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ABSTRACT: Filamin C (FLNC), a large dimeric actin-binding
protein in muscle cells, plays a critical role in transmitting force in
the cytoskeleton and that between membrane receptors and the
cytoskeleton. It performs crucial mechanosensing and downstream
mechanotransduction functions via force-dependent interactions
with signaling proteins. Mutations in FLNC have been linked to
muscle and heart diseases. The mechanical responses of the force-
bearing elements in FLNC have not been determined. This study
investigated the mechanical responses of FLNC domains and their
dimerization interface using magnetic tweezers. Results showed
high stability of the N-terminal domains in the rod-1 segment but
significant changes in the rod-2 domains in response to forces of a
few piconewtons (pN). The dimerization interface, formed by the R24 domain, has a lifetime of seconds to tens of seconds at pN
forces, and it dissociates within 1 s at forces greater than 14 pN. The findings suggest the FLNC dimerization interface provides
sufficient mechanical stability that enables force-dependent structural changes in rod-2 domains for signaling protein binding and
maintains structural integrity of the rod-1 domains.

■ INTRODUCTION
Filamin C (FLNC) is an isoform of the filamin family that is
predominantly expressed in striated muscle cells and
cardiomyocytes. This protein plays a crucial role in skeletal
and cardiac muscle development. It has been extensively
studied, and its significance has been established through
various research studies.1−7 FLNC is primarily located in the
Z-discs, costameres, and intercalated discs of skeletal and
cardiac muscle cells, where it acts as a cross-linker between
actin filaments and various binding partners, such as integrin,
Xin protein, and aciculin.6,8−11 Deficiency, mutations, and
truncations of FLNC have been linked to various skeletal and
cardiac myopathies, such as myofibrillar skeletal myopathy
(MFM), dilated cardiomyopathy (DCM), and arrhythmogenic
cardiomyopathy (ACM).12−18 This highlights the critical role
that FLNC plays in maintaining the structural integrity and
function of skeletal and cardiac muscles.

The three isoforms of filamin, FLNA, FLNB, and FLNC,
have similar structural organizations, each forming a V-shaped
functional dimer within cells through the C-terminal self-
association domain (R24).2,4,7,19,20 The monomeric unit of
filamin consists of two N-terminal actin-binding domains
(ABDs) followed by 24 immunoglobulin-like (Ig-like) repeats
(R1−24), which are separated into rod-1 segment (R1−15),
rod-2 segment (R16−23), and the dimerization domain (R24)
by two calpain-sensitive hinges located between R15 and R16,
and R23 and R24.2,20 The key difference between FLNC and
FLNA and -B is the FLNC-specific insertion of 82 amino acids

in FLNC R20.6 The rod-1 domains mainly bind to actin
filaments and a few other binding partners, such as Cbl-
associated protein and ankyrins-G.4,21,22 The rod-2 segment,
on the other hand, provides the majority of the binding sites
for FLN binding proteins, including signaling proteins, kinases,
and membrane receptors.8,23−28 Unlike the linear arrangement
of the rod-1 Ig-like repeats, the rod-2 Ig-like repeats are
organized in a compact conformation with extensive
interactions between neighboring domains that suppress
binding by FLN binding factors. It has been suggested that
this suppression can be relieved by high enough tensile forces
transmitted across FLN dimers, making the rod-2 segment the
major player in the mechanotransduction function of
FLNs.2,7,29

The FLNC gene plays a crucial role in the development of
both skeletal and cardiac muscle. Inadequacies in FLNC, such
as mutations and truncations, have been linked to abnormal
cell behavior and tissue development. For instance, the
deletion of FLNC in cardiomyocytes leads to disordered Z-
disk and sarcomere alignments, resulting in decreased cortical
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tension.30 A particular mutation in the dimerization domain
(W2710X) of FLNC, which was found in families affected by
MFM, causes the loss of FLNC’s dimerization ability and leads
to the formation of aggregates in muscle cells.12 Another
mutation in the R20 domain (G2151S) of FLNC was reported
in a young patient with severe heart failure, causing abnormal
sarcomere organization and misalignment of myofibrils.31

The FLNC dimers are important in transmitting cytoskeletal
forces and are involved in both mechanosensing and

mechanotransduction. To fully comprehend their functions,
it is imperative to comprehend the range of forces transmitted
through FLNC dimers as well as the duration of the tension.
Moreover, it is important to comprehend the responses of the
FLNC Ig-like repeats to these forces, as this information is
necessary for a better understanding of the biophysical
principles underlying their roles in mechanosensing and
mechanotransduction. Despite its significance, this information
is lacking in the field.

