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Mechanical regulation of talin through binding 
and history-dependent unfolding
Narayan Dahal†, Sabita Sharma†, Binh Phan, Annie Eis‡, Ionel Popa*

Talin is a force-sensing multidomain protein and a major player in cellular mechanotransduction. Here, we use 
single-molecule magnetic tweezers to investigate the mechanical response of the R8 rod domain of talin. We find 
that under various force cycles, the R8 domain of talin can display a memory-dependent behavior: At the same 
low force (<10 pN), the same protein molecule shows vastly different unfolding kinetics. This history-dependent 
behavior indicates the evolution of a unique force-induced native state. We measure through mechanical unfolding 
that talin R8 domain binds one of its ligands, DLC1, with much higher affinity than previously reported. This 
strong interaction can explain the antitumor response of DLC1 by regulating inside-out activation of integrins. 
Together, our results paint a complex picture for the mechanical unfolding of talin in the physiological range and 
a new mechanism of function of DLC1 to regulate inside-out activation of integrins.

INTRODUCTION
Since folding precedes the assembly of proteins into tethered struc-
tures, proteins operating under force in vivo may acquire new native 
structures during repeating unfolding-refolding cycles. It is currently 
well understood that mechanical forces alter the shape of the fold-
ing energy landscape of a protein (1, 2). However, this change in 
shape has not been associated with any change in function beyond 
flipping protein domains between folded and unfolded states. Struc-
tural and binding assays have been instrumental in determining 
binding partners for protein domains, but these experiments describe 
the natively folded domains that have never experienced mechani-
cal unfolding-refolding cycles, contrary to their behavior in vivo. The 
advent of single-molecule techniques such as atomic force microscopy 
and optical or magnetic tweezers has opened the path to measure 
the nanomechanical heterogeneity of proteins under a force vector 
(3). Because of limitations related to instrumental drift and tethering 
stability, single proteins are typically tethered for short periods of 
time, typically up to several minutes, which does not allow the in-
vestigation of long-term force-induced effects on their energy land-
scape. The implementation of mechanically stable tethers has recently 
enabled magnetic tweezers to cross the day-long and even week-long 
measuring barriers for a single molecule and allows for the mea-
surement of proteins over many unfolding-refolding cycles (4). Using 
these advancements, here we investigate the unfolding response of 
talin, the mechanical computer of cellular mechanotransduction, 
and report a unique force-induced behavior that triggers a change 
in the mechanical response of one of its rod domains through re-
peated force cycles.

In vivo, talin is a force-sensing multidomain protein, which has 
evolved to operate under force and regulates the connections between 
the cellular cytoskeleton and its extracellular matrix (ECM) (5, 6). 
Talin is tethered between actin filaments and ECM-bound transmem-
brane integrins and acts as a mechanosensor by interacting with 
various ligands in a force-dependent manner. Its multidomain 

architecture allows it to respond to developing force vectors during 
mechanotransduction in a quantized fashion (Fig. 1A). Of the several 
ligands that bind to talin, vinculin can attach to mechanically un-
folded rod (R) domains to consolidate focal adhesions (7–9). Many 
other ligands can bind to the same domains when they are in their 
folded state: Actin filaments and -integrin provide the anchoring 
points for talin, while other ligands help localize talin at the plasma 
membrane or have other regulatory roles (5). Among the rod domains 
of talin, R8 has the highest number of known binding partners 
(Fig. 1A and table S1) and a unique molecular architecture (10): 
Talin R8 domain is inextricably linked to its R7 neighbor, which flanks 
it at both of its termini (Fig. 1B). This arrangement protects talin R8 
domain from a direct force vector, as long as its flanking R7 domain 
remains folded, turning R7 into a molecular gatekeeper (Fig. 1). 
This unique geometry might explain the high number of binding 
ligands that this R8 domain has, since even when talin operates un-
der force, R8 can be shielded from mechanical perturbations.

Here, we take advantage of various protein constructs specifically 
engineered for single-molecule experiments to produce stable teth-
ering and use magnetic tweezers to investigate the mechanical un-
folding response of the R7R8 region, as well as R8 domain alone. 
Our approach samples the mechanical unfolding response of talin 
constructs at physiological forces (typically <10 pN) and for extend-
ed times of up to several hours. We find that R7R8 shows a broad 
range of previously unknown unfolding states, given by the partial 
or tandem denaturation of its component structures. When sam-
pled in isolation, R8 domain displayed a rather puzzling behavior: 
not only that it is more mechanically weak than the other talin rod 
domains but also that it showed time-dependent unfolding-refolding 
transitions in the 4.5- to 9-pN range. This time-dependent behavior 
is indicative of an evolving energy landscape, where molecular memory 
can shift the binding affinity toward various ligands involved in mech-
anotransduction. We measure a stronger-than-expected binding of 
R8 to one of its ligands, deleted in liver cancer 1 (DLC1), in stark 
contrast to bulk measured binding of previously never unfolded 
states. On the basis of these findings, we hypothesize that some talin 
domains operate on a previously unknown biological mechanism, 
where mechanical memory triggered through unfolding-refolding of 
protein domains can produce novel binding interfaces, helping in the 
fine-tuning of focal adhesions.
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RESULTS
Mechanical clamp obtained during unfolding of talin 
rod domains
To study the unfolding behavior of talin R7R8 and R8 rod domains, 
we first engineered two simple constructs with a HaloTag at the N 
terminus and AviTag at the C terminus (schematics of the R7R8 
construct is shown in Fig. 2A, left). These proteins were attached to 
the bottom glass surface of the fluid chamber using a covalently im-
bedded chloroalkane ligand (4) and pulled via streptavidin-coated 
paramagnetic beads (Fig. 2A, left). Unexpectedly, a variety of un-
folding steps was seen, pointing to a much more complex unfolding 
behavior than anticipated. This behavior was later confirmed with 
protein constructs that have a more complex unfolding fingerprint. 
In this case, we sandwiched the R7R8 fragment in between two pro-
tein L domains on each side and replaced the C terminus with a 
SpyTag, following a procedure that we recently developed (Fig. 2A, 
right) (11). For these experiments, the surface was coated with the 
complementary SpyCatcher molecules, and the paramagnetic beads 
with the chloroalkane ligand that binds HaloTag. Unfolding traces 
obtained from this latter construct also showed the unfolding fin-
gerprint originating from protein L, in the form of four equal steps 
of ~15 nm (Fig. 2A, right). As the results obtained from both 
constructs were similar, we combined them into a single histogram 
(Fig. 2B). Our data show that R7R8 can unfold either as a single step, 
or as two steps, and, in some rare occasions, as three steps. The num-
ber of amino acids comprising the mechanical clamp was then cal-
culated from the measured extension and force using a worm-like 
chain model with the characteristic persistence length for polypeptides 
of 0.58 nm (12) and a size per amino acid of 0.4 nm (13). For traces 
with one unfolding step, three peaks were seen with sizes of 54 ± 
8 amino acids, 127  ±  28 amino acids, and 245  ±  55 amino acids 
(Fig. 2B, left). These peaks can be assigned to a part of R7 (H1 and 
H5), to R8/R7 (H2 to H4), and R7R8, respectively (see also Fig. 1B 
and table S2). Similarly, the histogram of the number of amino acids 

