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Abstract

It is now well established that cells can sense mechanical force, but the mechanisms by which force is transduced into a biochemical

signal remain poorly understood. One example is the recruitment of vinculin to reinforce initial contacts between a cell and the

extracellular matrix (ECM) due to tensile force. Talin, an essential linking protein in an initial contact, contains at least one vinculin-

binding site (VBS) that is cryptic and inactive in the native state. The N-terminal five-helix bundle of talin rod is a stable structure with a

known cryptic VBS1. The perturbation of this stable structure through elevated temperature or destabilizing mutation activates vinculin

binding. Although the disruption of this subdomain by transmitted mechanical force is a potential cue for the force-induced focal

adhesion strengthening, the molecular basis for this mechanism remains elusive. Here, molecular dynamics (MD) is employed to

demonstrate a force-induced conformational change that exposes the cryptic vinculin-binding residues of VBS1 to solvent under applied

force along a realistic pulling direction. VBS1 undergoes a rotation of 62.079.51 relative to its native state as its vinculin-binding residues

are released from the tight hydrophobic core. Charged and polar residues on the VBS1 surface are the site of force transmission that

strongly interact with an adjacent a-helix, and in effect, apply torque to the VBS1 to cause its rotation. Activation was observed with

mean force of 13.278.0 pN during constant velocity simulation and with steady force greater than 18.0 pN.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Living cells respond to mechanical stimulation in a
variety of ways that shape their phenotype in health and
disease. Although the biochemical signaling pathways
activated by mechanical stimuli have been extensively
studied, little is known of the basic mechanisms. One
hypothesis is that forces transmitted via individual proteins
either at the site of cell adhesion to its surroundings or
within the stress-bearing members of the cytoskeleton
cause conformational changes that alter their binding
affinity to other intracellular molecules. This altered
equilibrium state can subsequently initiate a biochemical
e front matter r 2007 Elsevier Ltd. All rights reserved.
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signaling cascade or produce more immediate and local
structural changes; see reviews (Kamm and Kaazempur-
Mofrad, 2004; Vogel, 2006; Vogel and Sheetz, 2006).
Several examples have been proposed to support this
hypothesis; see e.g. the study of mechanosensitive ion
channels (Sotomayor and Schulten, 2004) and steered
molecular dynamics (MD) of fibronectin (Gao et al., 2002).
Yet, the mechanism by which intracellular proteins are
activated by force remains open to debate.
One key mechanosensing protein in focal adhesions is

talin, a cytoplasmic protein with a globular head and an
elongated rod that provides an essential structural link
between integrins and the actin cytoskeleton (Critchley,
2000). The globular head of talin binds to b-integrin
(Calderwood, 2004) and can also bind to and activate
phosphatidylinositol 4 phosphate 5-kinase type g (PIPKI-g)
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(Di Paolo et al., 2002; Ling et al., 2002). This, in turn,
locally increases the production of phosphatidylinositol 4,5
bisphosphate (PIP2) (Ling et al., 2002), which is known to
activate a number of focal adhesion proteins (e.g. vinculin
and talin), hence promoting focal adhesion assembly (Ling
et al., 2002). The talin rod can bind to b-integrin (Xing
et al., 2001) and F-actin (Hemmings et al., 1996), and
contains 11 vinculin-binding sites (VBSs), each of which is
an amphipathic a-helix (Bass et al., 1999; Gingras et al.,
2006). Vinculin is a cytoplasmic protein that may function
as a structural reinforcement. It consists of a globular head,
a proline-rich neck region, and a rod-like tail domain,
which contains binding sites for many other cytoplasmic
proteins (Winkler et al., 1996; Bakolitsa et al., 1999). Cells
with disrupted talin function fail to form focal adhesions
and exhibit spreading defects (Priddle et al., 1998). Cells
with vinculin disruption, however, can still form focal
adhesions, but display reduced ability to spread and
increased cell motility (Xu et al., 1998).

Since mechanical force is needed for vinculin recruitment
to focal adhesions (Galbraith et al., 2002), force-induced
activation of cryptic VBSs on talin through conformational
change may be the mechanosensing pathway leading to
recruitment (Vogel, 2006). Such recruitment could also lead
to reinforcement of the focal adhesion. Indeed, talin1 is
critical in force-dependent vinculin recruitment to adhesion
sites independent of Src family kinase and focal adhesion
kinase activities (Giannone et al., 2003). Jiang et al. (2003)
identified that the initial contact that a cell makes with the
extracellular matrix (ECM) consists of ECM-integrin-talin-
F-actin linkages.