Figure 1. Illustration representing the proposed mechanisms for FLNC’s response to tensile forces during mechanical transmission, which results in
its mechanosensing and mechanotransduction capabilities. The top panel illustrates FLNC’s connections between membrane receptors and the
cytoskeleton, and the bottom panel emphasizes FLNC’s role in cross-linking the cytoskeleton and its binding to signaling proteins.

Figure 2. Design of single-molecule detectors for investigating the mechanical stability of FLNC R24 dimers and rod domains using a magnetic-
tweezers setup. (a) The single-molecule construct designed to assess the mechanical stability of FLNC R24 dimers. The bead height change (Δh)
between the associated R24 dimer and dissociated R24 dimer is measured. These cycles promote the formation of the R24 dimer at low force and
induce its dissociation at high force, thereby determining the dwell time (Δtdissociate) of FLNC R24 dimer dissociation under high force conditions.
(b) Single-molecule construct designed to evaluate the mechanical stability of FLNC rod domains. The structure of FLNC R14−R15 is shown as
an example. The bead height change (Δh) between the folded and unfolded Ig-like domains is measured. The right panel displays the time-varying
forces applied to the FLNC rod domain constructs to measure the unfolding forces of FLNC Ig-like domains.
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In this research, the behavior of FLNC under tensile forces
was analyzed using a magnetic-tweezer setup developed in-
house, as described in previous studies.32,33 Our findings
demonstrate that the dimerization core of FLNC has a lifespan
ranging from a few seconds to tens of seconds when exposed to
forces lower than 14 pN. However, it disassembles rapidly
when forces surpass 14 pN. Under the 14 pN threshold, the
FLNC rod-1 Ig-like domains remain intact, while the FLNC
rod-2 Ig-like domains undergo significant unraveling under
piconewton forces. These results indicate that the FLNC
dimerization interface acts as a mechanical breaker, limiting the
transmission of forces within the FLNC dimer to below 14 pN
and controlling the structural stability of the Ig-like domains in
the rod-1 and rod-2 regions differently (Figure 1).

■ METHODS
The Design of a Single-Molecule Detector for the

Mechanical Stability of FLNC R24 Dimers. To study the
mechanical stability of FLNC R24 dimers, we devised a protein
construct that enables us to perform single-molecule assays and
directly measure the lifetimes of the dimers under physiologically
relevant forces. The construct comprises two R24 monomers linked
by a long (155 a.a.) flexible GS-linker, which allows for easy detection
of dimer dissociation due to the long extension change that occurs
(Figure 2a).34 Additionally, the close proximity of the dissociated R24
monomers facilitates their reassociation under low force, thus
improving the experimental efficiency. We also inserted two well-
studied titin I27 domains between the N-terminal SPY-tag and the
first FLNC R24 domain as a spacer, separating the FLNC R24 dimer
from the bottom glass surface. A 1000 bp double-stranded DNA
(dsDNA) spacer is placed between the biotin tag at the N-terminus of
the second FLNC R24 and a 2.8 μm-diameter superparamagnetic
bead (Dynabeads M-270, Invitrogen) (Supporting Information S1,
S2, and S3). Using an in-house magnetic-tweezers setup,32 forces are
applied to the bead to simulate physiological stretching conditions,
causing the dimer to stretch from the N-termini of both domains. The
resulting distributions of the dwell lifetimes of FLNC R24 dimers

until dissociation are recorded under constant forces, and any
dissociation of the dimers or other structural transitions (e.g., FLNC
R24 domain unfolding) result in stepwise changes in bead height that
equal the extension change.33