obtained from the two-step traces showed a bimodal distribution 
(Fig. 2B, center and right). From these fits, the number of amino acids 
was determined as follows: for the first step, 56 ± 29 amino acids for 
the first peak and 135 ± 57 amino acids for the second peak, and for the 
second step, 46 ± 20 amino acids and 108 ± 58 amino acids from 
the first and second peaks, respectively. An in-depth molecular dy-
namics simulation study of the response of the talin R7R8 fragment 
to force was reported by Hytonen, del Rio Hernandez, and collabo-
rators (14). These authors found that a stable three-helix intermediate 
can form between the second and fourth  helices of R7 (H2 to H4), 
which encompasses a total of 118 amino acids (see fig. S1). In the 
histogram made from traces with a single step, the most prevalent 
peak corresponds to this value, within our measuring error. However, 
R8 unfolding is also expected to produce a step corresponding to 
118 amino acids. This coincidence might explain why the step that 
can be assigned to complete unfolding of the R7R8 domain does not 
have the highest probability. For the histogram made from traces that 
showed two steps, the first step had a peak that can be assigned to 
the unfolding of the first and fifth helices (H1 and H5), while the 
second peak corresponds to the three-helix structure of R7. The 
second step had an intermediate at around 46 amino acids, which 
can be assigned to the unfolding of H4′ or H1′&H4′ from R8, fol-
lowed by full-length unfolding of R8. In the case of talin R8, we also 
covalently cross-linked a 604–base pair (bp) double-stranded DNA 
fragment, terminated with a biotin group (Fig. 2C). The advantage of 
having a DNA fragment in series with our protein is that the trace 
also displays a well-characterized overstretching transition from the 
B to a stretched (S) state (B-S transition) at exactly 65 pN, constituting 
both a molecular fingerprint and force reporter (4). Similar to the 
histogram in Fig. 2B (right), the unfolding histogram of R8 showed 
a bimodal distribution with the second peak at 115 ± 11 amino acids, 
which is at the expected length when all four  helices denature 
(Fig. 2D). The first peak of 54 ± 2 amino acids is equivalent to the 
unfolding of H1′ and H4′ of the four helices.

Fig. 1. Structure schematics and reactivity heatmap of talin. (A) Schematics diagram of interaction heatmap of full-length talin based on the number of binding sites 
for each domain. (B) Left: Structure showing the  helices of talin domains R7R8, with R8 domain inserted inside R7 (Protein Data Bank: 4w8p). The direction of force ap-
plied to R7R8 from the N and C termini of R7 is shown with arrows. Right: Schematics of R7R8 showing R8 domain in between the third and fourth helices of R7 (H3 and 
H4). The helix numbers of each fragment of R7 and R8 are given. The helices of R8 inside the dotted gold rectangle show the binding site for DLC1, and the helices shown 
inside the solid green rectangle of R7 and R8 represent the vinculin binding sites.
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Talin R8 domain shows time- and force-dependent 
unfolding-refolding transitions in the physiological range
Magnetic tweezers allows for sampling of the mechanical response 
of the same protein molecule over several minutes and over repeat-
ing force-changing protocols. For example, we exposed molecules 
made from talin R8 domain in series with a covalently linked DNA 
fragment to repeating cycles (Fig. 3A). These cycles consisted of a 
linear increase in the applied force up to ~75 pN, followed by quench-
ing the force in small increments from 9.5 to 4 pN in intervals of 
2 min (Fig. 3B). The first part of the pulse shows the unfolding of R8 
domain (Fig. 3C), followed by the overstretching DNA B-S transi-
tion at 65 pN (Fig. 3D). The third part of the pulse takes place at low 

force, where R8 domain can unfold and refold in a force-dependent 
manner (Fig. 3E). The times spent in the unfolded or folded states at 
a given force (tu/f) were then used to calculate their transition rates, 
ru/f = 1/u/f, where u/f is the mean transition time. In this regard, we 
made histograms of the natural logarithm of the measured dwell 
times and fitted the rates using exp[x − x0 − exp (x − x0)], where x = 
ln [t] and x0 = ln [] (15) (Fig. 3F and fig. S2). The folding transition 
had a regular dependency with force: the higher the applied force, 
the lower the refolding rate. The measured distance to transition state 
of 3.99 nm is similar to that reported for the R3 domain of talin (16). 
However, the unfolding rates in this low force range did not show 
a clear dependency on force. These trends indicate that while unfolding 

Fig. 2. Mechanical unfolding of talin domains R7R8 and R8. (A) Left: Schematics of R7R8 construct attached between a paramagnetic bead and the glass surface and 
representative traces of extension versus pulling force showing the unfolding of R7R8 as single step or two steps at a pulling rate of 15.5 pN/s. Right: Schematics of the 
same protein construct R7R8 flanked by two protein L on each side (L2-R7R8-L2) attached between a paramagnetic bead and the glass surface and the corresponding 
traces of unfolding. Unfolding traces of extension versus pulling force from construct L2-R7R8-L2 show the unfolding of R7R8 followed by the steps of unfolding of four 
protein L at a pulling rate of 0.33 pN/s. (B) Histograms showing the probability distribution of number of amino acids: (left) from R7R8 when both domains were unfolded as 
a single step (N = 746) and (middle) from first step and (right) from second step, when R7R8 displayed two unfolding steps (N = 274). aa, amino acids. (C) Left: Schematics 
of protein construct R8 attached in series to a 604-bp DNA linker, tethered in between the glass surface and paramagnetic bead. Right: Representative traces of extension 
versus pulling force at 0.33 pN/s show the unfolding of R8 and the B-S overstretching transition of DNA at 65 pN. The inset shows the single-step unfolding of R8 domain. 
(D) Histogram showing the probability distribution of the number of amino acids unfolded from R8 construct (N = 301). The dotted lines on histogram represent the indi-
vidual fits for Gaussian distribution, and the continuous lines represent their sum. The bin size of the histograms is 15. Errors are SDs.
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is dominated by entropy and breaking of hydrogen bonds, the re-
folding depends on the entropic collapse of the unfolded chain (17). 
Furthermore, the unfolding transitions seemed to appear in a se-
quence of pulses, with many fast folded-unfolding transitions fol-
lowed by slow ones (see, for example, the 8.5-pN trace in Fig. 3E). 
This behavior is not captured by the histograms of the dwell times, 
as the two rates are too close to be resolved (Fig. 3F). The lack of 
force dependency of unfolding rate at low force and the inhomoge-
neous unfolding dwell times are indicative of a more complex energy 
landscape, where several native states might coexist.

