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Molecular optogenetic switch systems are extensively employed as a powerful tool to spatially and
temporally modulate a variety of signal transduction processes in cells. However, the applications of such
systems in mechanotransduction processes where the mechanosensing proteins are subject to mechanical
forces of several piconewtons are poorly explored. In order to apply molecular optogenetic switch systems
to mechanobiological studies, it is crucial to understand their mechanical stabilities which have yet to be
quantified. In this work, we quantify a frequently used molecular optogenetic switch, iLID-nano, which
is an improved light-induced dimerization between LOV2-SsrA and SspB. Our results show that the
iLID-nano system can withstand forces up to 10 pN for seconds to tens of seconds that decrease as the force
increases. The mechanical stability of the system suggests that it can be employed to modulate
mechanotransduction processes that involve similar force ranges. We demonstrate the use of this system
to control talin-mediated cell spreading and migration. Together, we establish the physical basis for
utilizing the iLID-nano system in the direct control of intramolecular force transmission in cells during
mechanotransduction processes.
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I. INTRODUCTION

Mechanotransduction is a critical physiological process
in which cells sense physical forces and translate them into
biochemical responses. The molecular basis of mechano-
transduction comprises various mechanosensitive proteins
whose interactions are mediated by the physiological level
of forces over a physiological timescale [1,2]. For instance,
cell adhesion, spreading, and migration on the extracellular
matrix (ECM) rely on a large set of focal adhesion proteins,
such as integrin, talin, vinculin, paxillin, etc., [3] [Fig. 1(a)].
To decode the molecular mechanisms of mechanotrans-
duction mediated by these proteins, it is critical to be able to
temporally and spatially control specific force transmission
through specific supramolecular linkages. During testing of
the ECM stiffness, the cell leading edge protrudes and
contracts with a displacement on the order of a few

hundreds of nanometers [4]. These oscillations occur with
a typical timescale of tens of seconds, and the forces
through individual force-transmission linkages at focal
adhesions are typically between approximately 2 and 10
piconewtons (pN) [5,6]. Thus, the physiological pulling
rate is on the order of tens of nm s−1 and the force-loading
rate on the order of a few pN s−1.
A force-transmission supramolecular linkage typically

consists of several noncovalently linked proteins that
contain a tandem of force-bearing structural domains and
intermolecular interfaces. The lifetimes of the intermolecu-
lar interfaces at the physiological level of forces are on the
order of seconds to hundreds of seconds depending on the
level of force and the specific intermolecular interfaces
[10–12]. As a result from the limited lifetime of the
intermolecular interfaces, the force-bearing linkages
undergo dynamic assembly and disassembly. For several
linkages at focal adhesion and cell-cell adherence junc-
tions, the differential mechanical stability of the intermo-
lecular interfaces results in a typical linkage lifetime
ranging from seconds to tens of seconds estimated using
fluorescence recovery after photobleaching (FRAP)
assays [13,14].
In addition, many of the structural domains in a force-

transmission pathway undergo dynamic unfolding and
refolding over a force range from several to tens of
piconewtons at physiological pulling or loading rates
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[15–18]. This process makes them an effective force buffer
to maintain the tension in the force-transmission pathway at
a similar range [15,17]. The physiologically relevant force
range predicted based on the force-dependent unfolding
and refolding of structural domains is confirmed with direct
tension measurement in live cells using the recently
developed fluorescence resonance energy transfer tension

sensors for several important force-transmission pathways
at focal adhesion and cell-cell adherence junctions [5,6,19].
The lifetime of talin in focal adhesions is estimated using a
FRAP assay on the order of a few tens of seconds [13,14].
As force-transmission linkages are the physical scaffolds to
mediate specific mechanotransduction processes, they pro-
vide a potential handle to modulate mechanotransduction
through controlling specifically targeted force-transmission
linkages.
We explore the possibility of controlling the force

transmission in targeted force-transmission linkages using
molecular optogenetic switch systems, also termed as
optical dimerizers. These systems are employed as power-
ful tools to influence signal transduction or transport
[7,20–24]. Molecular optogenetic switch systems are also
implemented in modulating mechanotransduction [25,26]
through directing upstream master signaling proteins
related to mechanotransduction, such as RhoA activator,
to specific locations in cells. All these previous applications
are based on controlling the vicinity of signaling proteins to
their interacting partners where the targeted molecules are
not subject to mechanical forces. Furthermore, upstream
signaling master controls of mechanotransduction tend to
activate multiple molecular processes which may obfuscate
molecular-level mechanistic dissection.
To apply molecular optogenetic switch systems to

mechanotransduction processes where the mechanosensing
proteins are subject to mechanical forces, an important
prerequisite is that the switch systems are able to withstand
the physiological level of forces for physiologically rel-
evant timescales. The mechanical stability of the switch
systems is poorly understood. Only very recently, the
stability of a system, pdDronpa1.2 homodimer, was shown
able to withstand approximately 80 pN using atomic force
microscopy at a pulling rate of 1600 nm s−1 [27]. This
pulling rate is orders of magnitude higher than the typical
pulling rates applied to mechanosensing proteins in cells,
which is on the order of a few tens of nanometers per
second [4]. To our knowledge, the mechanical stability of
molecular optogenetic switch systems at physiologically
relevant pulling or loading rates has not been investigated.
We seek to directly quantify the mechanical stability of a

molecular optogenetic switch system and explore its
possible implementation in mechanotransduction studies
[Figs. 1(a) and 1(b), left]. We choose iLID-nano [7], a
widely used light-induced dimerization system for charac-
terization. Briefly, the iLID-nano system involves two
components, a 114 a.a. SspB domain from Escherichia
coli and LOV2-SsrA comprising a short peptide SsrA
(8 a.a.) integrated into the light-sensitive domain LOV2
(143 a.a.) from the plant Avena sativa [7,8] [Fig. 1(a)]. In
the absence of blue-light activation (dark state), the LOV2
domain interacts with SsrA, thereby suppressing the inte-
raction between SsrA and SspB. In the presence of acti-
vating blue light (light-activated state), the autoinhibitory