The Design of a Single-Molecule Detector for the
Mechanical Stability of FLNC Rod Domains. To investigate the
mechanical stability of FLNC rod domains, we designed protein
constructs to apply single-molecule assays that directly detect the
force at which the FLNC rod domains unfold at a physiologically
relevant force loading rate (Figure 2b, Supporting Information S4).
The single-molecule constructs consist of several FLNC Ig-like
domain repeats whose mechanical stabilities are to be determined
(FLNC R1 to R8, R9 to R15, or R16 to R23), a SPY-tag for attaching
rod domains to the bottom glass surface, and the Avi-tag for
connecting the neutralavidin-coated 2.8 μm-diameter superparamag-
netic bead with the single-molecule construct (Supporting Informa-
tion S1, S2, and S3). Similarly, forces are applied to the beads using an
in-house-constructed magnetic-tweezers setup, and the FLNC rod
domains undergo structural transitions under the mechanical
stretching. The FLNC Ig-like domain repeats unfolding events are
detected if the stepwise bead height changes are observed. The
distributions of the forces at which the FLNC Ig-like domain
unfolding events are recorded under time-varying forces are recorded
to examine the mechanical stabilities of FLNC rod domains.

■ RESULTS
FLNC Dimerization Interface Acts as a Mechanical

Breaker during Force Transmission.We performed a study
on the impact of force on the lifetime of FLNC R24 dimers
using magnetic tweezers and a custom-designed single-
molecule construct. The design mimics the natural N-to-N
terminal stretching geometry of FLNC dimers during force
transmission. In our experiment, we applied an initial force of 1
pN, which kept the R24 dimer stable, followed by a jump in
the force to measure its lifetime. Our results, displayed in
Figure 3, showed that at 3 pN the linked FLNC R24 dimer
underwent reversible transitions between the associated and

Figure 3. Dwell time measurements of the R24 dimer at different forces. (a) The relationship between bead height and time for the FLNC R24
dimer is shown, with each force−jump cycle depicted in a different color for forces of 8 and 14 pN. The zero time point marks the moment when
the applied force transitions from 1 pN to the focused forces of 3, 8, and 14 pN. The right insets in each panel display the red and blue blocks
representing the dissociated, associated, and combined dissociated and one unfolded R24 domain states of the FLNC R24 dimer. The double
arrows indicate the recorded dwell time in each cycle. (b) Histogram of dwell times is shown, along with the fitted curve that was used to calculate
the lifetime of the FLNC R24 dimer at the focused forces (represented as τ) through a single-exponential decay.
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dissociated states, which were indicated by two distinct levels
of bead height. The histogram of the dwell times of the
dimerized state was fitted with a single-exponential decay
function, yielding an average lifetime of τ3 pN = 26.8 ± 3.3 s. As
the applied force increased to 8 and 14 pN, the dimer
underwent one-way dissociation transitions, with exponential
fittings yielding τ8 pN = 4.6 ± 0.9 s and τ14 pN = 1.1 ± 0.2 s,
respectively. It is important to note that at 14 pN, the force-
bearing R24 domain unfolded concurrently with the
dissociation, as evidenced by the step size (inset) in the
Supporting Information S5.

The above-mentioned approach was utilized to determine
the force-dependent lifetimes over a range of 3 to 14 pN, using
six different force values. The results indicated a strong
sensitivity to force and showed that the FLNC R24 dimer has a
lifetime ranging from seconds to over 10 s at forces lower than
14 pN (Figure 4a and Supporting Information S6), which
estimate the FLNC R24 dimer dissociation force distribution
(Figure 4b and Supporting Information S7). The error bars,
which were obtained through bootstrap sampling of the

collected data 200 times, were used to indicate standard
deviations (Supporting Information S8). The logarithmic
profile of the lifetime, τ( f), shows that the dissociation kinetics
overall agrees with Bell’s model excluding the 3 pN data point
with short-lived dissociated state that could lead to biased
lifetime due to the finite instrument sampling rate (200
Hz).35,36 Fitting with Bell’s model k0eFδ/kBT for forces greater
than 3 pN yielded a tempting rate of k0 ≈ 0.04 s−1 and a
transition distance of δ ≈ 1.0 nm.
FLNC Rod-1 Domains Are Mechanically Stable in the

Physiological Force Range. In the following analysis, the
mechanical stability of FLNC rod-1 domains, consisting of two
sections, R1−R8 and R9−R15, was thoroughly examined. To
assess their stability, time-varying forces were applied,
increasing from 1 pN to 80 pN. The force−bead height curves
were recorded during the process, and stepwise increases in
bead height in the curves were used as indicators of domain
unfolding events.