When measuring the low-force behavior of R8 refolding, an un-
expected observation comes from the heterogeneity of these transi-
tions at a given force. In some cases, molecules that showed the correct 

unfolding fingerprint in the force-ramp part of the pulse (unfolding 
step of R8 and the B-S overstretching of DNA transition at 65 pN) 
did not show any unfolding-refolding transitions in the low-force part 
of the pulse, while others started showing folding-unfolding transi-
tions only after several cycles (Fig. 3A). Hence, the folding-unfolding 
equilibrium force varied from molecule-to-molecule in the 5.5- to 
7.5-pN range, as reflected by the average rates (Fig. 3G). However, 
these rates represent the average behavior and do not capture the 
history dependency of R8 transitions. The time-dependent behavior 
was further confirmed when analyzing pulses from the same mole-
cule. In this case, the bead heterogeneity or small force calibration 
errors do not affect our measurements, as all traces in this figure are 
from the same molecule. As shown in fig. S3, the same protein molecule 

Fig. 3. Unfolding and refolding kinetics of talin R8 domain as a function of force. (A) Representative trace of unfolding and refolding of R8-DNA. A repeating force 
protocol is used: First, a force ramp is applied at a pulling force of 0.33 pN/s to obtain the unfolding of R8 and the B-S transition of DNA as the molecular fingerprint, and 
then subsequently, the force is quenched in the range of 9.5 to 4.5 pN for 2 min at each force. (B) Enlarged view of a single force cycle. (C) Zoom-in of the unfolding and 
refolding steps of R8 during the force-ramp part of the pulse. (D) B-S transition of 604-bp DNA linker at 65 pN. (E) Representative traces of unfolding and refolding transi-
tion of R8 at several forces of 9.5, 8.5, 7.75, and 7 pN. Magenta and blue colors indicate the protein in the unfolded and folded states, respectively, assigned using a hidden 
Markov model. (F) Histograms showing the probability density of the natural logarithm of the measured dwell times of R8 for the refolding (magenta) and unfolding (blue) 
states at 7.75 pN. The continuous lines represent the fit using single exponential law. (G) Graph of natural logarithm of refolding (magenta points) and unfolding (blue 
points) rates of R8 domain as a function of force from N = 8 different molecules. The dotted lines represent the fits using the Bell model, showing a distance to transition 
state of ∆xf→TS = − 3.99 ± 0.08 nm for the folded state and ∆xu→TS = − 0.18 ± 0.08 nm for the unfolded state. Error bars are SDs of the fit.
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can show a broad spectrum of unfolding-refolding distributions. In 
this case, at every cycle, the protein was first unfolded completely 
(Fig. 3A). During the low-force part of the pulse, the same molecule 
exposed to the same low forces showed notably varied unfolding-
refolding kinetics with each cycle (fig. S3). For a given force, while 
the size of the steps remained constant between cycles, the probability 
of folding varied notably with each cycle. As expected, there were no 
significant changes in the measured position of the overstretching 
DNA transition between cycles (fig. S4). This heterogeneous behavior 
might be responsible for how talin R8 domain interacts with its 
binding partners, such as with deleted in liver cancer (DLC1), while 
being in its folded state.

Interaction of talin R8 domain with its binding partner DLC1
DLC1 was shown to be an important regulator for focal adhesions 
in vivo (18). It has a single known binding site to talin, at rod do-
main R8. Here, we investigated the interaction between talin R8 and 
DLC1 using the exceptional capability of magnetic tweezers to study 
the same protein molecule in the absence and presence of ligands. 
First, we confirmed that DLC1 binds in solution to our constructs, 
which were specifically engineered for magnetic tweezers (Fig. 4A). 
The same R8 or R7R8 constructs used in our single-molecule exper-
iments were here adsorbed on the same type of paramagnetic beads, 
terminated with either HaloTag or streptavidin. Following washing, 
the beads were reacted with 10 M DLC1, then washed extensively, 
and eluted in the presence of Coomassie blue and SDS. The collected 
solution (R-lane) was run on an SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) gel, together with the eluted fraction (E-lane) 
and the final wash after the DLC1 reaction (Wf lane). The E-lane 
contained the nonadsorbed DLC1; the Wf lane did not show any 
nonspecifically bound DLC1 ligand, indicative of complete washing 
of nonspecifically adsorbed proteins, while the R-lane of the boiled 
beads showed both the DLC1 and the talin signals (Fig. 4A). In our 
single-molecule experiments, we exposed talin R7R8 and R8 domains 
to initial force-ramp pulses, without any DLC1 present (Fig. 4B). 
Once we measured the unfolding fingerprint of talin molecules, we 
added DLC1 at concentrations as low as 10 nM and measured the 
exact same protein molecule using the same force-ramp pulse. While 
we used a concentration well below the reported dissociation con-
stant Kd = 48 M (19), starting from the very first pulse in the presence 
of DLC1, only a single step was seen for the R7R8 construct (Fig. 4B), 
and no unfolding step was measured for the R8 construct (fig. S5). 
As previously reported for other protein systems, binding of ligands 
is expected to induce a mechanical stabilization of proteins (11, 20). 
However, in the case of talin R8, we could not force the ligand to 
detach, even when applying ~90 pN, which is the upper boundary 
for our measuring approach. This unexpected behavior has, however, 
allowed us to measure the unfolding behavior of R7 while its R8 neigh-
bor stayed in the folded state, resembling its mode of operation in vivo 
(Fig. 4C). The step histogram for R7 showed a peak of 157 ± 43 amino 
acids, indicating a mechanical clamp for the full-length structure. 
This result indicates that, when R8 stays folded because of ligand 
binding, R7 only unfolds in an all-or-none configuration. Similarly, 
we used this binding-induced inactivation of R8 to measure the re-
folding of R7 and compare it with that of R8 alone and of R7R8 
(Fig. 4D). To measure the refolding probability of a protein as a func-
tion of force, we perform fingerprint-quench-probe experiments (12). 
In these experiments, a molecule was first exposed to a fingerprint 
pulse, where the force was ramped, to assess that the protein folded 

