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Molecular Docking

Partial atomic charges on the PIP2 head group were assigned using the RESP methodology [1–3] and
obtained from the REDS (RESP charge derive server [1, 2]), using the HF/6-31G* formalism (Hartree-
Fock theory using a medium-sized basis set). The total charge on the PIP2 head group was set to -5. The
total charge of one PIP2 lipid is -4 at pH 7. The remaining proton, however, is likely to be displaced by
the positively charged Lys/Arg residues of the basic patch upon binding to FAK [4]. Molecular docking
was carried out by using the UCSF DOCK6.5 suite [5], using the semi-rigid docking procedure and energy
grid scoring in an implicit solvent. The grid spacing was 0.25 Å, and the grid included 1.2 nm beyond the
FAK basic patch. The energy score was the sum of electrostatic and van der Waals contributions. In the
course of the docking procedure, the PIP2 molecule was subjected to 2500 cycles of molecular-mechanical
energy minimization. The number of maximum ligand orientations was 5000. The best-scoring 25 FAK-
PIP2 complexes were further analyzed by means of molecular dynamics simulations. The best structure
was chosen according to the favorable Coulombic interaction between the PIP2 head group and the basic
patch in the FERM domain.

Equilibrium molecular dynamics (MD) simulations

Three systems were simulated under equilibrium conditions: the FAK fragment consisting of the FERM
and kinase domains as a single protein (FK-FAK), a membrane constituted by palmitoyloleoylphos-
phatidylethanolamine (POPE) and PIP2 lipids, and the FK-FAK fragment in complex with such mem-
brane. MD simulations were carried out using the GROMACS package 4.0.5 version [6], except from
simulations including the membrane, which have been performed using GROMACS 4.5.5 [7].

The initial structure of the FK-FAK fragment (sequence region: 35-686) was taken from the crystal
structure [8] (PDB code: 2J0J), completed by MODBASE [9] and equilibrated for 200 ns as described in
our previous study [10]. The last snapshot of this simulation was considered as the initial conformation
of the force-probe MD (FPMD) simulations of FK-FAK in the absence of the membrane.

To detect the effect of PIP2 lipids on the force-induced FAK activation, different POPE lipid bilayers,
with 1 %, 10 %, and 15 % PIP2 concentrations in one of the leaflets, were simulated. The system was
initially set up using the CHARMM graphical user interface [11]. 0.1M NaCl was added to the system
and the total charge of the system was neutralized by adding Ca2+ ions, which is required for PIP2

clustering [12]. The lipid bilayer was solvated by explicit water molecules yielding a simulation system size
of 15×10×11 nm3. Bonds involving hydrogen atoms were constrained using the LINCS algorithm [13]. The
temperature was kept constant at 300K by using the velocity rescaling thermostat [14], with a coupling
time of 0.1 ps. The pressure was kept constant at 1 bar by semi-isotropic coupling to a Parrinello-Rahman
barostat [15] with a coupling time of 0.1 ps and a compressibility of 4.5 bar−1. Electrostatic interactions
were treated with the Particle Mesh Ewald [16] method using a grid spacing of 0.15 nm with a cubic
interpolation. Short-range interactions were modeled through a Lennard-Jones potential. An integration
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time step of 2 fs was used. The lipid bilayers (with different PIP2 concentrations) were simulated for
100 ns of MD, by using the modified CHARMM36 force field [17] containing parameters of the PIP2

lipid [18] and the TIPS3P water model [19]. In the presence of Ca2+, PIP2 lipids in the membrane are
known to cluster and to form so-called lipid rafts [20]. To trace interactions between PIP2 molecules,
phosphor-phosphor (P-P) and phosphor-calcium (P-Ca) distances were calculated. If P-P or P-Ca was
shorter than 0.6 nm and 0.4 nm, respectively, the two atoms were considered to interact. If a group of
interacting atoms contained more than three phosphor atoms, it was defined as a microscopic cluster of
aggregated PIP2 [21]. The number of PIP2 clusters and involved PIP2 lipids per cluster were determined
at each simulation step to monitor aggregation. We note that due to the limited system size, clustering
here refers to microclusters of only few PIP2 lipids, in contrast to the larger rafts observed commonly in
experiments [22].