Some of the talin VBSs are inactive and unable to bind
to the vinculin subdomain (Vh1; residues 1–258) (Patel
et al., 2006). Vh1 is a subdomain of vinculin head that
contains the binding site for talin and is used in various
talin-binding experiments (Izard et al., 2004; Patel et al.,
2006). The first vinculin-binding site (VBS1; residues
606–636) is the fourth helix (H4) of a stable N-terminal
five-helix bundle (TAL5) of talin rod (Papagrigoriou et al.,
2004). VBS1 has hydrophobic residues that, upon binding
to Vh1, become deeply embedded in a hydrophobic core of
the Vh1 (Izard et al., 2004). The same vinculin-binding
residues form a tight hydrophobic core within TAL5
(Papagrigoriou et al., 2004). Experiments have shown that
isolated TAL5 has a low binding affinity for Vh1, whereas
a four-helix bundle with helix-5 (H5) removed from TAL5
(Patel et al., 2006), a mutated TAL5 with an unstable
hydrophobic core (Papagrigoriou et al., 2004), or the wild-
type TAL5molecule in elevated temperature solvent (Patel
et al., 2006) can each disrupt TAL5 stability and strongly
bind to Vh1.

MD has been used to study the force response on various
molecular structures (Lu et al., 1998; Gao et al., 2002;
Carrion-Vazquez et al., 2003). Mostly, unfolding pulling
forces were applied between two atoms (e.g. C- and
N-termini), and the results were compared with the
corresponding Atomic Force Microscopy (AFM) experi-
ments (Marszalek et al., 1999; Oberhauser et al., 2002). The
unfolding force applied on fibronectin causes its cryptic
binding site to get exposed to the solvent (Gao et al., 2002).
However, the force being transmitted within a typical
force-bearing intracelluar protein is likely to be through the
hydrogen bonds between secondary structures rather than
through the termini. Indeed, the applied force through the
termini is transmitted through the hydrogen bonds between
the b-sheets, and force drops are observed as these
hydrogen bonds are broken (Lu et al., 1998; Gao et al.,
2002). However, no MD studies with realistic force
application on the secondary structures were reported.
Here, using computational methods, we demonstrate

that realistically transmitted force acting on the focal
adhesion protein talin leads to a conformational change
that exposes the cryptic vinculin-binding residues of VBS1.
This then enables force-induced recruitment of vinculin, a
critical early step in the process of focal adhesion
reinforcement. Sequence homology of VBS1 with other
VBSs suggests that the proposed mechanism may be a
general force-induced activation mechanism of cryptic
VBSs, and perhaps even be one of the general mechan-
otransduction mechanisms of helical bundles.

2. Methods

2.1. TAL5 simulation with EEF1

The structure of TAL5 was obtained by removing the C-terminal four-

helix-bundle from TAL9 (PDB ID: 1SJ8) (Papagrigoriou et al., 2004). The

location and the assumed orientation of TAL9 within talin are shown in

Fig. 1A. The longest principal length of TAL5 is aligned along the y-axis

and the cross product of the vectors along H1 and H5 is aligned along the

z-axis (Fig. 1B). Commercial molecular dynamics software, CHARMM

(Harvard University, Cambridge, MA) (Brooks et al., 1983), was used

with Effective Energy Function (EEF1) (Lazaridis and Karplus, 1999)

solvent model and the CHARMM19 force field (Neria et al., 1996). The

crystal structure was minimized by alternating the Steepest Decent and

Adopted Basis Newton Raphson methods with 3000 steps. Bond lengths

between hydrogen and heavy atoms were fixed using SHAKE constraint

(Krautler et al., 2001), and a 2fs time step was used. Heating of the

molecule to 300K occurred over 40 ps, followed by a 560ps equilibration

period at 300K.

