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B I O P H Y S I C S

The mechanical response of vinculin
Xuyao Liu1,2†, Jingzhun Liu1,2†, Yinan Wang1,2†, Mingxi Yao3, Karen B. Baker4, Benjamin Klapholz5, 
Nicholas H. Brown5, Benjamin T. Goult4,6*, Jie Yan1,2,7*

Vinculin is a mechanosensitive adaptor that links actin to cell-matrix and cell-cell adhesions. Known as a mecha-
noeffector, it is recruited to adhesion sites under force via mechanotransducers talin and α-catenin. Here, we ex-
amine vinculin’s mechanical properties to assess its role as a mechanotransducer. We find that at physiological 
loading rates, vinculin domains unfold at forces of 5 to 15 pN and refold rapidly when forces drop to 1 pN. This 
behavior is reminiscent of force-dependent switches in talin and α-catenin, suggesting vinculin domains also 
function as molecular switches. Unfolding induces large extension changes up to 150 nm in steps of 20 to 30 nm. 
These findings reveal that vinculin exhibits a previously unrecognized mechanical response, with dynamic folding/
unfolding under force acting as a buffering mechanism. Given its role as a scaffold for many proteins, this mecha-
nosensitive behavior supports a model where vinculin functions directly as a mechanotransducer, recruiting bind-
ing partners in a force-dependent manner.

INTRODUCTION
In recent years, there has been growing appreciation that cells not 
only respond to the chemical signals in their environment, but also to 
mechanical signals, such as the stiffness of the tissue and surrounding 
extracellular matrix (ECM) (1, 2). Sensing the mechanical environ-
ment requires mechanotransducers: molecules that can convert me-
chanical forces into chemical changes within the cell. A current 
paradigm for mechanotransduction is provided by the mechano-
transducers talin and α-catenin, which recruit the mechanoeffector 
vinculin in a force-dependent manner (3–5).

The force-dependent recruitment of vinculin requires the me-
chanical unfolding of domains within talin and α-catenin, key cyto-
skeletal linkers at the adhesive junctions mediating cell-ECM and 
cell-cell adhesion, respectively (6, 7). This occurs because the vincu-
lin binding sites (VBSs) are buried within the folded α-helical bun-
dles and are exposed by force unfolding these domains. Thus, these 
domains function as mechanical switches, as they bind some proteins 
in their folded state and others in their unfolded state (8). Vinculin is 
one of the best characterized mechanoeffectors, as its recruitment to 
sites of cell adhesion is force dependent.

The interaction of vinculin with talin and α-catenin is not simply 
regulated by the exposure of VBSs as vinculin itself can also adopt 
closed and open conformations, altering its interactions with its 
binding partners. Vinculin consists of a number of domains com-
prised of bundles of α helices. The number of these bundles varies 
from six to eight, depending on the species, and, in some cases, pairs 
of bundles share an extended α helix, thereby forming a domain. 
Thus, vertebrate vinculin consists of domains D1 (bundles 1 and 2, 

D1A and D1B), D2 (bundles 3 and 4, D2A and D2B), D3 (bundles 5 
and 6, D3A and D3B), D4 (bundle 7), an unstructured proline-rich 
linker, and a conserved five-helix bundle, vinculin tail, Vt (bundle 8) 
at the C terminus. The major interactions with vinculin reported to 
date involve D1, which binds VBS, the linker, which binds SH3 
domain–containing partners such as CAP and p130Cas (9), and Vt, 
which binds actin. α-Catenin is a paralog of vinculin, with a similar 
structure, and the bulk of talin is also formed of helical bundles, 
some four-helix bundles and the majority with the addition of a fifth 
helix (10). Interdomain interactions within the vinculin head orga-
nize it into a pincer-like structure (Fig. 1B) (11, 12).

Vinculin exists in equilibrium between closed and open confor-
mations. In the closed conformation, it does not bind VBSs or actin 
(13) due to an autoinhibitory interaction between the head and tail 
domains (14,  15). The open conformation is able to engage with 
talin/α-catenin and actin and is stabilized by these interactions 
(16, 17). Force strengthens these interactions, as observed in cells 
(18). When force is reduced, the mechanosensitive interactions 
weaken and vinculin disengages and returns to its closed conforma-
tion. The importance of this regulatory mechanism was highlighted 
by the observation that, in Drosophila, expression of constitutively 
open vinculin is more detrimental than removing vinculin (19).

