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Mechanical force can enhance c-Src kinase activity
by impairing autoinhibition
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ABSTRACT Cellular mechanosensing is pivotal for virtually all biological processes, and many molecular mechano-sensors
and their way of function are being uncovered. In this work, we suggest that c-Src kinase acts as a direct mechano-sensor.
c-Src is responsible for, among others, cell proliferation, and shows increased activity in stretched cells. In its native state, c-
Src has little basal activity, because its kinase domain binds to an SH2 and SH3 domain. However, it is known that c-Src
can bind to p130Cas, through which force can be transmitted to the membrane. Using molecular dynamics simulations, we
show that force acting between the membrane-bound N-terminus of the SH3 domain and p130Cas induces partial SH3 unfold-
ing, thereby impeding rebinding of the kinase domain onto SH2/SH3 and effectively enhancing kinase activity. Forces involved in
this process are slightly lower or similar to the forces required to pull out c-Src from the membrane through the myristoyl linker,
and key interactions involved in this anchoring are salt bridges between negative lipids and nearby basic residues in c-Src. Thus,
c-Src appears to be a candidate for an intriguing mechanosensing mechanism of impaired kinase inhibition, which can be poten-
tially tuned by membrane composition and other environmental factors.
SIGNIFICANCE The nonreceptor tyrosine kinase c-Src is involved in a vast diversity of biological processes such as cell
adhesion and migration, cell cycle progression, and apoptosis. Because it is also implicated in mechanosensing pathways,
we hypothesized that c-Src, while tethered to the cellular membrane and the adaptor protein p130Cas, can be directly
activated by force. Our extensive force-probe molecular dynamics simulation reveal a novel tension-dependent regulatory
mechanism at atomistic detail in which force impedes c-Src kinase deactivation. Our results suggest a new mode of c-Src
regulation that integrates mechanical signals into the plethora of pathways controlled by this pivotal kinase.
INTRODUCTION

The tyrosine kinase c-Src controls a plethora of cellular pro-
cesses, from cell growth to differentiation. It is a central reg-
ulatory hub that couples signals from cell surface receptors
to the intracellular signaling machinery (1). c-Src can switch
between active and inactive states, with multiple biochem-
ical factors controlling the switching (2). Uncontrolled ki-
nase activity can lead to excessive cell proliferation and
cancerogenesis (3), rendering c-Src kinase an important
drug target. In addition to biochemical stimuli, also mechan-
ical force can activate c-Src (4). However, force is currently
considered to cause c-Src activation only indirectly by
acting on interaction partners or substrates of c-Src, such
as actin-filament-associated proteins (5), integrins (6), or
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beta-catenin (7). Whether and how mechanical force affects
c-Src dynamics and function is currently unknown.

We here hypothesize, and test by molecular dynamics
(MD) simulations, whether mechanical force acting on
c-Src itself can enhance its kinase activity, as a new Src-
mediated mode of force-sensing. Indeed, force has been
identified as an important trigger of enzyme activation,
with molecules such as titin and twitchin kinases in muscle
(8,9) and focal adhesion kinase (FAK) at cell-matrix contact
sites (10,11). A common theme of these force-sensing
kinases is that the autoinhibitory domain of the kinase is
pulled off from the kinase domain, leading to activation.
In the case of c-Src, a different mechano-activation
mechanism must be at play. c-Src consists of an N-terminal
myristoylation site, followed by a disordered linker, the
autoinhibitory SH3 and SH2 domains, a linker connecting
SH2 to the kinase N-terminus, and the kinase domain
(Fig. 1 A). A short C-terminal tail, if phosphorylated at
Y527, folds back onto the SH2 domain, thereby clamping
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FIGURE 1 The balance of Src kinase and

p130Cas binding and the impact of external force

on it. When p130Cas binds to Src kinase, it is pref-

erentially active, with the Src C-terminal tail

domain and p130Cas competitively binding to

the SH2 domain. According to our hypothesis,

however, external force is applied to the system

at the N-terminus through the cellular membrane

and at the C-terminus through the cytoskeleton.

Rebinding of the kinase to the SH2-SH3 systems

is prevented, making the protein permanently

active. The N- and C-termini of the constructs

are denoted as Nt and Ct, respectively. To see

this figure in color, go online.