Equilibrium MD simulations of FK-FAK including the membrane were also carried out. The FERM
domain was anchored via PIP2 lipids to the membrane. ATP and Mg2+ were placed at the kinase domain
in the orientation close to the one observed for the ANP in the crystal structure (PDB: 2J0L) [8]. In order
to obtain an FK-FAK-PIP2-membrane complex, the PIP2 head group was docked to the FERM basic
patch (216KAKTLR221) [10, 23] as described above. The head group of one of the PIP2 lipids embedded
in the bilayer was then replaced by the FAK PIP2-head-group docked complex. The obtained complex
was immersed in a triclinic water box (15×10×19 nm3). 0.1M NaCl was added to the system and the
total charge of the system was neutralized by adding Ca2+ ions. The complex was equilibrated during
150 ns of MD simulations using the same simulation parameters and algorithms as described above for
the membrane-only simulations. The last snapshot of this equilibration was considered as the starting
conformation for the FPMD simulations of the FK-FAK in the presence of the membrane.

Force-probe MD (FPMD) simulations

FPMD simulations were performed on two different systems: on an isolated FK-FAK fragment in solution
and on a FK-FAK fragment forming a complex with a membrane.

For the membrane-free FPMD simulations, the protein was accommodated at the center of a water
box of size 18 nm × 10 nm × 10 nm. The protein OPLS all-atom force field [24] and the TIP4P water
model [25] were used for these simulations. Simulation parameters and algorithms were the same as
described above for the membrane-only simulations, except for an isotropic coupling to the barostat and
a grid spacing of 0.12 nm for the electrostatic interactions. After 10000 energy minimization steps (using
the steepest descent algorithm), the solvent was equilibrated during 2 ns of MD simulation with harmonic
constraints on the protein heavy atoms with a force constant of k=1000 kJmol−1nm−2. We then attached
the C-terminus of the kinase domain and the FERM basic patch to harmonic springs moving outwards
at constant velocities V1, V2 (Fig. 1B of the main text). The applied force reads

Fi(t) = −κs [zi(t)− Vit] , (1)

where κs denotes the elastic constant of the pulling spring, zi(t) is the position of the center of mass
of the kinase C-terminus (i=1) and the FERM basic patch (i=2) along the pulling coordinate z, and
Vi is the velocity of the moving spring (V1=−V/2 and V2=V/2). V=0.006, 0.014, 0.03, 0.05, 0.07, 0.08,
0.09, 0.1, 0.16, 0.24, 0.3, 0.5 and 1 nm/ns were used. The measured forces Fi were averaged, F =
(|F1| + |F2|)/2, and then low-pass filtered to decouple the pulling-induced changes in zi(t) from its fast
intramolecular fluctuations. In the limit of low loading rates, the low-pass filtered pulling force can be
evaluated analytically [26],

F ≈
κsV t

1 + κs/κm
, (2)

where κm = 2∆G/x2b denotes the molecular stiffness. Although Eq. (2) becomes inaccurate as soon as
the external pulling force approaches a critical force level Fc = 2∆G/xb (see below), our fits indicate that
Fc generally exceeds the observed rupture forces; we thus analyze all our data in terms of Eq. (2).
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For the FPMD simulations of membrane-bound FK-FAK, the C-terminus of the kinase domain was
pulled away from the membrane, either in a vertical (90◦) or a diagonal (45◦) direction to the membrane
plane (Fig. 2A of the main text). The same harmonic forces were exerted on the pulled elements as in the
FAK single protein simulation (Equation 1), but the kinase C-terminus was pulled at a speed of V=0.03
and 0.05 nm/ns, while the spring pulling the membrane was maintained at rest (V2=0).

The number of contacts between two groups A and B was defined as the number of atoms in group
A having a minimum distance of less than ((0.6 nm) to at least one of the atoms in group B (Fig. 2 in
the main text). Dissociation events were assigned to the moment when the number of contacts dropped
to zero. Dissociation of the FERM F2-lobe and the Kinase C-lobe was monitored (F2-C), as well as of
the FERM domain and the Tyr576-577 phosphorylation site (F-YY). The separation between the pulled
groups (De−e) was recorded at the moment of dissociation and is presented cumulatively for all FPMD
runs in Fig. 1C of the main text.