from the previous pulse. Then, the force was quenched to a low value 
(between 2 and 12 pN), allowing the protein to refold (quench pulse). 
Last, the folding at low force was probed by again increasing the 
force (probe pulse) and unfolding any refolded domains from the 
quench pulse (Fig. 4D). The folding probability for a given force 
applied during the quench part was then computed as the ratio of 
the number of unfolding steps in the probe pulse to the number of 
domains in the fingerprint pulse. This approach also allows us to 
measure folding probabilities at low forces, where the refolding steps 
can be too small to be detected with our technique and represents 
how likely an unfolded protein will refold at a set constant force (12). 
It also eliminates false positives in the event of mechanical aging of 
the protein (21), which would become registered in the fingerprint 
pulse. As seen in Fig. 4E, the measured folding probability for the 
R7R8 construct lies between the individual folding probability of R7 
and R8. These data suggest that R8 is the first to refold under a force 
vector (half force of F1/2 = 5.9 ± 0.5 pN), followed by R7 (F1/2 = 
5.5 ± 0.2 pN for R7R8 construct), while R7 refolding when its neigh-
boring R8 domain stays folded had a F1/2 = 4.9 ± 0.5 pN.

To further investigate this unexpected binding-induced stabili-
zation behavior, we designed our experiments to maintain talin R8 
domain unfolded while adding the DLC1 ligand by applying a force 
of 27 pN (Fig. 5). We then cycled the force between 2 and 27 pN, in 
10-s intervals. This pulse is sufficient to refold R8 at low force in ~74% 
of the cases and to unfold DLC1-free talin in the high-force part in 
95.2% of the pulses. During our cycling force protocol, when DLC1 
binds, the measured extension at 27 pN decreases to the same value 
expected for the molecule having R8 folded (Fig. 5). In the first part 
of some of these experiments, we did see unbinding, followed by 
rebinding, with both transitions taking place relatively fast (<1 min, 
with the longest binding time of ~30 min; see table S3 for rates 
and Fig. 5 for the longest measured binding time, measured from 
N = 118). Most of the traces showed a final binding event, which, in 
our longest occurrence, was stable for more than 7 hours, before we 
stopped the experiment (Fig. 5 shows the first part of this event). 
However, unlike the force-ramp protocols, where the tether broke 
before DLC1 detached, using the pulse approach, we measured 
concentration-dependent unbinding rates as well, with the longest 
DLC1 detachment time being 78.5 min. This recovery suggests that 
the connection between DLC1 and R8 is not covalent.

DISCUSSION
Talin was deemed to be the most important protein involved in the 
formation of focal adhesions, as it generates several possible responses 
under force while reacting with a variety of ligands (22). Talin was 
shown to operate at forces between 5 and 10 pN per molecule (23) 
and extend inside cells between 100 and 350 nm (24), which can result 
in the mechanical unfolding of all its 13 rod domains (25). Previously, 
we made the analogy that talin functions as a biomechanical com-
puter, as its response resembles that of a complex computer program 
(26, 27), and if talin is the mechanical computer of cellular adhe-
sion, then R8 represents the central processing unit, as it is capable 
of binding to the highest number of known ligands among rod 
domains and has a complex molecular architecture (Fig. 1). Among 
the binding partners of talin, the interaction with vinculin is best 
understood. Talin-vinculin interaction has been extensively studied 
with single-molecule techniques, as its response requires some par-
tial unfolding of the talin rod domain to expose vinculin binding 
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sites on talin (7). Another intriguing talin binding partner is DLC1, 
a protein first discovered as lacking in patients with liver cancer (28) 
but later reported to be lacking in many other types of cancers (29). 
DLC1 is thought to act as a tumor suppressor by interacting with 
Rho–guanosine triphosphate (GTP) and was shown to inhibit the 
activation of Rho–guanosine triphosphatase (GTPase) by accelerating 
its intrinsic GTPase activity (18). DLC1 was also reported to bind to 
talin, and its only known binding location is at the R8 site (19). Here, 
we report that the complex molecular architecture of talin R7R8 
results in an intricate response to force and find a stronger-than-
expected binding of R8 to its DLC1 partner.

The number of amino acids comprising the mechanical clamp of 
a protein can be calculated from its contour length. The extension 
of a protein during unfolding depends on the applied force and the 
number of amino acids contained inside the unfolding structure 
and can be directly used to estimate the contour length of the mo-
lecular assembly opposing the force vector. We find an unexpected 
variation in the measured unfolding structures for the talin R7R8 
construct (Fig. 2). As magnetic tweezers applies force to all the mol-
ecules inside the fluid chamber at once, it is worth noting that our 
data represent snapshots of how proteins unfold repeatedly, similar 

to their mode of operation in vivo. The unfolding histograms pre-
sented in Fig. 2 show steps that can be attributed to the synchronous 
unfolding of both R7 and R8 domains, as well as their full or partial 
asynchronous denaturation. Using molecular dynamics simulations,  
a three-helix stable structure was predicted for the unfolding of R7, 
which was confirmed by our measurements (Fig. 2B middle peak in 
the left and center histogram) (14). Unexpectedly, our data showed 
that this structure is more prevalent than the unfolding of all five 
helices of R7 in one step. The same study predicted that R7 helix H1 
could form an intermediate structure with R8 domain during un-
folding, which would produce a stable structure from H2 to H5 
helix of R7, with an expected step of 147 amino acids (table S2). 
However, our data did not have the necessary resolution to distin-
guish between structures with three and four helices.