Mechanical force impairs c-Src kinase deactivation
the SH3/SH2 domains to the kinase domain and autoinhibit-
ing it by stabilizing the interface between the kinase and the
SH2/SH3 domains. A peptide from the force-sensing
p130Cas protein (12), on tyrosine phosphorylation, can
displace the C-terminal tail of c-Src by binding though the
phosphorylated tyrosine into the same pocket of SH2.

The amino-terminal domain of p130Cas is attached to the
actin cytoskeleton through FAK and talin, and cytoskeletal
traction forces of an adherent cell subject p130Cas to
stretching forces (12,13). Accordingly, force can propagate
onto the Src SH2 domain from bound and tensed p130Cas
on one side (12), and onto the SH3 domain through the
N-terminal membrane-embedded myristoyl linker on the
other side (Fig. 1). In the p130Cas-bound state, the autoin-
hibitory SH2/SH3 domains of c-Src are already detached
from the kinase domain, i.e., the kinase domain is in an
active state. To our knowledge, the kinase domain only tran-
siently interacts with substrates such as p130Cas, but other-
wise is not linked to force-bearing structures. Thus, c-Src
kinase is subjected to pulling forces acting between the
membrane it is anchored to and p130Cas. Our hypothesis
is that force leads to SH2 and/or SH3 unfolding. Partial or
full domain unfolding in turn renders the rebinding of the ki-
nase domain unlikely, thereby shifting the equilibrium of c-
Src further to the activated state. To test this hypothesis, we
here examined the conformational changes in the SH2/SH3
domains under force, in presence and absence of the kinase
domain, using MD simulations. In particular, we assessed
two important questions: 1) Is the p130Cas-Src interaction
strong enough and is the Src kinase sufficiently strongly
anchored into the membrane to transmit large enough forces
and thereby activate Src kinase? 2) If so, what are the mo-
lecular details of this activation?

Although the impact of a mechanical stimulus on c-Src
dynamics and function has not been examined by simula-
tions so far, a growing body of MD studies has shed light
on the molecular mechanisms underlying c-Src function
and regulation under different biochemical stimuli. MD
simulations have indeed resolved the conformational transi-
tions between active and inactive states and the effects of
activation loop phosphorylation and autoinhibition by
SH2/SH3 on these dynamics (14–19). An additional and
critical role of protonation state changes was recently re-
vealed by MD simulations (20). In this study, to probe c-
Src dynamics under pulling forces, we subjected an SH3/
SH2 construct with a fragment of p130Cas bound to the
SH2 domain to force-probe MD simulations. Our simulation
setup thus aimed to mimic the effect of force sensed by
p130Cas bound to the SH2 domain on the one side, and
by the membrane-attached SH3 domain of c-Src on the
other. This allowed the probing of the sequence of unfolding
of the pulled SH3/SH2 inhibitory domain in the unclamped
and active state, with the kinase domain detached. We
observed a loss of the SH3-SH2 interface followed by
SH3 unfolding, and obtained a highly similar unfolding pro-
cess, albeit at higher forces, when the kinase domain is
bound. Our results suggest that mechanical force propagates
onto c-Src from the membrane and p130Cas to impede the
rebinding of the kinase domain by detachment and unfold-
ing of the autoinhibitory SH3 domain, thereby effectively
enhancing c-Src activity. Our study puts forward c-Src as
a potential intrinsic mechano-sensor, providing a new
perspective on how cells sense forces at cell-matrix or
cell-cell junctions.
METHODS

Modeling and equilibrium simulations of the
p130Cas-c-Src complex

The complex between c-Src and p130Cas was obtained from combining the

coordinates from the structure of the Lck kinase SH2 domain in complex to

the SH2-binding peptide of human p130Cas (positions 759 to 767, PDB

accession code: 1x27 (21)) with the crystal structure of human c-Src

(PDB accession code: 2src (22)).

The SH2 domain of the Lck kinase was first superimposed to the SH2

domain of c-Src (RMSD ¼ 0.68 Å) and then deleted, leaving the

p130Cas peptide bound to c-Src. The C-terminal autoinhibitory intrinsi-

cally disordered tail of c-Src, which competes with the binding site of the

p130Cas peptide, was then deleted.