(a)

(b)

(c)

FIG. 1. Illustration of potential implementation of optogenetic
modulation. (a) Illustration of a talin-mediated mechanotransduc-
tion linkage in a cell. The truncated talin molecule segments (talin
N terminus and talin C terminus) are fused with the dimerizing
domains LOV2-SsrA and SspB, respectively (top left). The crystal
structures of LOV2-SsrA (PDB: 4wf0) and SsrA-SspB (PDB:
1ox9) are also shown (top right) [7,8]. (b). Left: Illustration of the
potential implementation of the molecular optogenetic switch
systems to connect the two segments of a truncated protein. Right:
Illustration of the experimental design of the single-molecule
stretching on the light-sensitive dimers. (c). Experimental design
of single-molecule SsrA/SspB (left) and LOV2-SsrA/SspB (right)
constructs. Top: Single-molecule constructs (N-to-C terminus):
avi-tag for biotinylation, two repeats of the titin Ig 27th domain
(I27), SsrA (left) or LOV2-SsrA (right), a long flexible unstruc-
tured peptide chain FH1 domain, SspB, two repeats of I27, and
spy-tag [9] for the specific spy-catcher attachment. Bottom: A
single-molecule construct is specifically tethered between a cover
slip surface and a magnetic bead with an approximately 600-bp
DNA handle (more details in Sec. IV).
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interaction between LOV2 and SsrA is relieved, thereby
exposing SsrA for interaction with SspB. A key cofactor for
the light sensitivity of the LOV2 domain is a flavin
molecule bound in the domain core [28–31]. Blue-light
absorption promotes the noncovalently bound flavin to a
covalent adduct state, which then thermally decays to
regenerate a dark state with a lifetime of approximately
80 s for the A. sativa LOV2 domain [29,31]. Hence, the
iLID-nano system may have three relatively stable states:
(i) an “apo state” where the LOV2 domain is not bound by
flavin, (ii) a “dark state” where the LOV2 domain is bound
with a flavin in the absence of blue-light activation, and
(iii) an “active state” where the flavin-bound LOV2 domain
is activated by blue light.
In this study, we characterize the mechanical signature of

LOV2 in the presence and absence of a bound flavin
mononucleotide (FMN) and show that FMN binding
strongly stabilizes the LOV2 domain. We quantify the
effect of FMN binding on the autoinhibition strength of
LOV2 that suppresses the SsrA-SspB interaction. We show
that the paired iLID-nano system where the LOV2-SsrA/
SspB complex forms can withstand forces up to 10 pN for
seconds to tens of seconds, which is independent of the
light condition or whether FMN is bound on LOV2. The
mechanical stability of the iLID-nano system suggests that
it can be employed to modulate mechanotransduction
processes that involve similar force ranges, which is
demonstrated by utilizing the system to control talin-
mediated cell spreading and migration.

II. RESULTS

To investigate whether the iLID-nano system meets the
requirement of mechanotransduction studies, i.e., capable
of withstanding a physiological force range in a force-
transmission supramolecular linkage associated with a
mechanotransduction process over a physiological time-
scale, we develop a single-molecule-construct assay to
directly quantify the mechanical lifetime of the iLID-nano
system.

A. Single-molecule construct of the molecular
optogenetic switch system

The single-molecule construct comprises two light-
sensitive interacting partners, A and B, connected by a
182 a.a. flexible unstructured peptide linker [32] [Fig. 1(b),
right]. The construct is tethered between a cover slip and a
2.8-μm-diameter superparamagnetic bead and is stretched
by forces applied using an in-house-built magnetic tweez-
ers setup [33–36]. The construct can exist in a paired state
where A and B form a complex, A=B, or an unpaired state
where A and B are separated.
Because of the long flexible linker, the paired and

unpaired states of the construct have a significant extension
difference that can be detected by the magnetic tweezers

setup. Therefore, when the applied force is low, A and B are
able to form a complex, and the tether is shorter. As the
applied force increases to a point where the complex is
disrupted, one observes stepwise extension increases due to
disruption of the complex and extension of the flexible
linker and potentially unfolding of the structural domains of
A or B in the construct. When the applied force returns to
low levels, the construct repairs when A and B reform the
complex and allows the construct to be unpaired in the next
force-increase scan. Therefore, the construct can undergo
multiple unpairing and repairing cycles during the force-
increase and force-decrease scan cycles, respectively. By
directly measuring the lifetime of the construct before its
unpairing at various forces, we can quantify the mechanical
lifetimes of the molecular optogenetic switch system.