Umbrella sampling (Torrie, 1974) module of CHARMM with

parabolic potential force constant of 5.0 kcal/mol-Å2 imposed on the

reference reaction coordinates. One atom of each of the four residues of

H5 (Q635, Q646, E650, and Q653) was harmonically constrained in space

(k ¼ 0.2 kcal/mol-Å2). Forces were applied along a reaction coordinate

defined as distance along a line from the center of mass of the H1 atom

selection (side chain atoms of T498, S501, and S502) to a dummy atom

with neutral charge and no mass located at coordinate (25.0, �17.0, 4.0 Å)

(Fig. 1B). At each reference distance separated by 0.1 Å, an 800 ps

canonical ensemble calculation was performed with Nosé-Hoover (Nosé,

1984; Hoover, 1985) thermostat for constant temperature control at

300K. Nuclear-Oberhauser-Effect (NOE) constraints were imposed to the

backbone hydrogen bonding pairs within H1 to prevent unraveling. In

order to start the simulations with intact VBS1–H1 interaction, NOE

constraints were imposed to polar sidechains between VBS1 and H1

during equilibration, which were removed at the beginning of the

production runs. It should be noted that the sequential stepping (0.1 Å)

used is smaller than the fluctuation along the reaction coordinate around

the reference value (�71 Å), and therefore, the trajectory from the

umbrella sampling simulation is similar to a constant velocity MD
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Fig. 1. (A) Crystal structure of TAL9 (PDB ID: 1SJ8) in ribbon representation is shown superimposed on a hypothetical talin model. Three VBSs within

TAL9 are shown in red, and H1 is shown in blue. Since the talin rod has tandem repeats of helical bundles, TAL9 is aligned such that the centers of mass of

the two helical bundles lie on the talin rod axis. (B) Detailed view of the N-terminal five-helix bundle (TAL5) used in the TAL5 simulations. Each of the

five helices is shown in a different color: H1 (blue), H2 (yellow), H3 (tan), H4 (or VBS1; red), and H5 (green). Some important polar residues are shown in

stick representations. A dummy atom with no mass or charge is shown in white. H5 polar side chains (black sticks) are harmonically constrained in space

(constraints shown as triangles). H1 polar side chains (yellow sticks) are pulled toward the dummy atom (effective pulling direction shown as an arrow).

S.E. Lee et al. / Journal of Biomechanics 40 (2007) 2096–21062098
calculation (Izrailev et al., 1999) with effective pulling velocity of

0.125 Å/ns.

Constant force simulations with force magnitude varying between

F ¼ 15.0 to 25.0 pN were performed using the same TAL5 model

described above. Constant force of F/(no. of atoms on which the force

is applied) was applied to each of the side chain atoms on H1 (T498, S501,

and S502) toward the positive x-direction, such that total force applied

is F.

2.2. Mutational study on TAL5

Three mutated TAL5 structures were constructed using the MMTSB

toolset (Feig et al., 2004): (i) H5 residues N636 and Q639 mutated to

alanines; (ii) VBS1 residues R606, Q610, K613, E621 and R624 all

mutated to alanines; (iii) H1 residues N500, Q504, Q507, D514, and D515

all mutated to alanines. Umbrella sampling simulations identical to those

described above are performed on each mutated structure.

2.3. Explicit water simulation on TAL5

TAL5 was solvated in an orthorhombic solvent box with each face at

least 10 Å away from TAL5 resulting in 23,775 atoms. Periodic boundary

conditions were imposed using the image module. Electrostatic charge of

the solvated system was neutralized by replacing seven water molecules

with sodium ions. An all-hydrogen representation was used with

CHARMM27 force fields (MacKerell et al., 1998). The SHAKE

constraint and 2fs time steps was used. SHIFT truncation was imposed

with a cutoff distance of 12 Å for non-bonded interactions, which has been

found to exhibit reasonable accuracy in explicit water simulations (Beck et

al., 2005). Long range non-bonded interactions, beyond the cutoff

distance, were not taken into account in our explicit water simulations.

The model was thoroughly minimized. The system was heated to 300K in

40 ps and equilibrated for 960 ps. An umbrella sampling potential of

5.0 kcal/mol-Å2 was used. H5 sidechain atoms (Q646, E650, and Q653)

were harmonically constrained with force constant of 1.5 kcal/mol-Å2.

Using a reference distance step size of 0.2 Å, and 400 ps simulation at each

step a canonical ensemble simulation was performed with Nosé-Hoover at

each reference distance, which is equivalent to 0.5 Å/ns pulling rate. A

constant force simulation with F ¼ 50.0 pN was also performed. All
explicit solvent simulations were performed on DataStar IBM p655 at San

Diego Supercomputing Center (SDSC).