Vinculin binding to actin enables its role in focal adhesion (FA)–
mediated mechanotransduction (13, 20–25), and down-regulation 
of vinculin leads to disruptions in cell rigidity sensing, cell adhesion, 
cell growth, and migration, which in turn contribute to cancer me-
tastasis (26–28). Loss of vinculin has also been found to break the 
balance in skin stem cell differentiation (29) and has been linked to 
both dilated and hypertrophic cardiomyopathies in patients (30–32).

Active vinculin thus forms a mechanical linkage between the 
VBS-binding D1 domain at one end and the actin-binding Vt do-
main at the other end (Fig. 1C). As a result, actomyosin contraction 
will exert force on the other domains of vinculin. The key question 
we wished to address here is, in addition to being a key mechanoef-
fector of the mechanotransducing proteins talin and α-catenin, could 
vinculin also be a mechanotransducer, regulating the binding to its 
partners in a force dependent manner? To gain insights into this 
question, it is essential to quantify the mechanical responses of the 
tension-bearing domains and linker regions of vinculin during phys-
iologically relevant stretching processes. Based on these responses, 
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we can predict how tension might influence the binding of factors 
associated with vinculin.

Our results reveal the complex mechanical response of vinculin 
and identify that the helical bundles in vinculin exhibit switch-like 
behavior. We experimentally show that (i) the force-bearing vincu-
lin domains undergo dynamic unfolding and refolding structural 

transitions over a physiological range of stretching conditions and 
(ii) the dimensions of the vinculin molecule change dramatically as 
these domains unfold and refold. Furthermore, results from struc-
tural and theoretical modeling suggest that (iii) the vinculin linker 
is less accessible to binding factors in the autoinhibited conforma-
tion and (iv) tensile force of a few piconewtons can extend vinculin 

Fig. 1. Stretching vinculin. (A) Domain structures of Drosophila and human vinculin. The D1 in red, D2 in yellow, D3 in green, D4 in gray, and Vt in purple with linker in gold. 
(B) Structural model of Drosophila vinculin predicted by AlphaFold2 in an autoinhibited configuration. Right: The structure of full-length human vinculin (PDB ID 1TR2). 
Inset: The D2 domains from Drosophila vinculin and human vinculin are shown enlarged to highlight the additional domain in human vinculin. Drosophila vinculin D2 
comprises a single four-helix bundle, whereas D2 from human vinculin is a double four-helix bundle. The known vinculin binding proteins are listed for individual vinculin 
domains. (C) Illustration of the force-transmission supramolecular linkage between integrins engaging the ECM and the actin network mediated by talin (gray/blue) and 
vinculin (pink). The talin-bound, activated vinculin mediates force transmission from talin to actin. (D) The vector design used in these experiments is shown, where a glu-
tathione S-transferase (GST) tag is used for purification and, once cleaved using tobacco etch virus (TEV) protease, yields a protein of interest with N-terminal AVI-tag and 
C-terminal Halo tag for tethering to allow stretching. Four vinculin constructs were designed: D1-Vt (full-length vinculin), D1-D4, D2-D4, and D3-D4. aa, amino acid.
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and could notably change the binding affinity between the vinculin 
linker and its binding factors. Together, this work identifies vinculin 
as a complex mechanosensor and mechanotransducer.