B. Force response of the SsrA/SspB complex

To apply the method to investigate the mechanical
stability of the iLID-nano system that involves two inter-
acting partners LOV2-SsrA and SspB, we first quantify the
stability of the SsrA and SspB interaction in the absence of
a light-sensitive autoinhibitory LOV2 domain [Fig. 1(c),
left]. Since the construct does not contain the light-sensitive
LOV2 domain, the experiments are carried out in ambient
light conditions. Typical force-extension curves of the
SsrA/SspB complex obtained by increasing the force
from approximately 1 pN at a force-loading rate of 0.5�
0.1 pN s−1 to approximately 20 pN are shown in Fig. 2(a).
One or two stepwise extension increases are observed,
indicating the existence of two transition events. The step
size involved in the single-step extension increase is the
sum of the step sizes of the dual-step extension increases;
therefore, the single-step extension increase can be con-
sidered as two coincident transition events.
In the SsrA/SspB construct, the possible transitions are

the unpairing of the SsrA/SspB complex and the following
unfolding of SspB. Since SsrA is a short peptide, it cannot
contribute to such stepwise extension increase signals. The
number of released residues involved in the exten-
sion increase signal is estimated to be 248� 91ð5Þ a.a.
[mean� s:t:d: (s.e.), Fig. S1 [37] ], based on the force-
dependent step size of the unlooping transition and the
force-extension curve of the polypeptide assuming the
wormlike chain polymer model with a bending persis-
tence length of approximately 0.8 nm [32,38] (Fig. S1,
Supplemental Material Sec. S2 [37]). This value is con-
sistent with releasing the looped long flexible linker in the
construct. In addition, the estimated number of residues
during the unfolding transition of SspB is 113� 26ð2Þ a.a.
(Fig. S1 [37]), which is also consistent with the number of
residues of the SspB domain.
The normalized histogram of approximately 300 unpair-

ing forces obtained from five different tethered molecules
shows a two-peak profile, which can be fitted with double-
Gaussian distribution [Fig. 2(b)]. The result suggests the
existence of two distinct mechanical stability groups of the
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SsrA/SspB complex, which are unpaired at 2.2� 0.4ð0.03Þ
and 13.5� 5.1ð0.6Þ pN, respectively. In addition, the SspB
domain unfolds at 5.3� 1.7ð0.1Þ pN (Fig. S1 [37]). Here,
the errors of the forces are standard deviations of the
distribution and standard errors of the mean in the brackets.
An interesting observation is that the two mechanical
stability groups appear in a manner clustered in the time
trace during repeating force scan cycles, which could
persist for tens of cycles until switching from one group
to another (Figs. S2 and S8, dark gray [37]). Because of the
long persistent time of the clustered events, the accurate
determination of the probability ratio between the two
groups may require a large number of cycles that is beyond
our experimental timescale. However, the results clearly
demonstrate the existence of two mechanical stability
groups, both with significant fractions.

C. Force response of the LOV2-SsrA/SspB complex

We next seek to probe the force responses of the LOV2-
SsrA/SspB complex using the LOV2-SsrA/SspB construct

[Fig. 1(c), right]. Since FMN is noncovalently bound to
LOV2 in the dark state, FMN could dynamically dissociate
from and reassociate to LOV2 spontaneously, which is
facilitated by chemical denaturation of the LOV2 domain
[29–31]. Hence, it is reasonable to predict that the force-
induced unfolding of the LOV2 domain (i.e., force-induced
domain denaturation) may facilitate the dissociation and
association of FMN. Together with the externally con-
trolled light condition, force applied to the LOV2-SsrA/
SspB complex enables controlling the FMN-binding
states of LOV2, the structural states of LOV2 and SspB
in the iLID-nano system, and the pairing state between
LOV2-SsrA and SspB, as well as the blue-light activation
of the iLID system in our experiments. We perform the
single-molecule stretching experiments in four different
conditions: (i) in red light with 2 μM FMN in solution,
(ii) in red light without FMN in solution, (iii) in blue light
with 2 μM FMN in solution, and (iv) in blue light without
FMN in solution. Under these experimental conditions, the
iLID-nano system could exist in different FMN-binding,
structural, and pairing states.
Figures 3(a) and 3(b) show typical force-bead height

curves of the LOV2-SsrA/SspB construct with red light
[(a) 617-nm red LED] or blue light [(b) 470-nm blue LED],
respectively, in the presence of 2 μM FMN in solution,
obtained during increasing the force from approximately
1 pN to approximately 60 pN with a loading rate of
0.5� 0.1 pN s−1. The construct is held for approximately
20 s at low forces of approximately 0.3 pN prior to each
force-increase scan for the formation of the LOV2-SsrA/
SspB complex. The resulting unpairing and unfolding force
distributions of the construct under different lights at
corresponding loading rates are plotted in Figs. 3(c), 3(d),
S3, and S4 [37].
In red light, the majority (>80%) of the force-increase

scans show only two stepwise extension increase transi-
tions: One can be attributed to SspB unfolding that
typically occurs below approximately 6 pN characterized
by releasing of 120� 25ð1Þ a.a. residues, and the other
occurring at >10 pN can be attributed to LOV2 unfolding
characterized by releasing of 125� 22ð5Þ a.a. residues
[Figs. 3(c) and S3 [37] ]. In these scans, no characteristic
unpairing signals of the LOV2-SsrA/SspB complex, which
should involve much larger step sizes at these transitions
forces, are observed. In the remaining <20% force-
increase scans, the characteristic unpairing transitions that
occur at approximately 8 pN associated with the release of
238� 31ð3Þ a.a. residues are observed (Fig. S3 [37]). In
sharp contrast, in blue light, the majority (>70%) of the
force-scan cycles show the characteristic unpairing tran-
sition [release of 273� 70ð5Þ a.a. at 6.7� 2.4ð0.2Þ pN], in
addition to unfolding of SspB [release of 111� 24ð2Þ a.a.
at 5.1� 1.5ð0.1Þ pN] and LOV2 [release of 108� 27ð3Þ
a.a. at 16.8� 0.5ð0.1Þ pN and at 43.9� 3.1ð0.4Þ pN]
[Figs. 3(c), 3(d), and S4 [37] ].