Another unexpected result came when measuring talin R8 domain, 
engineered separately from its neighboring R7 domain. This domain 
showed folding-unfolding transitions in the 4- to 10-pN force range. 
Several initial experiments done solely with R8 tethered between a 
glass surface and paramagnetic bead using HaloTag-SpyTag chemistry 
showed such unfolding-refolding transitions, but these measurements 
puzzled us in the beginning, as other molecules with the correct 

Fig. 4. Interaction of talin domains R7R8 to DLC1. (A) SDS-PAGE analysis showing the binding of R7R8 to DLC1. The E-lane contained the nonadsorbed DLC1; the Wf 
lane confirms the wash procedure, while the R-lane of the boiled beads showed both the DLC1 and the talin signals. M, molecular weight standards. (Top) Binding of DLC1 
to R8 separated from R7, and (bottom) binding of DLC1 to R8 using the R7R8 construct. (B) Representative trace of the extension of the same molecule of R7R8 at increas-
ing force of 15.5 pN/s: Before adding DLC1, unfolding of R7R8 shows three steps (gray trace) and, after adding 100 nM DLC1, shows the unfolding of only R7 domain 
having a single step of ~40 nm and a shorter final extension (red and purple traces). (C) Histogram showing the probability distribution of the number of amino acids 
unfolding from R7 on a single step (N = 55). The average number of amino acids unfolded is obtained from Gaussian fit. (D) Traces showing the folding probability of talin 
R7 domain in the presence of R8-DLC1 complex. A first fingerprint pulse shows unfolding of R7 as a ~40-nm step. Force is then quenched to various low forces, where 
refolding could take place. Last, in the probe pulse, force is increased and any refolded domains in the quench pulse unfold once more. (E) Comparison of folding proba-
bility as a function of refolding forces for R7R8, R8, and R7 as shown by black, blue, and red points, respectively. The half force of refolding corresponding to R7R8, R8, and 
R7 are 5.5 ± 0.2 pN, 5.9 ± 0.5 pN, and 4.9 ± 0.5 pN, respectively. The solid lines are sigmoidal fit to the data, and error bars represent SEs.
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unfolding fingerprint at high force did not have such transitions 
at low force. We initially attributed these transitions to the ex-
tremely unlikely event of having two molecules tethered perfectly 
in parallel (as any misalignment would produce two steps). By im-
proving our molecular fingerprint with the addition of a DNA 
linker, covalently cross-linked to the HaloTag-R8 molecule via cys-
teine chemistry, and using AviTag-streptavidin at the opposite end, 
we were able to exclude the possibility that the fluctuations come 
from a perfectly parallel double tether. A double-tether scenario 
would result in a change in the measured force for the DNA over-
stretching transition, as the tension would be distributed across two 
molecules in parallel. This was not the case, as the DNA overstretch-
ing transitions appeared at the expected magnet position for 
65 pN (~0.99 mm) (4). The downside of the protein-DNA linkers 
comes from using noncovalent AviTag-streptavidin attachment, 
which rarely produces the long-lasting tethers at forces over 65 pN, 
needed to measure the overstretching transition. This noncovalent 
interaction was shown to have a possible mechanically stable state when 
the domain of the tetrameric streptavidin that attaches to AviTag 
is also directly connected to the bead (30, 31). Such a long-lasting 
AviTag-streptavidin tether is shown in Fig. 3. Here, the molecule was 
first exposed to a force ramp increasing up to ~75 pN, where both the 
unfolding of R8 and the overstretching DNA transition appeared. 

When cycling between various low forces in the physiological range, 
we saw no folding-unfolding transitions in the first few cycled. How-
ever, as the molecule cycled through, we measured in the low-force 
part folding-unfolding transitions for the R8 domain, starting after 
a few cycles. We excluded instrumental error in the applied force 
since the measured overstretching transition showed no dependency 
with magnet position between cycles (figs. S4 and S6). Notably, 
these transitions show a memory dependency, as, at the same force, 
the same molecule shows slightly different kinetics (fig. S3). So, what 
could produce such a memory effect in the folding behavior of talin 
R8 in its physiological force range? We speculate that repeated 
unfolding-refolding cycles might lead to different native structures of 
the R8 domain, which can result in changes in its mechanical re-
sponse. The changes affecting this process can be physical or chem-
ical. Several cases were reported where repeated unfolding induced 
interdomain misfolded structures in other proteins through ener-
getic dependencies among its constituent domains (32, 33). This pos-
sible mechanism would involve kinetic trapping in a stable structure 
(34). Using molecular dynamics simulations, it was proposed that, 
if unfolded, then half of the cytosolic Escherichia coli proteins could 
exhibit subpopulations of misfolded conformations, which would be 
kinetically trapped, but without propensity to aggregate (35). These 
conformations are rarely encountered in vivo for freshly expressed 

Fig. 5. Binding of DLC1 to talin domain R8. (A) First 3 hours of a trace lasting over 30,000-s and monitoring the binding of DLC1. Arrows represent binding events, and 
dotted boxes mark chosen zoom-ins. (B) Left: Zoom-in of the fingerprint pulse, where the force is ramped to ~80 pN, showing the unfolding of R8 followed by the DNA 
overstretching transition. After two force-ramp pulses, a solution of DLC1 is injected, while a force of 27 pN is maintained to prevent talin R8 from refolding. The noise in 
length during injection is an artifact from the bead responding to flow. Middle: A zoom-in showing a temporary binding event lasting three force-step changes. Right: A 
magnified view showing two binding events. No other unbinding events were measured in this trace after time t = 4920 s, in the remainder of ~7 hours.
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proteins, where the cotranslational folding restricts the folding 
kinetics (36). Kinetic trapping was also corroborated in an experi-
mental study, which reports on different unfolding behaviors for 
different molecules of the same protein (37). Furthermore, in its un-
folded state, a protein has all of its amino acids exposed to the solu-
tion environment. Some amino acids that typically are buried inside 
the protein structure are more prone to posttranslational modifica-
tions, such as oxidation, which would chemically change the folding 
energy landscape of a protein (21). However, these transitions did not 
showed a shortening specific for disulfide bond formation (38) or 
lack of folding, specific to oxidation (21), but rather a strengthening 
of the folded state. While the oxidation effect reported in (21) seems 
to be universal, appearing with various probabilities in all measured 
proteins, including talin, it manifests through the absence of refolding, 
as the molecule extends to the same length as when first unfolded. 
Both the unfolding/refolding transitions and the molecules with bound 
DLC1 showed shorter overall extensions between cycles, representa-
tive of a different mechanism (see also Fig. 5 and fig. S5).