RESULTS
Mechanical stability of vinculin domains
Our previous work showed that the different domains of the talin rod 
unfold at different forces and rapidly refold when force is released (33). 
We wished to explore whether vinculin shares these properties and so 
could also function as a mechanotransducer. Our recent work benefit-
ed from the genetic tractability of Drosophila for the study of vinculin 
(19), so, for this study, we chose to initiate our single-molecule studies 
with Drosophila vinculin. Drosophila vinculin has seven helical bun-
dles (Fig.  1A) and functions at room temperature, as the optimum 
temperature for Drosophila culture is 22° to 25°C. As the structure of 
Drosophila vinculin has not been solved, we predicted it using Alpha-
Fold2 (34, 35), which produced a structure consistent with the struc-
ture previously modeled using MODBASE (ref. no. O46037; fig. S1) 
based on the chicken vinculin crystal structure [Protein Data Bank 
(PDB) ID 1ST6 (11)]. The predicted structure shows high similarity 
with that of chicken [PDB IDs 1ST6 (11) and 6NR7 (36)] and human 
[PDB ID 1TR2 (10)] vinculin (Fig. 1, A and B) and also with the vin-
culin homolog from sponge [PDB ID 6BFI (37)]. The main difference 
between the vinculins from different species is found in the D2 do-
main (Fig. 1, A and B, insets): The D2 domain in human and chicken 
vinculin contains two four-helix bundles connected by a long, cen-
trally shared α helix, the D2 domain in Drosophila vinculin is a single 
four-helix bundle, and D2 is absent entirely from sponge vinculin (37). 
The tail domain (Vt) interacts with the head domains, resulting in a 
compact, lowest-energy autoinhibited, closed conformation (Fig. 1B). 
When activated, the open form of vinculin links talin to F-actin in the 
integrin-mediated mechanotransduction pathway, and force is exerted 
on vinculin (Fig. 1C). Vinculin also interacts with various cellular pro-
teins as indicated (Fig. 1B) (6, 22, 38–42). To understand the mechani-
cal stability of the tension-bearing vinculin domains, we expressed 
segments of vinculin with suitable tags for stretching (Fig. 1D).

The mechanical response of vinculin
The mechanical stability of Drosophila full-length vinculin was inves-
tigated at room temperature (24°C) using an in-house constructed 

magnetic-tweezer setup (Fig.  2A) (43,  44). The height of the end-
attached 2.8-μm-diameter superparamagnetic bead (Dynabeads 
M-270, Invitrogen) was recorded as the force was increased at selected 
physiologically relevant loading rates in the order of piconewtons per 
second (45–47). After each force-loading scan, the force was reduced 
to 1 pN for 30 s, allowing the unfolded domains to refold, and then, the 
force-loading scan was repeated. Figure 2B shows representative 
force-height curves during repeating force loading of a tether contain-
ing a full-length vinculin at a loading rate of 2.0 ± 0.2 pN/s. The step-
wise bead height increases indicate domain unfolding events. Most of 
the domains unfold within 7 to 15 pN. The data reveal a complex me-
chanical response, with six to seven unfolding steps spread over the 
force range. The number of unfolding steps is consistent with the 
number of helical bundles (D1A, D1B, D2, D3A, D3B, D4, and Vt). 
The size of 30 nm of each extension step is also consistent with unfold-
ing of one helical bundle. The data did not reveal a mechanically stable 
head-tail association, which would have manifested as an additional 
stepwise bead height increase (see further details in Discussion).

We next examined the mechanical responses of tension-bearing 
subdomains in Drosophila vinculin. In these studies, we reduced the 
loading rate to 0.40 ± 0.04 pN/s to extend the duration, allowing us 
to capture more detailed information on the dynamic unfolding and 
folding fluctuations of these subdomains.

D3-D4 domains
The D4 domain is a single four-helix bundle, and the D3 domain 
contains two four-helix bundles, D3A and D3B, connected by a 
shared α helix. Three distinct unfolding steps over a force range of 7 
to 15 pN were observed in each scan (Fig. 3A, left) occurring over a 
range of forces. This indicates that the three α-helix bundles unfold 
independently. In each cycle, the unfolded D3 and D4 domains re-
folded with near 100% probability when the force was reduced to 
1 pN and held for 30 s, enabling us to perform many mechanical 
unfolding and refolding cycles of the same domains before breakage.

