peak
around ~31 nm but with a larger portion of small unfolded
contour lengths ~15 nm (see Overall distribution of
unfolded contour length in the Supporting Material). This
difference is likely because more intermediate unfolding
states were observed in our magnetic-tweezers experiments,
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with a much lower loading rate than that used in the AFM
experiments.

Our finding that the rod 1 and rod 2 segments have
different mechanical stability has important implications
for the functions of FLNa. The stable rod 1 segment is
compatible with the function of supporting the tension of
the actin network, whereas the less stable rod 2 region is
consistent with the function of mechanosensing. For
example, it is known that the CD face of domain 21 is the
binding site of the b-integrin tail (26). However, this binding
is inhibited unless the A-strand of domain 20 dissociates
from the domain 21 (8). Our results suggest that the disso-
ciation of a domain pair in IgFLNa 16–23 can occur under
a force of ~10 pN or less, which is close to the force range
that can be generated by several myosin motors (12). Taken
together, these results suggest that a force-regulated FLNa-
integrin interaction by multiple myosin motors is possible
in vivo (27).
SUPPORTING MATERIAL
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