3. Results

TAL5 forms a stable structure with cryptic VBS1, which
cannot bind to Vh1 in intact TAL5, but elevated
temperature can effectively disrupt its stability and allow
it to strongly bind to Vh1 (Patel et al., 2006). Explicit water
simulations at 300, 360, and 420K were performed to
investigate what constitutes TAL5 stability and the
destabilizing effects of elevated temperature. Hydrophobic
residues of H5 (L651, A647, V644, and A640) form a tight
groove-fitting interaction with hydrophobic residues of
VBS1 (A611, L615, A618, and L622) (Fig. 2). This
interaction prevents VBS1 hydrophobic residues, which
are the vinculin-binding residues, from becoming exposed
to the solvent. The trajectories of elevated temperature
simulations (360 and 420K) did not differ much from those
at room temperature (300K) other than the expected
increase in thermal fluctuation. The RMSD of backbone
atoms from crystal structures and average distances with
fluctuations of VBS1-H1, VBS1-H2, VBS1-H3, and VBS1-
H5 for three simulations are shown in Table 1. H5 and H3
closely interact with VBS1, and with other helices to a
lesser extent (Fig. 2B). It is likely that this interaction must
be disrupted in elevated temperature or force-induced
activation of VBS1.
In the TAL5 simulations displaying VBS1 activation, the

hydrophobic residues of VBS1 (L608, L609, L615, V619,
L622, and L623) form a tight hydrophobic core with the
hydrophobic residues of H3 (V577, I580, L584, M587,
V591, and L594) and the hydrophobic residues of H5
(L637, A640, V644, A647, L651, and I655) before
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extension. Polar and charged residues on VBS1 interact
with H1 and H5 through hydrogen bonds and salt bridges.
RQK (R606, Q610, and K613) cluster on VBS1 interacts
strongly with H1 (D514 and D515) by forming salt bridges
(Figs. 1B and 3B). ER (E621 and R624) cluster on VBS1
interacts with H5 (N636 and Q639) and more strongly with
H1 (N500, Q504, and Q507) as N500, Q504, and Q507 of
H1 surround and form hydrogen bonds with R624 of VBS1
(Figs. 1B and 3B). As force is applied to TAL5, it is
transmitted through these hydrogen bonds. Since VBS1-H1
interaction is stronger, the transmitted force applies a
torque through the RQK and ER clusters on VBS1 and the
VBS1–H5 interaction is broken. As shown in Fig. 3, the
hydrophobic contact formed by VBS1 with H3 and H5
eventually slips, and the hydrophobic residues of VBS1 are
exposed to the solvent as VBS1 undergoes a rigid body
rotation (Fig. 3B and D). The hydrophobic residues of H5
fit into the V-shaped groove of VBS1 as one side of the ‘V’
(L608, L615, and L622) gets exposed to the solvent and the
other side (L609, V619, and L623) forms a new hydro-
phobic core with H5 and H3 (Fig. 3C and D) (Supple-
mentary Movies 1, 2 and 3).
Fig. 2. (A) TAL5 in the same orientation as Figure 1B with hydrophobic

residues shown in surface representation for H1 (pink), H3 (cyan), VBS1

(orange), and H5 (white). Exposed ribbon sites are polar residues, whose

side chains are not shown for clarity. VBS1 and H5 form a tight groove-

fitting contact, which stabilizes VBS1 in TAL5’s hydrophobic core

preventing VBS1 from being accessible for vinculin binding. (B) VBS1

and H5 are shown separately with labels for residues participating in the

groove-fitting interaction.