(a)

(b)

FIG. 2. Mechanical stability of the SsrA/SspB complex. (a) Five
representative force-extension curves of the SsrA-SspB construct
obtained at a force-loading rate of 0.5� 0.1 pN s−1 under
ambient light conditions. The color lines show a 20-FFT smooth
of the raw data (gray). (b) Normalized histograms of the SsrA/
SspB complex unpairing forces at a force-loading rate of
0.5� 0.1 pN s−1. N indicates the number of data points obtained.
The dark gray curve is a double Gaussian fitting curve.
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Interestingly, the LOV2 unfolding force distribution
shows two peaks, one at approximately 13 pN and the
other at approximately 45 pN. We reason that such a two-
peak unfolding force distribution may correspond to differ-
ent FMN-binding states of LOV2 (i.e., the apo and the
FMN-bound states). To test this hypothesis, we investigate
the force response of the iLID-nano system in the absence
of FMN in solution. Under such conditions, the FMNmight
dissociate from LOV2, generating the apo state of LOV2.
Figures 4(a) and 4(b) show typical force-bead height

curves of the LOV2-SsrA/SspB construct in FMN-free
solution conditions with red light (a) or blue light (b) at a
loading rate of 0.5� 0.1 pN s−1, respectively. The unpair-
ing and unfolding force distributions of the construct at
corresponding loading rates are plotted in Figs. 4(c), 4(d),
S5, and S6 [37]. Interestingly, the LOV2 unfolding forces
distribute around a single peak at approximately 13 pN
[Fig. 4(c)], similar to the first peak of the LOV2 unfolding

force distribution obtained in the presence of 2 μM FMN
[Fig. 3(c)]. Together, these results strongly suggest that, in
the presence of 2 μM FMN, the first and second peaks of
the LOV2 unfolding force distribution correspond to the
unfolding of LOV2 in the apo state and the FMN-bound
state, respectively. Such FMN-binding-mediated mechani-
cal stabilization of LOV2 can be considered as a signature
for the FMN-bound state of LOV2 and utilized for the
detection of FMN binding to LOV2.
In addition, with both red- and blue-light illumination,

the unpairing forces of the LOV2-SsrA/SspB complex
exhibits a single-peak Gaussian-like distribution with a
similar peak force of 5.5–7.8 pN [Figs. 3(d), S3 [37], and
4(d)]. This result is in contrast to the unpairing of the SsrA/
SspB complex, which shows two distinct mechanical
stability groups [Fig. 2(b)]. We reason that the presence
of LOV2 might impose a constraint on the possible
conformation of the paired SsrA and SspB, or the

(a) (b)

(c) (d)

FIG. 3. Mechanical stability of the FMN-LOV2-SsrA/SspB complex. (a),(b) Five representative force-extension curves of the FMN-
LOV2-SsrA/SspB complex obtained at a force-loading rate of 0.5� 0.1 pN s−1 with 2 μM free FMN in solution, in red light and in blue
light [collimated blue LED array (approximately 1 mW× cm−2 at 470 nm) [7] ], respectively, indicated by multiple colors. The color
lines are 20-FFT smooth of the raw data (gray). (c) Normalized histograms of LOV2 unfolding forces obtained in red light (red)and blue
light (blue), with 2 μM free FMN in solution. (d) Normalized histograms of FMN-LOV2-SsrA/SspB complex unpairing forces obtained
in blue light at force-loading rate of 0.5� 0.1 and 5� 0.5 pN s−1. N indicates the number of data points obtained. The colored lines in
(c) and (d) are corresponding Gaussian fitting curves.
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accessible transition pathways during mechanical unpairing
of the LOV2-SsrA/SspB complex, resulting in the single-
peak unpairing force distribution.

D. Light-sensitive autoinhibition of LOV2
on the SsrA-SspB interaction

Since the central design element of the iLID system is the
autoinhibition of the formation of the LOV2-SsrA/SspB
complex by the light-sensitive interaction between LOV2
and SsrA, we next probe the effects of the autoinhibitory
strength of the LOV2 domain, by performing a low-force-
waiting assay on the LOV2-SsrA/SspB single-molecule
construct. Briefly, a LOV2-SsrA/SspB construct [Fig. 1(c),
right] is held at low forces of approximately 0.3 pN for
various waiting times in the range of 10–40 s, to allow the
potential formation of a complex. Then the force is
increased linearly to check whether the complex forms