The p130Cas peptide (Nter-WMEDpYDpYVHLQG-Cter), which con-

tains two phosphotyrosine (pY) residues, can dock onto the SH2 domain
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of c-SRC in two possible orientations, with its N-terminal oriented either

toward the N-terminal or the C-terminal end of c-SRC. To assess the

preferred orientation of the p130Cas peptide, we modeled both binding

poses and performed equilibrium MD simulations for both complexes.

MD simulations were performed using Gromacs version 5.0.6 (23)

(equilibrium simulations) and 2016 (force-probe simulations). After add-

ing missing hydrogens and inserting the complexes in a cubic box with

sides of approximately 9 nm containing approximately 73,000 atoms;

the protein-containing box was solvated with TIP3P water molecules

and Naþ and Cl� ions were added to achieve electroneutrality and reach

a total ionic strength of 0.165 M. The Amber99sb*-ILDN force field

(24) was adopted to describe the interactions between the particles and

the parameters for the Na and Cl ions were obtained from Joung and

Cheatham (25), which reported a more accurate description of ionic

behavior. The force field parameters for the noncanonical amino-acid

phosphotyrosine and for adenosine triphosphate (ATP) bound to c-Src

were obtained from the AMBER parameters database curated by the

Bryce Group at Manchester University (26).

The solvated and neutralized complex was first energy minimized using

a steep descent algorithm, with an energy minimization step of 0.1 nm and

a force tolerance of 1 kJ mol�1, to resolve any particle-particle clash. Sol-

vent was subsequently equilibrated in two steps. In a first step, which was

run considering an NVT ensemble, the complex was positionally

restrained using a force constant of 1000 kJ mol�1 nm�1 in x, y, and z di-

mensions while the solvent was allowed to relax for a total time of 100 ns

using a timestep of 0.002 ps. In this step, particles were assigned random

velocities following a Maxwell-Boltzmann distribution at the temperature

of the simulation, which was 298.15 K. The temperature was kept constant

using Bussi’s V-rescale thermostat (27) with coupling constant of 0.1 ps,

with solvent and protein particles coupled separately. Newton’s equation

of motion was integrated using a velocity Verlet algorithm, and setting a

cutoff of 1 nm to compute Lennard-Jones and Coulomb interactions be-

tween nonbonded particles. Coulomb interactions beyond the cutoff

were computed in the Fourier space using the Particle Mesh Ewald

(PME) summation method and using a grid spacing of 0.16 nm and a

four-order polynomial for spline interpolation. Bonds were treated using

harmonic potential energy functions, with parameters from the adopted

AMBER force fields and covalent bonds involving hydrogens constrained

at every step using holonomic constraints. After this NVT step, a 1-ns-

long NPT step was performed using a Parrinello-Rahman barostat (28)

to isotropically couple pressure, with the pressure for protein and solvent

particles separately coupled every 2.0 ps to a reference pressure of 1 bar.

Subsequent to the NVT and NPT, the positional restraint of nonsolvent

particles was lifted, and the system was equilibrated for a total of

300 ns. The dynamics of the p130Cas peptide were monitored in the

two modeled conformations, to understand which of the orientations

was the most stable when bound to c-Src. Further simulations were per-

formed with the more stable construct, in which the direction of the

p130Cas peptide was aligned with the c-Src C-terminal peptide in the

SH2 binding grove. We visualized three-dimensional structures using

VMD (29) and contact maps using CONAN (30).
For the force-probe simulations, we subjected the construct to an external

force by pulling apart the N-terminal of the SH3 domain and the two phos-

phorylated tyrosines of p130Cas with equal and opposite velocities. The

system with the kinase domain present included approximately 196,000

atoms in a box of approximately 20 � 10 � 10 nm, whereas without the

kinase domain present included approximately 127,000 atoms in a box of

approximately 20 � 8 � 8 nm. Five velocities were chosen: 0.01, 0.05,

0.1, 0.5, and 1 nm/ns, and the force was applied through an umbrella poten-

tial with a force constant of 500 kJ/mol/nm2. One of the 15 unfolding tra-

jectories, performed at 0.5 m/s, showed unbinding of the p130Cas-Src

interaction. We consider this a very unlikely scenario caused most likely

by the bias introduced by high-speed force-probe MD simulations in which

external forces close to the application point are artificially higher because

of high loading rates and friction (31). We excluded this trajectory from

further analysis, but note that p130Cas detachment is an alternative
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pathway under force, terminating the force-propagation onto c-Src. Deter-

mining the exact likelihood of this minority pathway is, however, outside

the scope of this work.