Table 1

RMSD from crystal structure and average distances between helices from elev

Distance between

VBS1-H1 (Å)

Distance between

VBS1-H2 (Å)

T ¼ 300K 14.0370.26 14.3870.25

T ¼ 360K 13.7970.26 14.4370.25

T ¼ 420K 13.5170.35 14.3370.28
Solvent accessible surface area (SASA) of the hydro-
phobic residues of VBS1 (Fig. 4A, D, and G) show how
much of these residues are exposed. The extent of VBS1
rotation is shown by measuring the angle made by L622
(only selected as a reference, which is within the hydro-
phobic core of TAL5 and gets exposed to solvent later)
with the vector connecting the centers of mass of VBS1 and
H5 (Fig. 4B, E, and H; angle definition in Fig. 5). VBS1
activation is defined by L622 angle becoming negative,
since this is the clearest measure of helix rotation to expose
VBS1 for possible binding. An increase in SASA is also
indicative of activation, although this measure is also
influenced by exposure of VBS1 residues internally, caused
by H1 peeling away from VBS1. Note that the force peaks
(Fig. 4C) are sharp, but the corresponding changes in
rotation angle are more gradual and tend to lag behind the
reduction in force. This may be due to rotation being
diffusive in nature, occurring subsequent to the drop in
force impeding rotation. Results from two VBS1 activated
simulations and one non-activated simulation (for compar-
ison) is shown in Fig. 4. By visual inspection on the VBS1
rotation plots displaying negative angles (e.g. Fig. 4B, E,
and H), 71.4% of the TAL5 simulations (n ¼ 20 out of 28)
exhibited the VBS1 activation. Analyzing only the simula-
tions with VBS1 activation, 157.5770.9 Å2 of hydrophobic
SASA of VBS1 was exposed to solvent, VBS1 rotated by
62.079.51, and a mean force of 13.278.0 pN was required
for activation.
Activation of VBS1 follows disruption of the tight

hydrophobic interaction of VBS1 with H3 and H5 rather
than resulting from hydrogen-bond breakage. Rotation
due to the applied torque through RQK and ER handles is
opposed by the hydrophobic contacts from H3 and H5
(Fig. 6). Non-bonded components of the interaction force
on the hydrophobic sidechains of H3 and H5 experience
force drops that correspond to the yielding of VBS1 to
rotation (Fig. 6B). The identified sidechains opposing
VBS1 rotation exhibit simultaneous drops in force
magnitude near 2 ns. Time traces of the non-bonded force
on A640, L651, L584, and V591 are shown in the subset of
Fig. 6B (Supplementary Movie 4).

4. Discussion and conclusion

VBS1 activation in TAL5 is triggered by torque
transmitted through the RQK and ER handles (Fig. 3A
and B). Polar side groups of H5 (N636 and Q639) oppose
VBS1 activation by stabilizing the non-extended TAL5
ated temperature explicit water simulations

Distance between

VBS1-H3 (Å)

Distance between

VBS1-H5 (Å)

RMSD (Å)

10.4670.21 8.0470.20 1.9635

10.5770.20 8.1070.20 2.3258

10.8670.26 8.4470.24 2.7919
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Fig. 3. Conformations showing VBS1 activation from the TAL5 simulation: H1 (blue ribbon), H2 (transparent yellow), H3 (transparent tan), VBS1 (red

ribbon), H5 (green ribbon), hydrophobic residues of VBS1 (orange VDW; also the vinculin-binding residues), hydrophobic residues of H5 (white VDW),

and some important polar residues (stick representation with color denoting the atom type). Polar residues are labeled on the figures. (A) Conformation at

t ¼ 2.08 ns. The hydrophobic residues of VBS1 (orange VDW) are hidden in the hydrophobic core. (B) Conformation at t ¼ 7.40 ns showing the

hydrophobic residues of VBS1 being exposed to solvent. Hydrogen bonds between H5 and VBS1 are broken. The hydrophobic residues, or the vinculin-

binding residues, point into the page in (A) and point to left in (B). (C) Conformation at t ¼ 0.86 ns viewed from top. The V-shaped VBS1 hydrophobic

residues are packed within the hydrophobic core of TAL5 (cyan dotted lines). (D) Conformation at t ¼ 9.24 ns showing VBS1 rotation. The hydrophobic

residues H5 (white VDW) fit into the ‘V’ of the VBS1 hydrophobic residues (orange VDW).

S.E. Lee et al. / Journal of Biomechanics 40 (2007) 2096–21062100
structure. Indeed, in simulations that did not undergo
VBS1 activation, the ER handle formed hydrogen bonds
with H5 after breaking the hydrogen bonds with H1. This,
however, did not cause VBS1 rotation in the opposite
direction, suggesting that VBS1 activation can only occur
when VBS1 forms strong hydrogen bonds with H1.
Simulations on three mutated structures were performed
to verify the role of polar side chains on H1, VBS1, and
H5. Simulation with H5 mutation (N636 and Q639 to
alanines) enhanced VBS1 activation, whereas VBS1 muta-
tion (RQK and ER are all mutated to alanines) and H1
mutation (N500, Q504, Q507, D514, and D515 mutated to
alanines) impaired VBS1 activation, all consistent with our
argument (data not shown).