The same force field was used for both the FPMD and equilibrium simulations of FK-FAK in the
presence of the membrane, namely the modified CHARMM36 force field [17] including parameters for
PIP2 lipid [18] and the TIPS3P water model [19]. Despite of the different force-field used for simulations
with and without membrane, rupture forces in the presence of the membrane pulling diagonally were in
the same range than those obtained in the absence of the membrane (Figs. 3A and 4A of main text).
This indicates consistency between rupture-force data sets and their independence from the used force
field. Reduction in the rupture forces when pulling vertically from the membrane (Fig. 3A of main text)
thus appears to be feature attributed to a zipper-like dissociation pathway promoting less resistance and
not to possible force-field inconsistencies.

Partial least squares functional mode analysis (PLS-FMA)

PLS-FMA [27] was carried out to identify similar dissociation motions of FK-FAK in the presence or
the absence of the membrane. This method is a multiple linear least-square regression of the form
y(t) = X(t)b+e. Here, a time-dependent functional variable y is expressed in terms of the time-dependent
atomic positions X of a set of atoms, through a collective (PLS) vector b and residuals e. By minimizing
the residuals e, the correlation between y and Xb is maximized. The PLS vector b is established as a linear
combination of k uncorrelated regressors (PLS components), which are obtained via linear combinations
of the original coordinates X with maximal covariance with y.

Here, the functional variable y was the separation between the FERM F2-and the kinase C-lobe,
reflecting the closing-to-opening motion of FAK FERM-kinase fragment (black line in Fig. S4A).X(t) were
the time-dependent coordinates of backbone FAK FERM-kinase atoms. From the 43 FPMD trajectories
in the absence of the membrane, we concatenated 21 of them to compute b, considering all possible loading
rates (left in Fig. S4A). The remaining FPMD trajectories, in the absence of the membrane (middle in
Fig. S4A) and also in the presence of the membrane (right in Fig. S4A), were used to validate the computed
b. High correlation between y and X was obtained by using few PLS components (Fig. S4B), not only in
the data set used to build the model, but also in the two independent data sets used to validate it. In
the validation data sets, a correlation larger than 0.92 was obtained by considering 11 PLS components.
The collective motion associated to the vector b in this situation is illustrated in Fig. S4C.

Time-resolved force distribution analysis

Time-resolved force distribution analysis (TRFDA) [28] was carried out to calculate the vector pairwise
forces between residues as a function of simulation time. The pairwise force includes contributions from
short-range Coulomb and Lennard-Jones potentials between residues ri in the FERM F2-lobe and rj in
the kinase C-lobe and was calculated as:

−→
F ri,rj =

∑

i∈ri,j∈rj

−→
Fij (3)
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where i is an atom of residue ri and j is an atom of residue rj. The sum of the absolute values of the
vector pairwise forces acting on ri in the pulling direction z,

Sri =
∑

rj

|Fz,ri,rj |, (4)

measures the stress acting on a residue through the domain interface along the direction of the external
force. This stress is defined as punctual stress in units of force, and serves as a simple measure for where
pairwise forces accumulate along the pulling direction. It was used here to identify residues involved
either in the domain dissociation steps 1 or step 2. Note that the interactions between lobes were lost at
the moment there were no more contacts between them and thereby the punctual stress decayed to zero.
The TRFDA code is implemented in the Gromacs 4.5.3 package. Punctual stresses were calculated for
the isolated FK-FAK, during FPMD simulations with pulling velocities V=0.006, 0.014, 0.03 nm/ns, and
for FK-FAK-membrane complexes, during FPMD simulations with pulling diagonal to the membrane
with pulling velocities V=0.03, 0.05 nm/ns (Fig. S5). TRFDA is a force-field based analysis. Forces
here are directly derived from force-field interaction energies, which are dependent on the interatomic
distance. Comparing with distances, forces are more sensitive to minor conformational distortion during
partial domain-domain opening.. Another advantage of TRFDA is that it allows to monitor only the
force projection along the pulling direction, which can directly reflect the force-induced changes at the
domain-domain interface.