Another important finding was that the interaction of talin R8 
domain with its ligand DLC1 locks R8 into a mechanically stable 
state, which can withstand forces over 90 pN for long times (Figs. 4 
and 5 and fig. S5). Using calorimetry, the dissociation constant of 
never-unfolded R8 with its DLC1 ligand was measured to be Kd = 48 M 
(19). Hence, our expectation was that when exposed to a solution 
containing DLC1 in concentrations well below Kd, binding will take 
place only after several cycles. Again, it is worth mentioning here 
that we are measuring the exact same protein molecule without and 
with its ligand present in solution using an approach as previously 
described (11). When DLC1 was introduced into the measuring cham-
ber while the bead was maintained at 2 pN, R8 stopped unfolding 
from the initial cycle, and the ligand could not be detached, even 
at high forces. Molecular dynamics simulations predicted no change 
in the mechanical stability of the R8 upon DLC1 binding (14). How-
ever, these simulations used the structure reported from crystallog-
raphy studies, where the talin domains were not previously unfolded 
mechanically.

What is the biological interpretation of this extreme mechanical 
stability of R8 upon DLC1 binding? Here, we propose that a mech-
anism of action for the potential tumor suppressor activity of DLC1 
comes from its competing interaction against RIAM (Rap1-GTP–
interacting adaptor molecule) for talin R8 (Fig. 6). DLC1 was studied 
as a tumor suppressor in the context of its interaction with Rho-
GTP and was shown to inhibit the activation of Rho-GTPase by acceler-
ating its intrinsic GTPase activity (18, 39). However, tumor-associated 
loss-of-function mutants showed normal Rho-GTPase activating 
protein activity (40), suggesting that a different mechanism makes 
DLC1 act as a tumor inhibitor. A landmark study identified DLC1 
as a ligand for talin R8 domain (19). The same R8 site is used by 
GTPases to bring talin at the plasma membrane through RIAM 
(Fig. 6). Once at the plasma membrane, two-dimensional (2D) ver-
sus 3D diffusion facilitates better binding of talin to integrins, lead-
ing to a 1000- to 10,000-fold increased affinity for ECM ligands (41). 
However, in calorimetry experiments, RIAM was shown to bind more 
strongly to talin R8 than DLC1 (Kd = 3.5 M for RIAM-R8 and 
Kd = 48 M for DLC1-R8), which would make DLC1 a poor regula-
tor (19). These findings are in contradiction with experiments done 
with cells, where, during the formation of focal adhesions, RIAM/
talin complexes were undetectable when DLC1 was present (19). Hence, 
the extreme binding between DLC1 to talin R8 domain measured 

here supports R8 as a strong regulator for inside-out activation of 
integrins. Furthermore, this mechanical locking of R8 will affect the 
(un)folding behavior of its neighbor R7. The half-force for refolding 
of R7 within 5 min is 4.9 pN, smaller than for the refolding of R8 
alone, or for R7R8. This half-force indicates that R7 will be the last 
protein domain to fold in the R7R8 complex and that a folded R8 
will favor R7 refolding.

How would a memory-dependent force fluctuation have a phys-
iological role in the functioning of the talin R7R8 domains? While 
R8 was predicted to be mechanically weak, similar to the R3 domain 
(14), currently, the only talin domain known to show folding-unfolding 
transitions in the physiological force range is R3 (16, 42, 43). The 
R1-R4 region was shown to recruit vinculin without being exposed 
to force (44). These reported behaviors make R3 the likely place for 
the initiation of focal adhesion, where vinculin can be easily recruited. 
Because of its complex architecture, R8 can only undergo folding 
transitions while R7 is locked into an unfolded conformation, when 
bound to vinculin (42). Hence, we speculate that a potential role for 
the folding transitions seen for R8 is in terminating focal adhesions. In 
such a role, R8 folding-unfolding transition would act as a probe to de-
termine whether vinculin, or other binding partners such as DLC1, 
have higher concentrations, as vinculin would lock R8 in an unfolded 
state, while other ligands would maintain it folded. In its folded state, 
R8 would favor R7 refolding and, hence, vinculin detachment. How 
would such a strong interaction with DLC1 affect the function of R7R8? 
First, such an interaction would prevent recruitment of RIAM, a 
linker protein that keeps talin at the plasma membrane during 
inside-out activation (45). Furthermore, detachment of talin with R8-
bound DLC1 from integrins would prevent interaction with RIAM 
and attachment to membrane proteins that use the same site (Fig. 6). 
Another possible scenario involves the attachment of talin to actin fila-
ments and microtubules. Attachment to actin is accomplished though 
vinculin via R7R8 unfolding, while attachment to microtubules is 
accomplished via adaptor protein KN motif and ankyrin repeat do-
mains 1 (KANK1) when R7 stays folded (46). One would expect 
that the folded R8 would stabilize the folded state of R7 and favor 
binding of talin to microtubules over binding to actin.

In conclusion, repeated mechanical unfolding of talin R8 domain 
via magnetic tweezers showed a history-dependent mechanism, where 
exposure to unfolding transitions of a protein domain determines 

Force

+DLC1

ECM ligand

GPCR
GTPase

Talin

Integrins

Actin
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Fig. 6. Schematics of the interaction between talin and DLC1 in the context of 
integrin activation. Inside-out activation of integrins is triggered through binding of 
an extracellular ligand to a G protein–coupled receptor (GPCR), which later activates a 
GTPase. Adapter molecule Rap1-interacting molecule (RIAM) can link the GTPase to 
talin when binding via the R8 domain and can maintain talin at the plasma membrane, 
increasing the chances of activation of integrins and binding the ECM. The strong 
binding of DLC1 can compete with RIAM, regulating activation, or can prevent 
membrane-bound RIAM from recruiting talin during focal adhesion disassembly.
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its future behaviors. Furthermore, an unusually strong binding 
interaction of talin R8 with DLC1 ligand was measured and can ex-
plain the regulatory potential of this interaction for integrin activa-
tion and focal adhesion formation. While we currently do not fully 
understand the exact mechanism for the history dependence of un-
folding and how it relates to DLC1 binding, we envision that future 
studies will elucidate how common such a history-dependent re-
sponse occurs in the proteome and how it influences the binding to 
proteins involved in mechanotransduction.