Interestingly, the RQK and ER handles or similar motifs
are ubiquitous in talin rod VBSs suggesting this mechanism
as a general force-induced VBS activation mechanism of
talin. For example, VBS2 (residues 852–876) contains
sequences (KILAD and KMVEAAK) (Bass et al., 1999) similar
to ER (ELLR) and RQK (RPLLQAAK) handles of VBS1 in
terms of charges. Also, VBS3 (residues 1944–1969)
contains (KKELIECARRVSEK) (Bass et al., 1999). Charged
and polar residues are shown in bold face to highlight the
similarity with ER and RQK sequences of VBS1. Another
protein, a-actinin, localizes to cell–cell and cell–matrix
junctions. Similar to talin, a-actinin has an amphipathic a-
helix (aVBS; residues 731–760) that can also bind to the
same binding site on Vh and contains a sequence (RTINE)
(Bois et al., 2005) similar to the ER handle of talin VBS1.
As the vinculin-binding residues of aVBS are also cryptic in
an intact a-actinin structure (Ylanne et al., 2001), it is
possible that a-actinin may be another force-sensitive
protein, which gets activated by a similar mechanism, in
vinculin recruitment.
The EEF1 model used in this study is empirically based

method characterized by high efficiency (Lazaridis and
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Fig. 4. Results from three TAL5 simulations: from two simulations undergoing VBS1 activation (A)–(C) and (D)–(F), and also from a simulation without

activation (G)–(I). (A), (D), (G) Change in SASA of hydrophobic (red) and polar (blue) residues of VBS1. (B), (E), (H) Angle of rotation of VBS1 relative

to H5 (defined in Supplementary Fig. S1). Positive angle corresponds to the inactive state of VBS1, and negative angles correspond to activation. (C), (F),

(I) Force applied to TAL5.

Fig. 5. The angle of VBS1 rotation is defined by the angle formed between

L622 of VBS1 and a vector connecting the centers of mass of VBS1 and

H5. (A) Before force application, the angle is positive with L622 inside the

hydrophobic core. (B) After forcing, the angle is negative with L622

outside the hydrophobic core.
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Karplus, 1999). Other implicit solvent methods (Schaefer
et al., 2001; Im et al., 2003) are theory based, and they are
5–10 times slower than EEF1. EEF1 has been demon-
strated to produce reasonable MD trajectories (Lazaridis
and Karplus, 1999; Paci and Karplus, 2000; Brockwell
et al., 2003). To verify the validity of the EEF1 results, a
constant velocity simulation with an effective pulling rate
of 0.5 Å/ns and a constant force simulation with
F ¼ 50.0 pN were performed on TAL5 with explicit
solvent. In both explicit simulations, RQK and ER handles
formed persistent hydrogen bonds with H1, and the
vinculin-binding surfaces of VBS1 became partially ex-
posed in the 3.2 ns constant velocity simulation or the
1.6 ns constant force simulation (Fig. 7). Explicit water
molecules are known to slow diffusion-like transitions in
proteins, and require much longer simulation times than
the implicit simulations (8 ns) to obtain similar range in
motion. Full rotation of VBS1 therefore was not observed.
The critical factors in VBS1 activation in EEF1 simulations
are strong VBS1–H1 interaction, applied torque through
RQK and ER handles, and disruption of VBS1–H5
hydrophobic interaction. In both the constant velocity
simulation (10.5870.25 Å) and the constant force simula-
tion (11.0370.22 Å), the average distances between VBS1
and H5 are clearly larger than the ones observed in the
non-forced simulations (Table 1).
It is important to recognize that the conformational