during the low-force-waiting time period based on the
characteristic unpairing signal [Fig. 5(a)] and whether the
LOV2 is bound with FMN based on whether LOV2
remains folded when forces reach 22 pN (note that apo
LOV2 unfolds at approximately 13 pN). Repeating the low-
force-waiting procedure for over 80 cycles from more than
five different tethers, we obtain the probability of the FMN-
LOV2-SsrA/SspB complex formation at each low-
force-waiting time for the single-molecule construct at
corresponding experimental conditions [Fig. 5(b)].
With 2 μM FMN in solution in red light, the FMN-

bound LOV2-SsrA/SspB construct has a probability of
16%–21% of forming the LOV2-SsrA/SspB complex for a
waiting time over a range of 10–40 s in a waiting-time-
independent manner [red data in Fig. 5(b)], consistent with
a certain level of dark state activity of the iLID-nano system
[7]. In contrast, under the experimental condition, the SsrA/
SspB construct [Fig. 1(c), left] without LOV2 forms the
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FIG. 4. Mechanical stability of the apo LOV2-SsrA/SspB complex. (a),(b) Five representative force-extension curves of the apo
LOV2-SsrA/SspB complex obtained in red light and in blue light, respectively, at a force-loading rate of 0.5� 0.1 pN s−1, indicated by
multiple colors. The colored lines are 20-FFT smooth of the raw data (gray). (c) Normalized histograms of apo LOV2 unfolding forces
with a loading rate of 0.5� 0.1 pN s−1 obtained in red light (red) and blue light (blue), respectively. N indicates the number of data
points. The colored lines in (c) and (d) are corresponding Gaussian fitting curves. (d) Normalized histograms of apo LOV2-SsrA/SspB
complex unpairing forces at a force-loading rate of 0.5� 0.1 and 5� 0.5 pN s−1 obtained in red light (red) and blue light (blue),
respectively.
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SsrA/SspB complex with >97% probability [Fig. 5(b),
gray]. The large difference in the pairing probability
between the FMN-bound LOV2-SsrA/SspB construct
and the SsrA/SspB construct is consistent with previous
biochemical studies that reveal the autoinhibitory role of
the FMN-bound LOV2 domain [30,31].
Furthermore, repeating the same experiment for the

LOV2-SsrA/SspB construct in 2 μM FMN under blue
light, the pairing probability increases to 62%–88% for
waiting times over a range of 10–40 s [blue data in
Fig. 5(b)]. Compared to <20% pairing probability under
red-light conditions, this result is consistent with blue light
weakening the autoinhibitory interaction of FMN-bound

LOV2 and SsrA, activating the SsrA-SspB interaction. In
addition, repeating the same experiments in the absence of
FMN, the results show that the pairing probability exceeds
80% at ≥40 s holding time at 0.3 pN, in both blue- and red-
light conditions (Fig. S7 [37]). The results suggest that the
apo state of LOV2 loses its autoinhibition activity.

E. Mechanical lifetime of the paired iLID-nano system

To test the suitability of using the iLID-nano system to
control cellular mechanotransduction, we examine the
mechanical lifetime of the LOV2-SsrA/SspB complex
[Fig. 1(c), right]. We measure the mechanical lifetimes
of the complex at different forces using a force clamp-cycle
procedure. Briefly, in each cycle, a construct is first held at
low forces of approximately 0.3 pN for 20 s to allow the
formation of the complex and then held at different forces
in the range of 2–15 pN until the unpairing transition is
observed [Fig. 6(a)]. By repeating the force-clamp cycles
over 80 times for each force, the force-dependent lifetimes
of the corresponding complex at the pairing state are
obtained. Figure 6(b) shows the obtained force-dependent
lifetimes of the LOV2-SsrA/SspB complex in red light
without FMN in solution (light red), LOV2-SsrA/SspB
complex in blue light without FMN in solution (light blue),
and LOV2-SsrA/SspB complex in blue light with 2 μM
FMN (blue).
Clearly, with either red- or blue-light illumination, the

LOV2-SsrA/SspB complex can withstand forces up to
10 pN over seconds to tens of seconds, and the FMN-
bound LOV2 or apo-LOV2 does not affect the mechanical
lifetime of the LOV2-SsrA/SspB complex. Together, these
results suggest that both the light and the LOV2 domain
mainly regulate the autoinhibitory states of the iLID-nano
system. However, they do not affect the mechanical
stability of the paired system. These forces and lifetime
values are similar to the physiological force and lifetime
ranges of several force-transmission supramolecular link-
ages involved in mechanotransduction at focal adhesion
and cell-cell adherence junctions [5,6,13,15], suggesting
that the iLID-nano system can potentially be implemented
for the studies of these mechanotransduction processes.