MATERIALS AND METHODS
Protein engineering, expression, and purification
If not otherwise mentioned, then all chemicals were purchased from 
Sigma-Aldrich. Talin rod domains R7 and R8 were cloned from 
human TLN1 gene and were engineered as inserts (residues 1351 to 
1656) for R7-R8, inserts (residues 1453 to 1582) for R8, and (L)2-
R7R8-(L)2 (L denotes protein L) into several pFN18A expression 
vectors that were modified to add HaloTag at the N terminus, and 
either AviTag or SpyTag with a terminal cysteine at the C terminus. 
The pFN18A plasmids also had a (Histidine)6 tag at the C terminus, 
used for purification. They were inserted into E. coli BLR(DE3) cells, 
which were grown in Luria Broth (LB) in the presence of carbenicillin 
(50 g/ml) at 37°C until OD600nm (optical density at 600 nm) reached 
0.6 to 0.8. Then, overexpression was induced overnight at 25°C with 
1 mM Isopropyl -D-1-thiogalactopyranoside (IPTG). Cells were 
then pelleted and resuspended in E/W buffer [50 mM Na2HPO4/
NaH2PO4, 300 mM NaCl, 1 mM dithiothreitol, and 5% (v/v) glycerol 
(pH 7.0)] and lysed with lysozyme, 1% Triton X-100, deoxyribonu-
clease (DNase), and ribonuclease (RNase), in the presence of protease 
inhibitors, followed by sonication. Following cell lysis, the soluble 
protein fraction was separated from the insoluble fraction using 
high-speed centrifugation or filtration and passed through a chemical 
affinity purification Ni-NTA (nitrilotriacetic acid) column. Washing 
of the Ni-NTA column with the adsorbed protein of interest was 
done with E/W buffer containing also 7 mM imidazole, while elu-
tion was achieved with E/W buffer containing 250 mM imidazole. 
Following affinity purification, the protein solution was injected into a 
size exclusion chromatography column (S-300, ÄKTA GE) and eluted 
with a Hepes buffer [50 mM Hepes, 150 mM NaCl, and 5% (v/v) 
glycerol (pH 7.2) buffer]. DLC1 with a sequence of NEDIFPELDDI-
LYHVKGMQRIVNQWSE (which was shown to bind R8 domain) 
(19) fragment was ordered from Integrated DNA Technologies and 
was inserted in a pQ80E expression vector, which also contained 
mVenus protein and the (Histidine)6 tag at the N terminus. The used 
concentrations for DLC1 in our experiments were 10 nM, 100 nM, 
1 M, and 14 M. The purification procedure was similar to the one 
used for HaloTag-Talin constructs, with the exception that the com-
petent cells used for protein overexpression were E. coli C41, and 
the buffers used during purification did not contain glycerol. The 
purified proteins with the AviTag construct were concentrated to 
~100 M and biotinylated using a BirA biotin-protein ligase stan-
dard reaction kit (Avidity), following the manufacturer’s protocol. 
An up-to-date protocol of our protein purification is maintained 
and available on our website at https://popalab.uwm.edu/.

Attachment chemistry
An experimental fluid chamber was used to measure the immobilized 
molecules. Fluid chambers were assembled by sandwiching two parafilm 

strips between the cleaned glass top surface (260140, Ted Pella) and 
the silanized bottom surface or by using a 3D-printed scaffold (with 
PLA using a Prusa Research 3D printer). The assembled fluid cham-
bers were incubated with a mixture of 1% (v/v) glutaraldehyde in 
phosphate-buffered saline (PBS) buffer at pH 7.2 and 0.05% (w/v) 
amine-terminated polystyrene nonmagnetic (reference) beads of diameter 
2.6 m for 1 hour (Spherotech). The nonadsorbed glutaraldehyde 
and reference beads were then washed with PBS buffer [50 mM 
Na2HPO4/NaH2PO4 and 150 mM KCl (pH 7.2)] and incubated for 
4 hours at room temperature with amine-terminated chloroalkane 
ligand (10 g/ml; HaloTag Ligand, Promega), also dissolved in PBS 
buffer. Last, the chambers were washed and passivated with bovine 
serum albumin (BSA) for 12 hours [1% (w/v) sulfhydryl blocked BSA, 
20 mM tris, and 150 mM KCl (pH 7.4)].

Dynabeads M-270 (Thermo Fisher Scientific) with functional 
amine or streptavidin groups were used to apply force to biomolecules. 
The amine beads were used for the HaloTag-SpyTag constructs and 
were functionalized with chloroalkane ligand in a similar way as the 
surfaces. The streptavidin beads were washed three times with 
PBS. Before experiments, beads were also passivated for more than 
1 hour in bead-blocking solution (S-4023, TriLink BioTechnologies) 
or with a casein solution [1.5% (g/v) in PBS; Fisher Scientific] at 
4°C. The excess bead-blocking solution was washed three times, and 
beads were incubated in PBS buffer to use.

Protein-DNA constructs were synthetized as described in (4) using 
the same DNA sequence, terminated with a di-biotin and amine. 
Briefly, cloning of the 604-bp lambda-DNA was done via polymerase 
chain reaction in the presence of the biotin and amine primers. The 
product was then cleaned with a clean-up column (Macherey-Nagel 
NucleoSpin from Fisher Scientific) and reacted for 30 min at room 
temperature with a sulfosuccinimidyl-trans-4-(N-maleimidomethyl) 
cyclohexane-1-carboxylate (Sulfo-SMCC) bifunctional ligand (EMD 
Millipore). Following a second cleanup to remove unreacted Sulfo-
SMCC reagent, the DNA was reacted to the cysteine-terminated 
protein overnight at 4°C. An up-to-date protocol of our surface 
chemistry approaches is maintained and available on our website at 
https://popalab.uwm.edu/.

Single-molecule magnetic tweezer measurements
Our magnetic tweezer instrument is built on top of an inverted 
Olympus IX71 microscope and was described in detail in (11). When 
measuring SpyTag-terminated proteins, the chloroalkane functional-
ized chamber was first incubated for 10 min with 5 M HaloTag-
SpyCatcher, washed with PBS buffer, and incubated for 30 more 
minutes with the protein of interest (diluted to ~100 nM in PBS). 
All other proteins were added directly to the chloroalkane function-
alized chamber for 10 min, at the same concentration. Then, the fluid 
chamber was washed with PBS buffer to remove nonadsorbed pro-
tein, and the paramagnetic beads were added and left to sediment 
for ~1 min while the chamber was mounted on the inverted micro-
scope. Then, the permanent magnets were approached to 5 mm to 
attract nonbound paramagnetic beads. Regions of interest (ROIs) of 
128 × 128 pixels encompassing a tethered paramagnetic bead and a 
surface-glued nonmagnetic reference bead were selected. Using the 
selected two beads, a stack profile was obtained by moving the ob-
jective, with the help of a piezo actuator, in steps of 20 nm before the 
start of the experiment. During the experiment, this stack library was 
used to determine the relative position of the paramagnetic bead in 
respect to the reference bead, hence yielding the extension of the 

https://popalab.uwm.edu/
https://popalab.uwm.edu/
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tethered molecule. The live-image processing was done using Igor 
Pro (WaveMetrics) by computing the 2D fast Fourier transform of 
the ROI, followed by a radial profile around the center (4). Last, the 
correlation between the radial profile obtained during measurement 
and the radial profiles stored in the stack library was fitted using a 
Gaussian law, to determine the absolute position of a bead.