Figures 5 and 6 depict the representative force−height
curves of FLNC R1−8 (Figure 5a) and R9−15 (Figure 6a) at

Figure 4. Stability of the FLNC R24 dimer under mechanical stress. (a) The lifetimes of the dimer at various forces ranging from 3 to 14 pN. The
dotted line indicates the best-fitting curve based on Bell’s model. (b) The estimated distribution of dissociation forces for FLNC R24 dimers,
considering force loading rates of 10, 1, and 0.1 pN/s, based on the recorded lifetimes.

Figure 5. Response of FLNC R1 to R8 domains to increasing time-dependent forces with loading rates of 10, 1, and 0.1 pN/s. (a) The
representative curves of the height of the bead versus forces from three independent tethers at each loading rate. Each step signal represents the
unfolding of one Ig-like domain. (b) The distribution of unfolding forces and the contour length released with each step signal. (c) The number of
domains that unfold during each cycle.
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different loading rates of 10, 1, and 0.1 pN/s. The results show
that the majority of unfolding events occur at forces ranging
from 14 to 80 pN across all loading rates (Figures 5b and 6b).
In most scans, fewer than eight unfolding events are observed
for R1−8 and less than seven for R9−15, suggesting that some
domains remain folded up to 80 pN during the force loading
process. Consistently, the data also indicate that more domains
unfold at lower loading rates, as shown in Figures 5c and 6c.
The histogram of contour lengths of the polypeptide released
from unfolding events has a center point around 35 nm,
matching the expected number of amino acids (around 100)
absorbed in individual Ig-like repeats (Supporting Information
S9) taking into account the contour length per residue of
≈0.38 nm.37 These results highlight the unfolding events that
correspond to the unfolding of individual Ig-like repeats in rod-
1 and the varying mechanical stability of the Ig-like repeats.
The most significant finding from the unfolding force

histograms is that both R1−8 and R9−15 are stable under
forces below 14 pN, where the force transmission across FLNC
dimers can last seconds to tens of seconds.

We have observed in Figures 5b and 6b that the unfolding
forces of the rod domains exhibit flat distributions across a
broad range of forces, which is due to the combination of
unfolding force profiles from different Ig repeats. Additionally,
although the majority of the rod-1 domains are mechanically
stable, some of them can still unfold at forces as low as a few
pN.
FLNC Rod-2 Domains Are Mechanosensitive to pN

Forces. In our investigation of the mechanical stability of
FLNC rod-2 domains (R16 to R23), we used force-loading
scans to examine the behavior of the domains under a loading
of 1 pN/s. As shown in Figure 7, the results of these scans
revealed a significant difference in the stability of the rod-2
domains compared to that of the rod-1 domains. Unlike the

Figure 6. Response of FLNC R9 to R15 domains to increasing time-dependent forces with loading rates of 10, 1, and 0.1 pN/s. (a) The
representative curves of the height of the bead versus forces from three independent tethers at each loading rate. Each step signal represents the
unfolding of one Ig-like domain. (b) The distribution of unfolding forces and the contour length released with each step signal. (c) The number of
domains that unfold during each cycle.

Figure 7. Mechanical responses of FLNC rod-2 domains, as represented by the height of the bead against forces with a loading rate of 1 pN/s. The
use of different colors indicates varying force cycles. The stepwise signals in the zoomed-in region demonstrate the structural transitions of FLNC
rod-2 domains.
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rod-1 domains, which showed little unfolding at forces below
14 pN (Figures 5b and 6b), the rod-2 domains displayed
numerous unfolding events (Figure 7, insets 1 and 2). This
highlights the fact that the FLNC rod-2 domains are
significantly less mechanically stable than the rod-1 domains,
and the unfolding events at forces below 14 pN are particularly
noteworthy due to the R24 dimer’s ability to persist for
seconds to tens of seconds at forces lower than 14 pN. Here,
we would like to highlight that due to the rapid unfolding and
refolding rates of the rod-2 domains of FLNC at pN forces and
37 °C, it becomes challenging to capture distinct unfolding and
refolding steps with our limited sampling rate. However, clear
steps can be observed at 23 °C (Supporting Information S10).