Random conformations of a Src N-terminal peptide (2-

GSNKSKPKDASQRRRSLE-19) were generated with Modeller (version

9.20 (32)). These were N-terminally myristoylated, C-terminally capped

with N-methylamid (NME) and the myristoyl moiety embedded in a

POPC membrane with 10% PIP2 in the upper (intracellular) leaflet as

used previously (33–35) using Charmm-Gui (36). The membrane-peptide

complex was inserted in a triclinic box with approximate dimensions of

6.5 � 6.5 � 10 nm, solvated with TIP3P water and NaCl added to reach

neutrality and a concentration of 0.15 M, leading to a system with approx-

imately 44,000 atoms in total. A set of simulations with only a myristoy-

lated and NME-capped glycine residue in a pure POPC bilayer was

simulated with the same conditions as listed below, albeit with a smaller

system size of 5 � 5 � 10.5 nm corresponding to approximately 26,000

atoms.

Gromacs version 2018.5 was used for the simulations involving a mem-

brane along with the CHARMM36 force field (March 2019 version (37)).

The system was energy minimized using the steepest descent algorithm

with a step size of 0.1 nm and a force tolerance of 1000 kJ/mol. Equations

of motion were integrated using the leap-frog integrator with a time step of

0.002 ps. Van-der-Waals interactions were smoothly switched to zero be-

tween 1.0 and 1.2 nm using the force-switch method. Long-range coulomb

interactions beyond 1.2 nm were treated with the PME method. All bonds

involving hydrogen atoms were constrained using the LINCS algorithm.

During two equilibration steps in the NVT and NPT ensemble, peptide

backbone heavy atoms were position restrained with a force constant of

1000 kJ/mol/nm and side chain heavy atoms with 500 kJ/mol/nm. Lipids

were restrained to the membrane plane with a force constant of 1000 kJ/

mol/nm. The temperature was adjusted to 300 K during a 100 ps simulation

in the NVT ensemble using the v-rescale thermostat with a coupling con-

stant of 0.5 ps. This was followed by 1.5 ns in the NPT ensemble in which

the pressure was equilibrated to 1 bar using semi-isotropic pressure

coupling with the Berendsen barostat with a coupling constant of 5 ps. After

equilibration, the barostat was switched to the Parinello-Rahman barostat.

Four different peptide-starting conformations were sampled for 500 ns.

Force-probe simulations were started from frames at 300, 400, and

500 ns after extending the box to a length of 19 nm in the z-direction

(increasing the number of atoms to approximately 75,000). We applied

an umbrella potential with a force constant of 500 kJ/mol/nm2 to pull the

peptide NME cap heavy atoms with reference to the lipids of the membrane

upper leaflet within a cylinder of 2-nm radius at constant velocities of 1, 0.5,

0.1, 0.05, and 0.01 nm/ns. We visualized the frames using PyMOL (Schrö-

dinger L & DeLano W, 2020, PyMOL; http://www.pymol.org/pymol).
RESULTS

Both p130Cas as well as membrane-anchoring have been
previously established to be part of the mechanotransduc-
tion pathways at focal adhesion sites. Thus, they are prime
candidates for c-Src tethering at focal adhesions, and have
been the points of force application in this study. p130Cas
binding to the SH2 domain results in the displacement of
the Src C-terminal tail from the same binding site and in
Src kinase activation, with the SH3-SH2 domains at most
only loosely interacting with the kinase domain (Fig. 1 B).
In this state, force propagates onto the SH2-SH3 domains
from the bound p130Cas and the membrane-embedded myr-
istoylated N-terminus of c-Src, while the kinase is not part
of the force-propagation pathway. In the first set of MD sim-
ulations, we therefore focused on the force response of

http://www.pymol.org/pymol


FIGURE 2 Autoinhibitory SH3-SH2 domains of c-Src first detach and then unfold from the SH3 domain. Shown is the evolution of the end-to-end distance

of the SH3-SH2 linker (y axis, measuring detachment) and the end-to-end distance of the SH3 domain (x axis, measuring SH3 unfolding) across all 15 pulling

trajectories (color coded by velocity). The two processes, detachment from one another and SH3 unfolding, occur consecutively, and the transition between

them involves the force peak in most trajectories (blue dots, snapshot ‘‘SH3 displaced’’). This holds true both in the trajectories with the kinase domain

removed (shown here) and when it is present (see Fig. S4 B for comparison). To see this figure in color, go online.