We next converted the force-dependent step sizes into the con-
tour length of protein peptide released after unfolding (text S1 and 
fig.  S2) to generate a force-contour length scatter plot (Fig.  3A, 
right). This plot includes more than 700 unfolding events from 13 
independent tethers and shows two clear groups (group A and 
group B) with differential unfolding forces (fig. S3). Group A con-
tains the weakest α-helical bundle, which undergoes rapid reversible 

Fig. 2. The mechanical response of full-length vinculin. (A) Full-length vinculin (D1-Vt shown in Fig. 1, B and D) is tethered between coverslip and a superparamag-
netic bead using a 572–base pair DNA handle. Force is exerted on the bead and onto the protein resulting in a change in bead height (∆H), and domain unfolding events 
result in stepwise jumps in bead height. (B) Five representative consecutive force-height curves obtained from a tether at a loading rate of 2.0 ± 0.2 pN/s. Top left inset: 
Structural model of full-length Drosophila vinculin. Right inset: All of the bundles in vinculin are four-helical except the vinculin tail domain, which is a five-helix bundle 
making its unfolding event readily identifiable by the larger step that results when it unfolds, indicated by the arrow.
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Fig. 3. The mechanical responses of vinculin D3-D4, D2-D4, and D1-D4 subsegments. (A to C) Five representative, consecutive force-height curves of the unfolding 
of vinculin D3-D4 (A), D2-D4 (B), and D1-D4 (C) domains at 0.40 ± 0.04 pN/s loading rate are shown. The structural models of each subsegment are shown in the upper 
left. For each subsegment, the unfolding events are divided into groups based on the contour lengths of released polypeptide polymer and unfolding forces (right). The 
rapid fluctuations for group A unfolding events are shown enlarged as inset in D3-D4 (A) and D2-D4 domains (B). Two equilibrium unfolding/refolding fluctuations in 
group A are noted in D2-D4 (B). In the D1-D4 force-extension curves (C), two regions are enlarged corresponding to two unfolding signals from the two four-helix bundles 
of the D1 domain. For each subsegment, data points are obtained from >700 unfolding events on at least four independent tethers.
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unfolding and refolding transitions (Fig. 3A, left) at forces around 
8 pN. Similar rapid unfolding/refolding fluctuations were seen pre-
viously for the weakest domain in talin, R3 (16, 33), when at 5 pN of 
force. In contrast, the other two α-helical bundles (group B) unfold 
at forces of 10 to 15 pN and do not refold at this force, only refolding 
once force is released at the end of the cycle. This mechanical hyster-
esis property of the domains was also similar to what was seen in the 
other talin rod domains (33). Assuming independent unfolding of 
D3 subdomains (D3A and D3B) and D4, as the contour lengths are 
dependent on the primary sequence of the domain, we could calcu-
late that the group B data in Fig. 3A corresponds to the unfolding of 
D4 and the larger subdomain from D3, D3B. The group A corre-
sponds to the unfolding of the smaller subdomain in D3, D3A (ta-
ble S1 and fig. S4).

D2-D4 domains
Having quantified the mechanical response of the D3-D4 domains, 
we next extended the experiment to include the additional four-helix 
bundle in the D2 domain. The left panel of Fig. 3B shows the repre-
sentative force-bead height curves obtained during force-increase 
scans at the same loading rate of 0.4 pN/s, and the force-contour 
length scatter plot is shown accordingly (Fig. 3B, right). When com-
pared to the data from D3-D4, the signature of the additional D2 
domain is clear. D2 also undergoes rapid reversible unfolding and 
refolding transitions at forces around 7 to 8 pN. Therefore, the D2 
domain is assigned to the mechanical group A.

D1-D4 domains
The results from similar experiments performed for the construct D1-
D4 are shown in Fig. 3C. Compared to data obtained from D2-D4, the 
mechanical signature from D1 is revealed. Two distinct signals from 
D1 are evident, one contributing to an additional unfolding signal in 
the mechanical group B; however, D1 domain also contributes to a 
very mechanically unstable unfolding event, with an unfolding signal 
at forces around 2 to 3 pN at the loading rate (group C; Fig. 3C). The 
group C unfolding signal was not observed in every force-increase 
scan, indicating that the corresponding domain did not always suc-
cessfully refold when the tether was held at the refolding force (1.0 ± 
0.1 pN) over 30 s (fig. S5). The appearance of two distinct unfolding 
signatures of D1 is consistent with the existence of two α-helical bun-
dles, D1A and D1B, in D1. D1A is responsible for the binding to VBSs, 
and D1B is a force-bearing α-helical bundle in vinculin-mediated 
force-transmission pathway. Due to the similar sizes of D1A and D1B, 
we cannot assign them into the respective group.