F. Modulation of talin-mediated mechanotransduction
using the iLID-nano system

In previous sections, we show that the LOV2-SsrA/SspB
complex is capable of withstanding several piconewton
forces over a lifetime of seconds to tens of seconds at 23 °C,
which is independent of FMN binding and light conditions.
To implement the iLID-nano system to control mechano-
transduction of living cells at a human body temperature of
37 °C, we probe the force responses of the LOV2-SsrA/
SspB complex at different loading rates [Figs. 7(a) and
S9 [37] ] and the mechanical lifetime of LOV2-SsrA/SspB
complex [Fig. 7(b)] at 37 °C. The results show that the
mechanical stability of the LOV2-SsrA/SspB complex
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FIG. 5. Autoinhibition strength of LOV2 on the SsrA-SspB
interaction. (a) Representative time trace of bead height change
during a force-loading assay to probe the effects of the auto-
inhibitory strength of the LOV2 domain on the SsrA-SspB
interaction. In this example, after holding the LOV2-SsrA/SspB
construct at 0.3 pN for 20 s in blue light with 2 μM FMN, the
force is increased at a loading rate of 0.5� 0.1 pN s−1 to
approximately 60 pN. The LOV2-SsrA/SspB complex is formed
in three of four force-loading cycles indicated by unpairing
signals in the subsequent force-increase step (red arrows in the
enlarged insets). The blue and dark gray lines show a 20-FFT
smooth of the raw data (gray). (b) The probabilities of formation
of the FMN-LOV2-SsrA/SspB complex with 2 μM FMN in red
light (red) and in blue light (blue) within different holding time
intervals at approximately 0.3 pN. The formation probability of
the SsrA/SspB complex (gray) is plotted for comparison. For
each condition, over 80 force cycles are performed for statistical
analysis. The error bars indicate the standard deviation obtained
from a bootstrap analysis (Supplemental Material, Sec. S3 [37]).
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at 37 °C is only slightly weaker than that at 23 °C. It still
could withstand forces of several piconewtons over seconds
to tens of seconds, suggesting that the iLID-nano system
can be used to modulate certain mechanotransduction
processes involving similar force and lifetime ranges in
the corresponding force-transmission supramolecular link-
ages at the physiological temperature.

In order to explore the applications of the iLID-nano
system to modulate mechanotransduction of cells, we test
the system on talin-mediated mechanotransduction at focal
adhesion. We express truncated segments of talin-1 mol-
ecule, respectively, fused with the dimerizing domains
LOV2-SsrA and SspB between talin rod domains 10 and
11 in mouse kidney fibroblast cells with talin-1 and
-2 deletion [Figs. 1(a) and 7(c)] [6]. Upon switching on
the activating blue light, it is expected that the iLID-
induced dimerization of these two talin segments in cells
will result in the reconstitution of a full-length talin 1 to
establish a stable force-transmission supramolecular
integrin-talin-actin linkage and enable integrin- or talin-
mediated mechanotransduction of cells at focal adhesions.
Prior to exposure to activating blue light, the cells

transfect with the talin-iLID system adhered to a fibro-
nectin-coated cover slip surface through nascent adhesion
clusters at the cell periphery and have a round shape
consistent with integrin activation by the talin head without
connection to F-actin [Fig. 7(d), left] [39]. Upon blue-light
illumination, we observe that focal adhesions are formed
within a few minutes [Fig. 7(d), right]. The cell shape
becomes polarized, and the cell starts to migrate by 10 min
postactivation. A talin C-terminus fragment is recruited to
the membrane as observed by an increase in the mEmerald
total internal reflection fluorescence (TIRF) signal after
activation [Fig. 7(e)]. Interestingly, we find that focal
adhesions newly formed after the activation by blue light
engage talin N and C termini at a similar rate, suggesting
that fully reconstituted talin is recruited immediately rather
than an initial buildup of talin N followed by attachment of
talin C [Fig. 7(f)]. Upon the cessation of blue-light
illumination, the cells become static and either become
more symmetric or retract to a much reduced attached area
(Supplemental Movie S1 [37]). We also observe that focal
adhesions are able to undergo the complete formation,
maturation, and disassembly cycle (Supplemental Movie
S1 [37]). Furthermore, the talin-mediated focal adhesion
dynamics and cell motility could be cyclically modulated
by cyclic light switching on and off [Fig. 7(e) and
Supplemental Movie S2 [37] ]. Together, these results
corroborate that talin-1 may be subject to at least several
piconewton forces which need to persist for seconds to tens
of seconds for its mechanotransduction functions, consis-
tent with the force level and turnover rate of talin estimated
from previous studies [6,13,15], and demonstrate that the
iLID-nano system can be used to modulate the talin-
mediated mechanotransduction at focal adhesions.

III. DISCUSSIONS

In summary, utilizing a single-molecule constructs
design, we directly quantify the mechanical stability of
the widely used iLID-nano system and quantitatively show
that the mechanical stability of the iLID-nano system
meets the physiological requirement for talin-mediated

(a)

(b)

FIG. 6. Mechanical lifetime of the LOV2-SsrA/SspB com-
plexes. (a) Representative time trace of bead height change during
a force-clamp assay to quantify the lifetime of the LOV2-SsrA/
SspB complex at various forces. After jumping from 0.3 pN to a
higher force, the average lifetime of the complex at the higher
force is measured in multiple cycles. In this example, the lifetime
of the complex at 6.2 pN in four force jumps is shown. The
stepwise bead height increase of a step size of approximately
50 nm after the force jump is from unpairing of the LOV2-SsrA/
SspB complex. Following the unpairing, the abrupt extension
increase and decrease steps with sizes of approximately 15 nm are
from the unfolding and refolding transitions of the SspB domain
(indicated by blue arrows). The brown and dark gray lines show a
20-FFT smooth of the raw data (gray). The inset is an enlarge-
ment of the unpairing event in the first cycle. (b) Force-dependent
lifetimes of LOV2-SsrA/SspB complex in red light (without
FMN in solution, light red) and in blue light (without FMN in
solution, light blue; with 2 μM FMN, blue). The solid squares
indicate the mean lifetime at a force, while the hollow circles
represent individual lifetimes measured. Over 80 lifetimes are
measured for each force. The horizontal error bars indicate 10%
of relative force calibration uncertainty of the system (see
Sec. IV). The vertical error bars indicate standard errors.
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mechanotransduction at cell-matrix adhesions [6,13,15].
These results suggest that the iLID-nano system can
potentially be implemented to temporally and spatially
control certain mechanotransduction activities of cells by
direct control of force transmission in key force-trans-
mission proteins.