Mechanical force impairs c-Src kinase deactivation
p130Cas-bound SH3/SH2 domains in absence of the kinase
domain.

Currently, a structure comprising the SH2 domain and a
p130Cas peptide is not available, and we modeled a
p130Cas-c-Src complex based on the autoinhibited structure
of c-Src (see methods). In principle, the p130Cas peptide
with its phosphorylated tyrosines can be oriented similarly
to the C-terminal peptide of c-Src when bound to SH2
(N-terminal end of the peptide oriented toward the N-termi-
nal end of c-Src), or in the opposite direction. We modeled
both orientations and assessed the peptide’s binding stability
in a particular orientation by monitoring its dynamics in the
bound state. In equilibrium MD simulations, the root mean-
square fluctuation profiles of p130Cas showed a consistently
lower root mean-square fluctuation and a higher number of
contacts when the C-terminal end of the peptide oriented
along the C-terminal end of c-Src (Fig. S1). This pose
also features significantly more overall contacts between
p130Cas and c-Src (Fig. S2), suggesting that this binding
mode would be preferred within the p130Cas-c-Src complex
(Fig. S3). The structural homology with the c-Src peptide,
the higher structural stability, and the stronger intermolec-
ular interaction together strongly suggest this binding
mode to be the more stable and preferred conformation of
the p130Cas-c-Src complex, and we chose this conforma-
tion for all force-probe simulations where the p130Cas frag-
ment is considered.

We examined the response of the p130Cas-bound SH2-
SH3 domain of Src kinase to a pulling force by force-probe
MD simulations (38,39). We extended the protein under me-
chanical force by a total of 15 nm. When examining the un-
folding trajectories, we find the SH2-SH3 domains to extend
in two steps, an initial detachment from one another fol-
lowed by SH3 partial unfolding (Fig. 2). The initial stretch-
ing of the protein is characterized by a displacement of the
SH3 domain by about 1.2 nm as well as small extensions
within both domains. The point of major rupture (maximal
pulling force, blue dots in Fig. 2) shows an intact, but dis-
placed SH3 domain, with the interdomain linker connecting
SH2 and SH3 stretched. At this point, most trajectories
exhibit a force peak followed by the unfolding of the SH3
domain. The final poses at 15 nm show that the SH3 domain
is largely damaged, with only three of its six beta strands
still folded. The two processes, initial stretching and SH3
unfolding, occur consecutively in all trajectories (Fig 2).

In the force-probe MD simulations described above, we
considered the kinase domain to be fully detached from
the autoinhibitory domains. However, the kinase domain
is still present and can, in principle, albeit with low proba-
bility, rebind to the SH2/SH3 domains, as p130Cas and
the Src kinase’s own C-terminal tail compete with each
other for the same SH2 binding site (Fig. S3). To examine
the force response of Src in the hypothetical p130Cas-bound
yet inhibited state, we repeated these simulations with the
entire kinase domain present. We again find that the unfold-
ing happens through the same mechanism: first, the SH3
domain loses contact to the SH2 domain, and then, the
SH3 domain starts unfolding (Figs. 3 and S4). The kinase
domain, being not directly part of the force transduction
pathway, remains stable (Fig. S5). The observed force pro-
files for both systems, with and without kinase and across
all loading rates, are largely similar, with a large peak at
the extension of 7 nm followed by a forceless stretching
(Fig. S6). Thus, the presence of the kinase domain does
not alter the force-induced unfolding mechanism of SH3-
SH2. The dependence of the first peak size (rupture force)
on the logarithm of pulling speed is close to linear, fitting
the Bell model (Fig. 3 D), and shows highly similar slopes
for the two systems. This conforms to the observed similar-
ity between all unfolding trajectories (Fig. S4). However,
because the kinase domain indirectly stabilizes the SH2-
SH3 domains, we find an increase of the required rupture
force by about 120 pN across all pulling velocities when
the kinase domain is present.