For both rod-1 and rod-2 domains subjected to repeated
pulling, we held the molecule at 1 pN for 60 s to allow the
unfolded domains to refold. In the subsequent force-loading
cycle, we observed similar contour lengths being released at
similar force ranges, indicating that the domains were likely
refolded into their native state. It is worth noting that over
time, some of the domains gradually lose their ability to refold
during the repeated cycles of unfolding. This leads to a longer
extension at lower forces, as observed in our experiments. To
ensure that the majority of the domains refolded, we restricted
the number of cycles per tether to 5 cycles. The sample sizes of
recorded unfolding events of rod-1 and rod-2 domains are
provided in Supporting Information S11.
Comparison of the Mechanical Stability between

FLNC Dimerization Interface and Rod Domains. To gain
insight into the mechanisms of force transmission in the FLNC
dimer and its effect on structural transitions in the force-
bearing rod domains, we compare the mechanical stability of
the FLNC dimerization interface and the rod domains under
similar force loading conditions. Figure 8 illustrates the

probability of domain unfolding for the R1−R8 (top panel)
and R9−R15 (middle panel) rod-1 domains, which were
obtained from single-molecule experiments performed at three
different loading rates. Figure 8 bottom panel depicts the
probability of dissociation of the R24 dimerization interface,
which was calculated from the force-dependent lifetime data
s h o w n i n F i g u r e 4 , u s i n g t h e f o r m u l a

= ( )F f( ) exp dk F
r

F k f
r

( )
0

( ) . The results demonstrate that

the majority of rod-1 domains unfold at forces significantly
higher than those required to dissociate the R24 dimerization
interface.

In stark contrast to the rod-1 domains, as depicted in Figures
5 and 6, the rod-2 domains (R16−23) undergo unfolding at
forces that fall within a similar range where the R24 dimer
dissociates. This observation is made under the same loading
rate of 1 pN/s. This contrast highlights a significant difference
in the mechanical stability of the rod-2 domains compared to
that at the dimerization interface. It suggests that the rod-2
domains exhibit weaker stability compared to the stability at
the dimerization interface.

The results, when combined, paint a picture of how the rod-
1 domains can maintain their structural integrity due to their
greater mechanical stability compared to the dimerization
interface. On the other hand, the rod-2 domains experience
significant structural alterations in response to changes in force
within the pN range, as they have a comparable or weaker
mechanical stability compared to the dimerization interface.

■ DISCUSSION
The objective of this study is to examine the mechanical
responses of the FLNC rod-1 domains, rod-2 domains, and the
R24 dimerization interface. The findings indicate that the
FLNC R24 dimerization interface can retain its dimer complex
structure for several to tens of seconds when subjected to
forces below 14 pN. However, it dissociates rapidly within 1 s
when exposed to forces above 14 pN. The majority of FLNC
rod-1 domains demonstrate mechanical stability under forces
below 14 pN at physiological loading rates. Conversely, FLNC
rod-2 domains exhibit significantly weaker mechanical stability,
as indicated by frequent domain unfolding at forces below 14
pN.