changes critically depend on the manner and direction in
which the force is applied (Brockwell et al., 2003; Li and
Makarov, 2004; Vogel, 2006). Previous MD simulations
have generally pulled on the N- and C-termini, and the
results are often domain unfolding; e.g. (Lu et al., 1998;
Gao et al., 2002). Complete unfolding is rarely observed in
normal protein binding, however, so there is no reason a
priori to expect that it would be necessary for force-
induced reactions. We have attempted to apply a force in a
realistic direction that mimics the force transmission within
talin. Adjacent secondary structures of a protein commonly
interact by forming hydrophobic contacts and hydrogen
bonds around the hydrophobic patch. Applied forces,
therefore, are likely transmitted through the hydrogen
bonds between the secondary structures (Lu et al., 1998;
Gao et al., 2002). The notable difference of pulling in this
study compared to other unfolding simulations is that we
apply the force on the hydrogen-bonding residues, which is
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Fig. 6. (A) TAL5 in the same orientation and color coding as in Fig. 2A. (B) Only H3 and H5 are shown in the same orientation as in (A) at t ¼ 1.52 ns to

highlight the force magnitude exerted on the hydrophobic residues by the hydrophobic residues of VBS1 (not shown for clarity) with force magnitude

below the average force in blue, near average in white, and above average in red. Residues shown in red are opposing VBS1 rotation. Once the

hydrophobic residues slip, corresponding force drops are as shown in blue. The snap incident is indicated on the VBS1 rotation plot (Fig. 4B) as a red

vertical line. Time traces of force magnitude are shown for A640, L651, L584, and V591 in the subset. Force peaks near 2 ns are indicated by red arrows,

which correspond to events in which the hydrophobic contacts yield to VBS1 rotation. (C) Forces on hydrophobic sidechains at t ¼ 2.40 ns just before slip

of hydrophobic residues yielding to VBS1 rotation. (D) Forces on hydrophobic side chains at t ¼ 3.04 ns after the hydrophobic slip and corresponding

force drops.
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a likely site of force transmission between secondary
structures, rather than on the two termini. Since the
pulling direction is primarily determined by the relative
locations of force application sites and fixed points, in
choosing to apply force to the polar residues of H1, and to
fix the polar residues of H5, forces tend to be directed
nearly perpendicular to the TAL5 principle axis (Fig. 1B).
VBS1 activation was found to be somewhat dependent
upon the sites of force application and, consequently, on
the direction of pulling (data not shown). However, given
what is currently known about the structure of talin, and
the probable sites of interaction with neighboring domains
of the protein, these assumptions seemed reasonable.

The force extension curves have the typical sawtooth
shape (Fig. 4C, F, and I) with the force-drops correspond-
ing to rupture of the hydrogen bonds or slippage of
hydrophobic contacts between secondary structures, which
are similarly observed in other AFM and MD studies
(Marszalek et al., 1999; Carrion-Vazquez et al., 2003).
Thus, VBS1 activation occurs through rotation of VBS1
relative to the TAL5, as a consequence of torque applied
via hydrogen bonds and salt bridges between H1 and
VBS1. Thus, the conformational change required for
activation is subtle, involving an extension of less than
2 Å and no domain unfolding, as has been found in the
activation of other cryptic sites, such as fibronectin (Gao
et al., 2002).
The potential of mean force (PMF), or free energy

landscape along the extension, has a monotonically
increasing profile without any apparent local minima
(Kirmizialtin et al., 2005), suggesting that the zero force
structure resides in the global minimum (Fig. 8). There is,
however, a region of decreased slope on the PMF curve
near extension of x ¼ 1.4 Å that corresponds to the
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hydrophobic slip of VBS1. Activation can be interpreted in
the context of the PMF curve representing the free energy
change along a specified reaction coordinate in the absence
of force (Kirmizialtin et al., 2005). The plateau at x ¼ 1.4 Å
becomes a local minimum when the molecule is exposed to
a force as low as 20.0 pN, allowing it to undergo the
conformational change (Kirmizialtin et al., 2005; Karcher
et al., 2006). This is reflected, for example, by an increased
probability of 50% in the activated state under a force of
20.0 pN compared to a zero force case. An extended state
from one of the simulations with VBS1 hydrophobic
residues partially exposed was used in a relaxation explicit
water simulation for about 1 ns with all the constraints
removed. In the absence of force, the exposed hydrophobic
Fig. 7. Two conformations from a constant force (F ¼ 50.0 pN) explicit

water simulation. (A) Conformation at t ¼ 0.112 ns and (B) conformation

at t ¼ 1.2 ns. The simulation lasted 1.6 ns. The hydrophobic residues of

VBS1 seem to be beginning to expose to solvent. Although VBS1 rotation

is much smaller in extent compared to those measured in the implicit

solvent simulation, VBS1 still has very strong hydrogen-bonding

interactions with H1, where the torque applied through transmitted force.