Our data indicate that force-induced unfolding of the
SH2-SH3 autoinhibitory domains is a plausible mechanism
Biophysical Journal 121, 684–691, March 1, 2022 687



FIGURE 3 The unfolding pathways of SH2-SH3 domains of Src kinase are unaffected by the presence of the kinase domain. The final frames (top) and

contact maps (bottom) of the forced unfoldings of Src kinase (A and C) and Src kinase without the kinase domain (B and E) are very similar: the SH2 domain

remains fully folded and only three b-strands of the SH3 domain are present. The unfolding forces with the kinase domain present are, however, consistently

higher than if it is removed (D), at each pulling velocity. The average force difference between the two constructs is 120 pN across all velocities. The final

frames are defined at an extension of 15 nm. The contact maps between (C) and (E) are based on heavy atom-heavy atom distances between the SH3 and SH2

domains. To see this figure in color, go online.
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that can impede their rebinding to the kinase domain. A pre-
requisite of this scenario is that the protein remains mem-
brane bound to maintain force propagation. To test this,
we asked whether the Src membrane anchorage is strong
enough to withstand the forces required for SH2-SH3
domain rupture. We myristoylated a peptide consisting of
the first 19 amino acids of the Src N-terminal peptide
(Myr-G2SNKSKPKDASQRRRSLE19), embedded the myr-
istoyl moiety in a lipid bilayer made out of POPC lipids with
10% PIP2 lipids, and subjected it to force-probe MD
simulations.

While the peptide is stretched during the first part of the
simulations, all positively charged residues except K5,
corresponding to the positively charged residue closest
to Myr, unbind from the PIP2 lipids. K5 and Myr simulta-
neously detach from the membrane (Fig. 4). Overall, the
membrane detachment force for the myristoylated peptide
falls into the same range of forces or is slightly higher
than those required for SH3-SH3 stretching and unfolding
(compare Fig. 3 D). The higher stability is more evident
for higher pulling velocities. To exclude the possibility
that these observations are an artifact of using different
force fields for protein and membrane simulations, we
repeated the force-probe MD simulations of Src using
the Charmm36 force field, which yielded similar rupture
forces as obtained with the Amber99sb*-ILDN force field
(Figs. S7 and 3 D). The results imply that both membrane
detachment and Src rupture can in principle happen under
force. Interestingly, force-probe MD simulations of a
688 Biophysical Journal 121, 684–691, March 1, 2022
myristoylated and capped glycine residue in a pure
POPC membrane result in threefold lower membrane
detachment forces compared with the longer Src peptide.
This strong reduction in the resistance against membrane
detachment demonstrates the importance of electrostatic
interactions between positively charged residues in the
Src linker and negatively charged PIP2 lipids, as previ-
ously reported (40).

In the p130Cas bound state, the kinase domain is already
mostly dissociated from the inhibitory domain. In the hy-
pothetical case of the kinase domain remaining bound,
we observe that the extent of unfolding in the autoinhibi-
tory domains, starting from the SH3 domain, drastically
modifies and decreases the native contacts of these do-
mains with the kinase domain. We performed additional
analyses and simulations to address the question of how
the interaction between the kinase and the SH3/SH2 do-
mains is affected by the p130Cas-enabled mechanical un-
folding pathway. We do not detect a significant
weakening of the SH3/SH2-kinase interface, as measured
by the rupture forces, when pulling the SH3/SH2 domains
off the kinase domain in additional force-probe MD simu-
lations in a vertical, nonphysiological direction (Fig. S8).
This is likely because the forces for mechanically induced
dissociation do not capture the extent of autoinhibition of
the kinase domain by the partially unfolded SH3/SH2 do-
mains. Indeed, the observed rupture forces do not correlate
with the contact area between the kinase domain and the
rest of the protein (Fig. S9).



FIGURE 4 Membrane detachment forces are similar to Src rupture

forces and depend on electrostatic interactions. During the force-probe sim-

ulations (frames shown in A), the peptide (blue) is stretched before the PIP2

(purple)-interacting lysine residues (stick representation) and myristoyl

moiety (VDW representation) detach from the membrane (gray: POPC

lipids). Comparing the membrane detachment forces (B) of the myristoy-

lated N-terminal Gly2-Glu19 peptide (green triangles) including basic res-

idues interacting with negatively charged PIP2 lipids to a myristoylated

glycine residue (gray circles) reveals approximately threefold higher

forces. Black bars denote the means. To see this figure in color, go online.
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DISCUSSION

Our study proposes a possible scenario for how c-Src is acti-
vated by force: deactivation by kinase rebinding is impeded
by partial unfolding of the autoinhibitory domains at me-
dium forces (Fig. 1). These forces are in fact quite similar
to the ones found for FAK unfolding and activation (11),
about 250 pN (without the kinase domain) at 0.1 m/s pulling
speed. Given the fact that the two pTyr of p130Cas and the
Src-C-terminal tail have very similar binding affinity and
thus permanently compete with one another for the SH2
binding site, the SH3 domain unfolding will significantly
shift the equilibrium toward the activated state (Fig. 1).