The lifetime of the R24 dimer is determined by the
magnitude of the force applied, which determines the range of
force transmitted across the FLNC dimer in the process of
mechanotransduction. Mechanotransduction is based on the
binding and unbinding of factors that are influenced by force
and occur within a time frame ranging from seconds to
minutes depending on various factors such as the concen-
tration of binding factors and the strength of interactions
(Supporting Information S12).38−42 The significance of a few
seconds lifetime over pN forces lies in two reasons: First, pN
forces are necessary to activate mechanosensing domains in
various mechanosensing proteins, such as talin rod domains,43

α-catenins,44,45 and FLNC rod-2 domains shown in this study,
which requires seconds to reach physiologically relevant
loading rates on the order of pN per second. Second, the
binding of signaling proteins to activated mechanosensing
proteins takes time. In aqueous solutions, typical diffusion-
limited binding rates range from 107 to 109 M−1 s−1. However,
in cells, the binding rate is typically 1−2 orders of magnitude
lower due to the crowded environment. Therefore, at μM
concentrations, the time scale associated with binding takes
seconds or longer. The discovery that the FLNC dimer has
lifetimes of over a second only when forces are below 14 pN
suggests that the R24 dimer interface functions as a force-
dependent breaker, limiting the range of physiologically
relevant forces to within 14 pN.

Importantly, our findings demonstrate that the FLNC rod-2
domains are highly responsive to tensile forces within a range

Figure 8. A comparison of the unfolding force distributions of FLNC
rod-1 domains and the dissociation force distributions of FLNC R24
dimers demonstrates the superior mechanical stability of FLNC rod-1
domains over that of FLNC R24 dimers.
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of 14 pN. This sensitivity results in significant structural
reorganization as the forces change. The rod-2 segments of the
FLN family proteins are considered to be the primary region
responsible for mechanosensing and mechanotransduction.
Studies of FLNA have shown that this region serves as a
binding site for a majority of its binding partners. Hence, the
sensitivity to forces in the pN range suggests that the binding
to the rod-2 region is sensitively regulated by mechanical
forces, including the activation and deactivation of binding
(Supporting Information S13).46,47 The presence of extensive
domain−domain interactions in the rod-2 region leads to
autoinhibition of binding to various signaling proteins and
membrane receptors. However, force may facilitate the binding
by breaking these domain−domain interactions, exposing the
binding sites. This was shown in previous studies of factors’
binding to FLNA rod-2 domains.46,48−50 On the other hand,
force-dependent deactivation is also possible as the domain
unfolds when force further increases, potentially leading to a
loss of binding sites. Therefore, the mechanical stability of the
rod-2 domains implies complex, biphasic regulation of FLNC-
mediated mechanotransduction functions.

In comparison to the FLNC rod-2 domains, the majority of
the FLNC rod-1 domains maintain stability when subjected to
force changes within 14 pN at normal physiological force
loading rates. These rod-1 domains are believed not only to
participate in actin binding but also to offer binding sites for
several signaling proteins, as shown by previous studies.4,21,22

The robust mechanical stability of the FLNC rod-1 domains
indicates that they provide secure binding sites for their
binding partners, which are not sensitive to changes in the
tensile forces. This suggests that the binding sites within the
FLNC rod domains are divided into a mechanically sensitive
rod-2 region and a nonsensitive rod-1 region.

The FLNC R24 dimer exhibits characteristic behavior when
subjected to tensile forces, acting as a mechanical breaker
rather than a highly stable lock. Unlike FLNC rod-1 domains,
the R24 dimers are less robust, which allows them to break in
order to protect the rod-1 domains from unraveling under high
stress. Despite this, the R24 dimers have a lifetime of several
seconds to tens of seconds when subjected to forces below 14
pN, making them stable enough for FLNC rod-2 domains to
perform their role in mechanotransduction. These mechanical
properties of the FLNC R24 dimer enable it to dynamically
reorganize the cytoskeleton by breaking apart and also allow
FLNC to function robustly in mechanotransduction.

The results of this study raise several questions for further
investigation. The mechanical stability of the R24 dimerization
interface is key to maintaining the distinct structural integrity
of the rod-2 and rod-1 domains and their binding to factors. It
is not clear if this stability of the R24 dimer is preserved in the
FLNA and FLNB isoforms. The varying mechanical stability of
the rod-2 and rod-1 domains in FLNC is in line with previous
findings in FLNA,51 but it remains to be determined if this is
also a common property of FLNB. Moreover, many FLN
mutations and truncations have been linked to various diseases.
Future studies can explore the impact of disease-related
mutations, such as how these mutations affect the mechanical
stability of FLN domains and their binding interactions.
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