Trajectory from constant velocity simulation in explicit solvent (3.2 ns in

duration) also show strong interaction between VBS1 and H1, but VBS1

rotation is not observed to the same extent as in the implicit solvent

simulations.
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Fig. 8. (Left) Calculated potential mean force (PMF) curves from TAL5 simu

each is zero. (Right) Averaged PMF.
residues rotated back into the hydrophobic core indicating
that the non-extended state indeed is the global minimum
(Fig. 9) and that de-activation occurs almost immediately
following the release of force.
Varying magnitudes of force are applied to TAL5 during

the constant velocity simulations as VBS1 undergoes
activation (Fig. 4C, F, and I). Although the peak
magnitude applied through TAL5 is 55.4719.1 pN, the
mean force applied throughout the simulations is
13.278.0 pN. In order to verify this finding, constant force
simulations were performed. All constant force simulations
(n ¼ 8) with force magnitude X18.0 pN underwent VBS1
activation, whereas all simulations (n ¼ 4) with forces
p17.0 pN did not (data not shown). The effective pulling
rate of 0.125 Å/ns is still many orders of magnitude faster
than the pulling rates we might expect in vivo or with AFM
experiments (�1 nm/ms or 10�5Å/ns). Such rapid pulling
results in significantly larger force levels in bond rupture
(Evans and Ritchie, 1997) or protein unfolding (Hummer
and Szabo, 2003) compared to the corresponding AFM
measurements. In both cases, the forces measured by AFM
were �30% of the force computed using MD (Evans and
Ritchie, 1997; Hummer and Szabo, 2003). Using this value
as a very rough approximation, the force needed to activate
VBS1 (13.278.0 pN) at more realistic, slower rates of
pulling would lie in the range of �4 pN. This estimated
lower force at slower pulling rate is on the order of (i)
forces generated by a single myosin, �4 pN (Finer et al.,
1995); (ii) forces needed to rupture a talin-F-actin bond,
�2 pN (Jiang et al., 2003); and (iii) the estimated force
experienced by a single integrin linkage, based on close
packing in a focal contact, �1 pN (Balaban et al., 2001).
On the extracellular side, the force required to break a
single integrin-fibronectin bond is �20 pN (Thoumine and
Meister, 2000), and a single integrin-fibrinogen bond can
withstand �100 pN (Litvinov et al., 2002).
In conclusion, we identify a potential mechanism for

VBS1 activation, involving a force-induced conformational
change causing the hydrophobic vinculin-binding residues
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lations (n ¼ 5). Each PMF is shifted vertically so that the mean value for
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Fig. 9. Surface representation of VBS1 and H5 from the TAL9 simulation at (A) t ¼ 0 ns, (B) t ¼ 5.12 ns, (C) t ¼ 10.24 ns, and (D) t ¼ 15.36 ns.

Hydrophobic residues are shown in white, polar residues in green, negative residues in red and positive residues in blue. These views show that the

hydrophobic residues of VBS1 are partially exposed to the solvent. (E) The ribbon representation of TAL5 at t ¼ 15.36 ns is shown with H1 in blue ribbon,

H4 in red ribbon, H5 in green ribbon, VBS1 hydrophobic residues in red VDW, and H5 hydrophobic residues in green VDW. The dotted box indicates

that the surface representations are only showing VBS1 and H5. The extended TAL9 at t ¼ 15.36 ns is truncated to TAL5, solvated in rhombic

dodecahedron water-box, removed all external forces, and simulated for slightly longer than 1 ns. The configurations at (F) t ¼ 0 ps, (G) t ¼ 352ps, (H)

t ¼ 704 ps, and (I) t ¼ 1056ps of the relaxing dynamics show that the exposed hydrophobic residues return to their cryptic conformation.

S.E. Lee et al. / Journal of Biomechanics 40 (2007) 2096–21062104
on VBS1 within TAL5 to become accessible for vinculin
binding. This would then constitute the initiating event
leading to force-induced focal adhesion strengthening by
vinculin recruitment.
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