Our simulations also show that the SH3 domain is weaker
than the SH2 and unfolds first. The weaker mechanical sta-
bility of SH3 compared with SH2 is in line with the previous
experimental finding from H/D exchange experiments that
SH3 is more dynamic and unfolds more easily than SH2
(41). As a consequence, p130Cas stays bound to the more
stable and intact SH2 domain and force continues acting
on the inhibitory domain, while the SH3 domain is displaced
and eventually unfolded. In fact, SH3 is required for autoin-
hibition, as shown by experiments of an SH3-deletion
mutant, which shows activity even if the C-terminal
Tyr527 is phosphorylated (42).

p130Cas is stretched under cytoskeletal traction forces
(12), indicating that it does not detach from the cytoskeleton
under force. Our findings extend this observation to the link-
age of the central domain of p130Cas to Src kinase: force
does not compromise anchoring of Src kinase to FAs
through p130Cas, and at the same time reduces Src kinase
inhibition through unfolding of its inhibitory SH3 domain.
More specifically, our simulations predict force to continue
to act even when the protein is already opened and stretched,
i.e., for at least 15 nm of stretching.

c-Src conformations with partially unfolded autoinhibi-
tory domains and a bound kinase domain showed no
measurable decrease in the stability of the SH3/SH2-kinase
interface in additional force-probe MD simulations. Howev-
er, the question of kinase binding to the pulled SH3/SH2 do-
mains is of thermodynamic nature, and rupture forces from
nonequilibrium simulations are a less adequate measure. In
addition, the kinase will eventually bind in a very different
mode when the SH3 domain is effectively absent due to
forced unfolding. The reduced rebinding in this case is
corroborated by the finding that an SH3-deletion mutant
shows high kinase activity. Quantitatively assessing the shift
in the equilibrium between activated/dissociated and deacti-
vated/bound states of c-Src as a function of force would
require simulations or docking protocols for the rebinding
of the kinase domain to partially unfolded SH3/SH2 confor-
mations, which are the subject of future investigations.

Because the high pulling velocities applied in MD simu-
lations are known to cause higher than physiological rupture
forces, we compare our results with previously published
AFM studies of similar proteins. Pulling the myristoylated
linker of recoverin out of a DPPC membrane required
approximately 48 pN (43). We expect the necessary force
for Src to be higher due to the electrostatic contributions
of the linker residues adjacent to the myristoylation site.
In the case of FAK, the autoinhibitory interface was released
at around 25 pN followed by domains unfolding at forces
below 50 pN (11), suggesting that the Src rupture force
could lie within this range. We therefore expect the Src
rupture force to be similar or below the membrane detach-
ment force at experimental pulling speeds. Indeed, in the
lowest velocities covered in our force-probe MD simula-
tions, we find SH3 unfolding and myristoyl-membrane
dissociation to require a similar mean force. This indicates
that both scenarios can happen under force. Our results
also underline the importance of electrostatic interactions
for stable Src membrane binding. We thus hypothesize
that the delicate balance between myristoyl unbinding and
SH3 unfolding can be regulated by local lipid composition,
protein or lipid phosphorylation, or salt concentration to
favor either membrane detachment or force-enhanced Src
activation.

We conclude that mechanical force activates Src kinase
by unfolding the SH3 domain and thereby impeding rebind-
ing of the autoinhibitory SH2-SH3 domains. Single-mole-
cule stretching experiments previously proved highly
valuable to dissect the mechanism of other mechanokinases,
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such as FAK and titin kinase (9,11). Similar experiments on
the c-Src autoinhibitory domains in absence and presence of
the kinase domain can test our predictions. Further explora-
tion of the precise pathways affected by Src mechanosens-
ing will be required to put this finding into cellular context.
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