The distinct difference between the mechanical stability
of the LOV2 domain with or without FMN in solution
suggests that the FMN-bound LOV2 has a much higher
mechanical stability than that of the apo state of LOV2. In
addition, the results in Fig. 5 show that the pairing between
the FMN-bound LOV2-SsrA and SspB is strongly

(a)

(c)

(e) (f) (g)

(d)

(b)

FIG. 7. Modulation of talin-mediated mechanotransduction using iLID-nano. (a) Normalized histograms of LOV2-SsrA/SspB
complex unpairing forces obtained at force-loading rates of 0.5� 0.1 (light gray) and 5� 0.5 pN s−1 (gray) in blue light at 37 °C. The
curves are Gaussian fitting curves. (b) Force-dependent lifetimes of LOV2-SsrA/SspB complex in blue light. (a) and (b) are obtained in
the absence of FMN in solution. The solid blue squares indicate the mean lifetime at a force, while the hollow blue circles represent
individual lifetimes measured. Over 50 lifetimes are measured for each force. The horizontal error bars indicate 10% of relative force
calibration uncertainty of the system (see Sec. IV). The vertical error bars indicate standard errors. (c) Illustration of the modification on
the talin-1 protein using iLID-nano. (d) The changes in cell morphology and FA profiles after blue-light switch on for the iLID-nano
system. Scale bar, 10 μm. (e). Engagement of the talin C terminus upon activation of blue light based on ten focal adhesions.
(f) Recruitment of talin N and C termini at the same rate in ten new focal adhesions. (g) Change in cell area from Supplemental Movie S2
[37] when exposed to pulsing blue light. Error bars indicate the standard deviation.
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dependent on blue-light activation, in contrast to the
constitutively activated pairing between the apo state of
LOV2-SsrA and SspB (Fig. S7 [37]). This contrast suggests
that the FMN binding to the LOV2 core stabilizes the
interaction of the LOV2-SsrA in the dark state, resulting in
the suppression of the SsrA-SspB interaction, which can be
released by blue light.
The force-dependent lifetime of the LOV2-SsrA/SspB

complex shows that it can survive seconds to tens of
seconds at forces of several piconewtons over the physio-
logically relevant temperature range of cells, suggesting
that it is suitable to control mechanotransduction involving
force-transmission linkages that are subject to similar or
less forces and survival timescale in cells, such as talin-
integrin-mediated cell adhesion to ECM and cadherin-
catenin-mediated cell-cell adherence junction. Besides
the frequently used iLID-nano system that is quantified
in this study, there are a number of other molecular
optogenetic switch systems that have been developed in
recent years, including iLID-micro, which has a lower
pairing affinity than iLID-nano [7], LOVTRAP [23], PhyB/
PIF6 pair [40], Cry2/CIB1 pair [41], FKF/GI pair [42], etc.
Whether these molecular optogenetic switch systems can
provide sufficient mechanical stability for mechanotrans-
duction studies warrants future quantification and
exploration.
Since molecular optogenetic switch systems can be

spatially and temporarily activated or deactivated in regions
of interest in a cell or an organism using light, their
capability of withstanding physiological levels of forces
and survival lifetime make them an ideal handle to
modulate mechanotransduction via controlling a critical
force-bearing protein involved in the corresponding force-
transmission pathway. This capability is demonstrated in
this study using a talin-mediated cell spreading and
migration assay. Furthermore, by combining multiple
orthogonal mechanically stable molecular optogenetic
switch systems or combining with mechanically stable
chemically induced dimerization systems [39,43,44], more
comprehensive and flexible control of the cellular mecha-
notransduction can be achieved.
An important aspect of cellular mechanotransduction is

the capability of cells to sense and respond to the
mechanical properties of the surrounding extracellular
matrix. To understand how cells sense the mechanical
property of the surrounding matrix, hydrogels with differ-
ent stiffnesses have been developed as important platforms
for cell culture systems. It is highly desirable to develop a
hydrogel system whose mechanical property can be tuned
spatially, temporally, and reversibly. The molecular opto-
genetic and chemical switch systems provide a potential
means for such modulation [45].
Another important potential application of the molecular

optogenetic switch systems is the development of novel
active matter systems with photoswitchable properties.

Active matter systems are made up of self-driven compo-
nents which extract energy from their surroundings to
generate mechanical work. One important type of active
matter systems that is closely relevant to mechanobiology is
an active gel consisting of actin or microtubule filaments,
cross-linked by passive cross-linkers, contracted by myosin
or kinesin motors [46,47]. The density, extensibility, and
rigidity of the passive cross-linker are a critical determinant
of the properties of the active gel. An active gel system with
photoswitchable properties will power the studies of the
physical principles underlying the active gel’s properties.
The implementation of molecular optogenetic switch sys-
tems in the assembly of active gels is emerging. One
example is the just-published work by Ross et al. [48],
which reports the use of the iLID system to control the
organization and forces in a microtubule- and kinesin-based
active gel. For such applications, the quantification of the
mechanical stability of a variety of molecular optogenetic
switch systems will be critical for a quantitative under-
standing of the behaviors of active gel systems.
Thus, mechanically stable molecular optogenetic switch

systems have a broad range of important applications not
only in revealing the molecular mechanisms underlying
mechanotransduction of cells, but also in developing novel
hydrogels and active matters that can be conveniently
controlled with light. The single-molecule-construct assay
developed in this study can be utilized for future studies of
many other molecular optogenetic switch systems, to build
up a toolbox of molecular optogenetic switch systems that
have a wide range of mechanical stability for different
applications.