Comparing D1 to D4 (Fig. 3C) with full-length vinculin (Fig. 2B), 
we can identify the additional unfolding step that belongs to the Vt 
domain, which has a larger force-dependent step size expected from a 
five-helix bundle. Moreover, the observation that one of the subdo-
mains, either D1A or D1B, did not refold in the majority of the force-
loading cycles accounts for the presence of only six unfolding steps in 
four of the five cycles of stretching full-length vinculin (Fig. 2B).

Overall, the results in this section show that the force-bearing α-
helical bundles in the vinculin head domains (D1-D4) show switch-
like mechanical properties, unfolding independently over a force 
range from 2 to 15 pN at the loading rate of 0.4 pN/s. Among the 
force-bearing domains, we identify two distinct groups of mechani-
cal behaviors, D4, D3B, and a subdomain from D1 are more mechan-
ically stable (group B). Each switch in group B exhibits mechanical 
hysteresis and does not refold at the same force as it unfolds. The 

second group (group A) includes the mechanically weaker domains 
D2 and D3A, which undergo rapid fluctuations in unfolding/refolding 
around 8 pN of force. At a constant force of approximately 8 pN, D2 
and D3A exhibit dynamic structural transitions on a biologically rel-
evant timescale of seconds (fig. S6). While one domain undergoes 
rapid reversible transitions, which is assigned to D3A because it also 
appears in Fig. 3A, the other domain (D2) displays one-way unfold-
ing during the constant force application. Together, these results sug-
gest that D2 and D3A can serve as mechanical buffers, extending 
vinculin’s effective force-bearing length by more than 50 nm while 
maintaining linkage stability over physiologically relevant timescales.

One subdomain in D1 does not fit well into either of these dis-
tinct groupings so we included a third group (group C). Notably, the 
extension of the mechanical linkage mediated by vinculin can 
change from around 10 nm (low force, relaxed conformation) to 
more than 150 nm at forces up to 15 pN when all force-bearing do-
mains (D1B, D2, D3, and D4) are unfolded (text S2).

The vinculin linker does not contain force-unfolding steps 
but is mechanosensitive
Besides the force-bearing vinculin domains, the 59–amino acid linker 
domain between the vinculin head and tail also bears force. The link-
er region is not fully visible in the crystal structures solved to date and 
is predominantly unstructured. As the linker’s mechanical response 
was not visible in our stretching of full-length vinculin (Fig. 2B), we 
designed an additional construct to allow us to probe how the linker 
region responds to force. In this construct, the vinculin linker was 
introduced between two pairs of titin I27 domains, which provide a 
signature mechanical signal. Single-molecule stretching of the linker 
region did not show any unfolding steps during force-increase scans, 
except the signature unfolding steps from the I27 domains (Fig. 4A, 
inset), which is consistent with the linker being an unstructured poly-
peptide polymer (Fig. 4A). This is also consistent with the prediction 
by AlphaFold2 that the vinculin linker is unstructured (Fig. 4B).

Confirming the unstructured nature of the linker, its force-
extension curve can be predicted based on the well-known worm-
like chain polymer model, with a bending persistence length of 0.8 nm 
for a proline-rich polypeptide polymer (48). The extension of such a 
flexible polypeptide polymer is sensitive to forces of a few piconew-
tons, as the linker can be pulled taut at low forces. The linker con-
tains multiple binding sites (Fig. 1B) distributed across its length, 
and so low forces on vinculin altering the conformation of the bind-
ing sites indicate the potential for force sensitivity of the binding of 
factors to the linker (see Discussion) (49).