Binding experiments were conducted as described in (11). Briefly, 
after finding a tether displaying the expected molecular fingerprint, 
the solution inside the chamber was changed to contain the ligand 
(in this case DLC1) while the bead was maintained either under a small 
force (~2 pN) to prevent binding to glass during generated flow, 
or at a force of 27-pN to prevent R8 refolding. Then, the same mol-
ecule was exposed to the desired force pulse, and its response was mea-
sured. As single molecules behave in a probabilistic manner, we 
designed our pulse to maximize folding probability and minimize 
the low-force exposure time. Folding probability of R8 at 2 pN for 
10 s was determined to be 0.74 ± 0.02. In control experiments, when 
cycled between 2 and 27 pN for 10 s each, without added DLC1, R8 
reached unfolding extension in 95.3% of the pulses. As this number 
was still less than 100%, we assigned binding events only where two 
or more pulses had R8 folded, while single folded pulses were con-
sidered as having DLC1 nonbound. The dwell times required for 
DLC1 to bind were determined from the low-force times, when R8 
refolded. Obviously, the rates shown in table S3 are an underesti-
mate, as they consider the folding of R8 to be immediate at 2 pN.

SDS-PAGE binding assay
SDS-PAGE (Bio-Rad Laboratories) was also used to analyze the 
binding of DLC1 to the folded R8 and R7R8 constructs. In this pro-
cess, the purified protein was incubated with paramagnetic beads 
for an hour in Hepes buffer at 4°C on the rotor. The excess non-
adsorbed protein was washed three times with Hepes buffer, obtained 
as supernatant by the process of sedimentation using a strong magnet. 
Following the wash, the paramagnetic beads with a protein attached 
to them were incubated with mVenus-DLC1 at 4°C overnight on 
the rotor. Following the incubation process, the excess nonadsorbed 
DLC1 was again washed four times by sedimentation using a strong 
magnet, and the nonadsorbed and final wash supernatant was col-
lected. The sedimented beads with bound protein and ligand were 
incubated in 10 l of Hepes buffer. The nonadsorbed supernatant 
was diluted to 2 M with Hepes buffer. Ten microliters from each 
sample was mixed with 4 l of buffer [50 l of 4× Laemmli sample 
buffer (Bio-Rad) and 5.5 l of 2-mercaptoethanol (Amresco) as a 
reducing agent], and the samples were further denatured by heating 
for 10 min at 100°C. The samples were then loaded onto a 4 to 15% 
polyacrylamide gel (Bio-Rad) and run at a constant voltage of 200 V 
for 30 min using 1× tris-glycine SDS buffer (Amresco Inc.). Follow-
ing three washes with DDi H2O and Coomassie staining (Bio-Rad), 
the protein bands on the gels were visualized using a destaining 
solution (20% methanol, 10% acetic acid, and 70% H2O).

Data analysis and errors estimation
Data analysis was done using Igor Pro (WaveMetrics). To estimate 
the structures resisting mechanical force, step sizes from the single-
molecule data were measured as changes in the extension of the 
tethered molecule. The measured extensions were then used to esti-
mate the number of amino acids forming the mechanical clamp that 
generated them. For this calculation, we used the worm-like chain 
model of polymer elasticity, assuming a persistence length of 0.58 nm 

(12) and the size of an amino acid under force of 0.4 nm (13). The 
data were then aggregated into histograms and fitted with a multi-
Gaussian model using the built-in multipeak fitting procedure from 
Igor Pro to determine the mean and SD. The number of peaks esti-
mated from histograms was verified by using the minimization of 

the fitting residual method: ​Res = ​ √ 
_________________________

   ∑ ​[Data − Aexp​{​​ − ​1 _ 2​​(​​ ​x − ​x​ 0​​ _ SD ​​ )​​​}​​]​​ 
2
​ ​ / f​, 

where A is the fitted amplitude, x is the calculated number of amino 
acids, x0 is the position of the peak, SD is the standard deviation, 
and the number of degrees of freedom f = N − nf, with N being the 
number of bins and nf being the number of fitting parameters (47).

To determine the dwell times for the unfolding and refolding 
transitions from the equilibrium traces measured for R8, we used a 
hidden Markov analysis procedure, as described in (48). Briefly, the 
data were first resampled to contain equidistant points in time, then 
fitted using the code provided in the reference above, which was 
initialized from Igor Pro and uses MATLAB. Once the transition and 
emission matrices were calculated, a Viterbi algorithm was used to 
calculate the most probable path. Transitions having less than 30 points 
were ignored. Last, the traces were analyzed by hand for quality 
control. The dwell times were then aggregated into histograms by 
plotting the natural log and fitted to determine the rates with exp[x − 
x0 − exp (x − x0)], where x = ln [t] and x0 = ln [] (15). The measured 
rates were plotted as a function of force, and the expected rate at 
zero force r0 and distance to transition state ∆x were determined 
assuming a Bell model: ​​r(F ) = ​r​ 0​​ exp​(​​ ​F∆x _ kT ​​)​​​​, where kT is the thermal 
energy term.

The folding probability was determined from the ratio of the 
number of domains unfolding in the probe pulse over the number 
of domains unfolding in the fingerprint pulse, as the molecule was 
exposed to various low forces for 300 s. The folding probability was 
then fitted with a sigmoid function to determine the half-force: 
​P(F ) = 1 − ​(1 + exp​(​​ ​​F​ 1/2​​ − F _ r  ​​)​​)​​ 

−1
​​. Errors for single molecule statistics 

were evaluated using boot-strapping analysis, as described in (49).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7719

View/request a protocol for this paper from Bio-protocol.
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