IV. METHODS AND MATERIALS

A. Plasmid constructs and protein expression

Two plasmids are constructs for single-molecule stretch-
ing experiments: (i) pET151-avi-2I27-SsrA-FH1-SspB-
2I27-spy and (ii) pET151-avi-2I27-LOV2-SsrA-FH1-
SspB-2I27-spy. Briefly, the DNA fragments encoding
LOV2, SsrA, and SspB are amplified by polymerase chain
reaction [7,49]. The FH1 linker DNA fragment is syn-
thesized by geneArt. The corresponding DNA fragments
are then assembled into a pET151-avi-2I27-inset-2I27-spy
plasmid [16] by HiFi DNA Assembly (NEB). Each plasmid
is cotransformed with a BirA plasmid and expressed in E.
coli BL21 (DE3) cultured in LB media with D-biotin
(Sigma Aldrich) and affinity purified through 6His-tag.
More details of plasmid constructs and protein expression
is shown in Supplemental Material, Sec. S1 [37].

B. Single-protein manipulation and analysis

A vertical magnetic tweezers setup is combined with a
disturbance-free, rapid solution-exchange flow channel for
conducting in vitro protein stretching experiments [33–35].
All in vitro protein stretching experiments are performed in
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solution containing 1X phosphate-buffered saline, 1%
bovine serum albumin, 2mMDithiothreitol, 10mM sodium
L-ascorbate at 23 °C, in the presence of ambient light in a
typical lab environment with approximately 10 lux. A
470-nm blue LED mounted onto our magnetic tweezers
setup is used for blue-light activation (approximately
1 mW× cm−2) [7]. In the absence of blue-light activation,
a 617-nm red LED mounted onto our magnetic tweezers
setup is used. The force calibration of the magnetic tweezers
setup has a 10% uncertainty due to the heterogeneity of the
diameter of paramagnetic beads [33], and the bead-height
determination has an approximately 5-nmuncertainty due to
the thermal fluctuation of the tethered bead. The lifetime
determination of the complex has an approximately 20 ms
resolution. More details can be found in Supplemental
Material, Secs. S2–S4 [37].

C. Cell culture

Mouse kidney fibroblast with talin-1 and talin-2 deletion
was kindly provided by Dr. Carsten Grashoff (Max Planck
Institute of Biochemistry, Martinsreid, Germany) and has
been described previously [6]. Cells are cultured in a 5%
CO2, 37 °C humidified atmosphere. The culture media is
DMEM media (Life Technologies), supplemented with
10% Fetal Bovine Serum, sodium pyruvate, and penicillin
or streptomycin. For transfection, cells are resuspended at a
density of 6 × 106 cells per milliliter and mixed with
0.5–2.0 μg of expression vectors per each electroporation
reaction. Transfection is performed by electroporation
(Neon, Life Technologies) per the manufacturer’s protocol.
For imaging, transfected cells are sparsely plated at a
density of 7000=cm2 on fibronectin-coated cover slips or
glass-bottom dishes (Iwaki, Japan). Cells are tested
monthly for mycoplasma contamination.

D. Generation of light-sensitive talin constructs

All fluorescent protein (FP) fusion constructs are based
upon either N1 or C1 Clontech-style vectors with pCMV
(Cytomegalovirus) promoters. For pmApple-TalinN10-
LOV2-SsrA, the construct contains the mApple fluorescent
protein at the N terminus, conjugated with mouse talin1
(residue: 1-1973) and LOV2-SsrA sequence. For SspB-
TalinC11-mEmerald, the construct contains SspB at the N
terminus, conjugated with mouse talin1 (residue: 1974-
2541), followed by mEmerald fluorescent protein at the C
terminus. Expression vectors are generated by gene syn-
thesis (Epoch Life Sciences), verified by sequencing, and
amplified by QIAgen Miniprep or Maxiprep kits per the
manufacturer’s protocol.

E. Live-cell TIRF microscopy

TIRF imaging of live cells is performed using a Nikon
Eclipse Ti inverted microscope (Nikon Instruments),
equipped with a motorized TIRF illuminator, with a

polarization-maintaining optical fiber coupled laser com-
biner (100 mW 405 nm, 60 mW 488 nm, 50 mW 561 nm,
and 100 mW 642 nm solid-state lasers, Omicron Laserage),
a light-emitting-diode-based epifluorescence excitation
source (SOLA, Lumencor), an ORCA-flash 4.0 sCMOS
camera (Hamamatsu), a 60 × N:A: 1.49 apo TIRF objective
lens (Nikon Instruments), and an Okolab stage-top chamber
with CO2 and temperature control (Okolab, Italy). A 550-
nm-long pass filter is placed in the differential interference
contrast light path to remove activating blue wavelengths.
Activation of the iLID system is performed with the 488 nm
laser in the TIRF configuration.
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