The conformation of the vinculin linker in the autoinhibited, 
compact form of Drosophila vinculin is likely limited due to the fixed 
positions of the ends dictated by the folded domains, and the entropic 
elasticity of an unstructured polypeptide polymer. AlphaFold2 pre-
dicts that the linker in the compact conformation of full-length vin-
culin has a fixed extension of 4.60 ± 0.04 nm (means ± SD) (table S2 
and fig. S7). Considering these constraints, the tensile force within 
the linker can be estimated to be around 3 pN (fig. S8). This tension 
may pull the linker toward the structural domains (Fig. 4B and movie 
S1), potentially leading to a less accessible conformation for binding 
factors, as binding would cause steric clashes with the nearby struc-
tured domains. This observation aligns with the full-atom molecular 
dynamics (MD) simulation of the linker over a 100-ns time frame, 
beginning with the initial conformation taken from the complete vin-
culin structure as predicted by AlphaFold2 (movie S1).
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DISCUSSION
Current models of vinculin show it as a mechanically inert adapter 
that couples talin/α-catenin to the actin cytoskeleton. In this study, 
we quantified the mechanical response of vinculin and demonstrated 
that vinculin is notably more complex mechanically than previously 
thought. We measured the mechanical stability of the force-bearing 
domains of vinculin when they are exposed to increasing force at 
loading rates of 0.4 and 2.0 pN/s. The results indicate that the vincu-
lin helical bundle domains show switch-like behavior and unfold 
over a range of forces from a few piconewtons to approximately 15 pN 
at loading rates in the order of piconewtons per second, depending 
on each domain’s mechanical stability. This level of loading rate is 
physiologically relevant, falling within the range observed for integ-
rins (45–47). The mechanical stability of the vinculin domains is 
similar to that of the force-bearing domains in talin or α-catenin at 
similar loading rates (16, 50).

The vinculin mechanical linkage is mediated via the VD1A do-
main binding to a VBS in talin or α-catenin, coupled to the actin 
filaments via the C-terminal Vt domain positioning all the domains 
from VD1B to VD4 in the force transmission pathway. Each of 
these domains will be subject to tension. In contrast, the mechani-
cal linkages between VD1 and VBS and Vt and actin do not involve 
tension on the domain itself but rather on the VD1-VBS and Vt-
actin connections themselves, which have been characterized pre-
viously (51, 52).

A previous study reported asymmetric vinculin-actin catch-
bond kinetics, with lifetimes reaching approximately 10 s at forces of 
7 to 10 pN (52). Another study showed that, under similar piconew-
ton force ranges, the VD1-VBS complex can remain bound for min-
utes (51). Together, these findings suggest that vinculin-mediated 
force transmission typically operates on the order of seconds under 
biologically relevant forces. Our results further demonstrate that, 
within this force and timescale regime, force-bearing vinculin do-
mains undergo dynamic structural transitions, indicating a poten-
tial role for these domains in buffering piconewton forces during 
dynamic extension changes spanning tens of nanometers.

Our data show that the structural domains of vinculin can with-
stand tension within a range of a few piconewtons up to 15 pN, at 
physiological force loading rates. This means that vinculin can buf-
fer tension within this range until all its force-bearing domains are 
unfolded, corresponding to an extension of up to 150 nm (Fig. 5 and 
text S2). This buffered tension range aligns with the estimated pi-
conewton tension range measured using Förster resonance energy 
transfer (FRET) tension sensors in live cells (30, 53). Our previous 
study also indicated that the tension-dependent structural transi-
tions of talin rod α-helical bundles can buffer the talin tension over 
a similar range, consistent with the talin tension range reported with 
FRET tension sensors in live cells (33). This suggests that the me-
chanical unfolding of force-bearing domains can provide an expla-
nation for the physiological tension range for both vinculin and 
talin in live cells.

In our previous study examining the interactions between full-
length vinculin and mechanically exposed VBS, we found that vin-
culin’s autoinhibition is relatively dynamic. This observation is 
supported by the high binding rate (on the order of 106 M−1 s−1) and 
strong binding affinity, as indicated by a dissociation constant (Kd) 
on the mechanically exposed VBS of approximately 12 nM (15). In 
agreement with these findings, our current study did not reveal a 
mechanically stable head-tail association, which would have result-
ed in an additional stepwise extension increase of at least 10 nm at 
forces of a few piconewtons (text S3 and figs. S9 and S10).

Mechanical regulation of interactions with vinculin
Our findings suggest that the binding of vinculin to its partners is 
regulated by complex mechanical processes. At the domain level, 
the switch-like behavior of the vinculin four-helix bundles will dis-
place any proteins that engage the folded conformation and recruit 
ligands that bind to the open conformation. While the full interac-
tome of vinculin is not known, it is likely that there are ligands for 
these switch domains in the different states that are recruited as a 
function of the mechanical signals and the resultant vinculin con-
formations generated.

Fig. 4. Vinculin linker is an unstructured polypeptide. (A) A representative consecutive force-height curve of a tether containing the vinculin linker is shown. The 
linker is spanned between two titin I27 domains on each side (inset). The signature unfolding steps of I27 domains serves as a specific control of tether. No unfolding 
signals were observed from the linker. (B) Snapshots of Drosophila vinculin linker conformations when relaxed in MD simulation. The initial conformation of the linker 
(gold) was extracted from the full-length vinculin predicted by AlphaFold2, followed by MD simulation with a fixed end-to-end distance of 4.63 nm for up to 100 ns. The 
snapshots of the linker conformations extracted at different time points were then added back to the vinculin structure with the same position of the ends (denoted by 
stars at the ends of the black line) on D4 and Vt.
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Previous research has shown that the majority of vinculin bind-
ing proteins identified so far bind to the unstructured linker region 
between the head and the tail. Our simulations suggests that in the 
closed head-tail associated conformation of vinculin, the linker is 
subjected to a tensile force of around 3 pN pulling it toward the 
structural domains, which likely reduces the linker’s accessibility to 
its binding factors due to potential steric clashes with the nearby 
structured domains. The accessibility of binding factors could be 
further reduced if direct interactions occur between the linker and 
adjacent domains.

In the open, head-tail dissociated conformation, the linker is po-
sitioned farther from the folded structural domains, providing 
greater accessibility to binding factors. Nonetheless, its binding in-
teractions remain sensitive to force variations within the piconew-
ton range. It is common that binding of a factor to a flexible 
polymeric binding site, such as DNA or a polypeptide polymer, is 

associated with distortion conformational changes of the binding 
site and altered stiffness, resulting in a binding-induced shift in the 
force-extension curve. Previous theoretical studies have predicted 
that such binding-induced changes of the force-extension curves 
can lead to mechanosensitive changes in binding affinity (48, 54, 55). 
Theoretically, this leads to these interactions having force-dependent 
dissociation constants Kd(F) = K0

d
e−β ∫

F

0
Δx(f )df  , where β = 1∕

(

kBT
)

 , 
F is the applied force, and ∆x(f) is the change of the force-extension 
curve upon binding (49).

Therefore, forces applied to the flexible vinculin linker could 
have a substantial impact on the binding of its binding factors in a 
manner dependent on the specific binding-induced changes of the 
mechanical properties of the binding sites, which is worthy of future 
studies. For instance, the embryonic isoform of Drosophila CAP 
(dCAP-E), a well characterized binder to the vinculin linker, con-
tains two SH3 domains that engage multiple sites on the vinculin 

Fig. 5. Vinculin to scale. (A) Structural model of vinculin in different states: autoinhibited, open, extended, and fully extended, to show the large differences in dimensions 
that can occur. The six switch domains: D1B, D2A, D2B, D3A, D3B, and D4, which are in the linkage between the talin-binding site in D1A and the actin-binding site in Vt, 
are shown in different states. Having two states, folded and unfolded, these domains can be represented as binary switches with states 0 (folded) and 1 (unfolded). The 
state-dependent contour lengths of vinculin are provided. (B and C) “To-scale” illustrations of a talin-vinculin-actin linkage in two different mechanical states. (B) With just 
one talin domain, R3, unfolded and with vinculin open but all domains folded. (C) With three talin domains, R2, R3, and R10, unfolded, and the three weakest domains in 
vinculin, D2, D3A, and D3B, unfolded. The dimensions of the linkage and the distance between attachment sites can extend to hundreds of nanometers as a function of 
the switch patterns.
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linker (56). Here, tension on vinculin will alter both the positioning 
and flexibility of these sites and would be predicted to modulate the 
affinity of this interaction. 

Overall, these results, in conjunction with previous studies that 
have shown that vinculin linker binding factors are suppressed from 
binding to full-length vinculin compared to isolated vinculin linker 
(39, 57–59), suggest that there is a two-layer mechanical regulation 
of the vinculin linker binding factors: the release of the autoinhibi-
tory conformation of vinculin via binding to mechanically exposed 
VBS in talin or α-catenin, and the subsequent force-dependent in-
teractions between the vinculin linker and its binding factors.

The changing dimensions of a vinculin linkage
Another observation from this analysis of the switch-like behavior 
of the vinculin force-bearing domains is that each unfolding event 
has a large effect on the dimensions of the vinculin molecule. The 
complete unfolding of the helical bundles in D2-D4 and the linker 
results in a large extension change (Fig. 2B), and a total of 526 amino 
acids of peptide polymer will be released under tension. Consider-
ing that all the structural domains unfold over tension range from a 
few piconewtons up to 15 pN under physiologically relevant stretch-
ing conditions, the result implies that vinculin tension-bearing do-
mains can buffer tension within this force range during an extension 
change up to 150 nm (text S2), when it mediates tension transmis-
sion from talin or α-catenin to the cytoskeleton network.

Our recent analysis visualizing talin molecules to scale (60), 
changing up to 400 nm at 15 pN, illustrated how these changes in 
length lead to dramatic reorganization of molecules engaged to 
these mechanical scaffolds, and here, we show that a similar exten-
sion is occurring on the vinculin linkages. The correlation between 
in vitro extension and in cellulo extensions was shown previously 
for talin. We previously reported that talin can be extended up to 
600 nm when all rod domains are unfolded in single-molecule ex-
periments (33), and the Sheetz laboratory showed that talin is ex-
tended up to 350 nm in cells (61). Future experiments should look at 
the length of vinculin in cells. Coupling of the large extension 
changes in talin and the connected vinculin molecules indicates a 
meshwork of talin and vinculin switches that is incredibly plastic 
and can adopt numerous different switch patterns and architectures 
as a result of the mechanical signaling of the cell (Fig. 5, illustration).

In summary, we show that vinculin has a complex mechanical 
response and has the potential to act as a mechanotransducer as well 
as a mechanoeffector. As with talin, the vinculin domains unfold at 
physiological forces, and the changes in dimensions of the linkages 
between talin and actin mediated by vinculin as well as the proteins 
recruited to that site will be dependent on the mechanically induced 
conformations of each vinculin molecule.

MATERIALS AND METHODS
Materials and magnetic tweezers
The Halo-tagged Drosophila vinculin constructs (D3-D4, D2-
D4, D1-D4, and D1-Vt) were made as described previously (33) 
using a custom vector comprising an N-terminal glutathione S-
transferase (GST) tag for protein purification, which was cleaved 
using tobacco etch virus (TEV) protease, to yield vinculin proteins with 
N-terminal AVI-tag and C-terminal Halo tags. An in-house–made 
magnetic tweezer apparatus was used in this study with the paramag-
netic beads (catalog no. AP-25-10, Spherotech) attached with short 

dsDNA handles (33). In the force scanning process, forces were 
incrementally increased with different scan rates.

AlphaFold2 protein structure prediction
The amino acid sequences of the full-length Drosophila vinculin 
(UniProt O46037 VINC _DROME) and its linker (amino acids 728 
to 786) were used for AlphaFold2 protein structure prediction using 
ColabFold (34, 35), and the structural models were analyzed using 
PyMOL software (PyMOL Molecular Graphics System, Version 2.0, 
Schrödinger, LLC). The structural models were validated by com-
parison with the crystal structure of human full-length vinculin 
(PDB ID 1TR2) (11).

MD simulations
Drosophila vinculin linker conformations were generated using MD 
simulations. GROMACS 2019.6 (62, 63) was used with an initial 
protein complex predicted by AlphaFold2 (34, 35). These simula-
tions were performed under the AMBER99SB-ILDN force field (64) 
with the extended simple point charge (SPC/E) water model (65). 
The initial complex was immersed in a periodic cubic box filled with 
0.15 M NaCl solution. The steepest descent minimization of 50,000 
steps was followed by a 100-ps NPT (isothermal-isobaric ensemble) 
and a 100-ps NVT (canonical ensemble; 300 K) equilibration. Sub-
sequently, a 100-ns MD simulation was performed with the system 
coordinates saved every 10 ps for further analysis.
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The PDF file includes:
Text S1 to S3
Figs. S1 to S10
Tables S1 and S2
Legend for movie S1
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