Rupture force fitting

The FK-FAK rupture forces 〈F 〉 (obtained in the absence of a membrane) were fit as a function of the
loading rate, using both the Hummer-Szabo (HS) [29] theory and a more comprehensive theory recently
developed by Bullerjahn et al. (BSK) [30]. Both theories map the dissociating molecule to a fluctuating
spring of stiffness κm and diffusivity D that breaks irreversibly once it reaches a maximum extension xb
relative to its rest length. In the absence of external force, the harmonic spring potential thus suppresses
dissociation through a free energy barrier of height ∆G = 1

2
κmx2b, yielding a thermal dissociation rate

that decreases exponentially in ∆G [29],

k0 ∼
2D∆G

x2b

√

∆G

πkBT
e−∆G/kBT . (5)

The free energy barrier ∆G can be reduced through the application of an external pulling force F , causing
the force-dependent unbinding rate to increase exponentially in F [31],

k(F )

k0
=

(

1−
Fxb
2∆G

)

exp

{

β∆G

[

1−

(

1−
Fxb
2∆G

)2
]}

. (6)

Eq. (6) is valid for constant forces F below the molecular breaking strength (F ≪ 2∆G/xb). Refs. [29]
and [30] generalize eq. (6) to higher forces and explicitly consider the force fluctuations exhibited by a
pulling spring of finite stiffness κs.

Both the HS [29] and the BSK [30] model yield analytical predictions for the average rupture force
〈F 〉(∆G, xb, D, κs, v), where the physical parameters ∆G, xb and D are a priori unknown whereas the
pulling speed v and the stiffness κs of the pulling device are set by the experimentalist. In our simulations
FK-FAK is extended symmetrically by two identical springs, each with a stiffness of 500 kJmol−1 nm−2;
this is equivalent to a single spring of half the stiffness, κs = 250 kJmol−1 nm−2. In principle, deformations
of the C-terminus of the kinase domain might further reduce the effective transducer stiffness below this
value; we therefore consider the value κmax

s = 250 kJmol−1 nm−2 only as an upper bound to the true
linker stiffness. This slightly increases the uncertainty in our fit parameters, see Fig. S6.

4



To systematically assess the precision of our results, we varied the model parameters between 8kBT <
∆G < 150kBT , 0.05 nm < xb < 4 nm and 103 nm2 s−1 < D < 108 nm2 s−1 and tabulated the root-mean-
square difference

δ〈F 〉(∆G, xb, D) =

[

1

N

N
∑

l=1

[〈F 〉(κs, v)− 〈F 〉(∆G, xb, D, κs, v)]
2

]

1/2

(7)

between the measured rupture forces 〈F 〉(κs, v) and the corresponding theoretical predictions
〈F 〉(∆G, xb, D, κs, v). We then projected δ〈F 〉(∆G, xb, D) onto the (∆G, xb)-plane and plotted the region
in parameter space that yielded an error δ〈F 〉 no larger than 15 pN, see Fig. S6. Although this allows for
large variations in the individual parameters ∆G and xb, it turns out that our data restrict the possible
parameter combinations (∆G, xb) to a narrow valley, see Fig. S6. Combining this with the physiologically
motivated requirement of thermal stability (which we enforce by only considering parameters that yield
a spontaneous dissociation rate k0 no larger than 10−3 s−1), we obtained a range of plausible parameter
combinations (D,∆G, xb) that we used to predict the force-dependent increase k(F )/k0 in the unbinding
rate at physiological force levels, see Fig. S6. We furthermore used these parameter combinations and
the force-dependent unbinding rate k(F ) derived therefrom as an input to our kinetic model for the Ras
signalling pathway regulated by upstream FAK mechanical activation.

We also note that without the constraint on k0, an alternative set of parameters (with ∆G ≈ 14kBT ,
xb ≈ 0.3 nm) can be obtained that slightly improves the fit to our observed mean rupture forces 〈F 〉,
but greatly improves our fit to the observed rupture force fluctuations, see Fig. S7. To investigate this
in detail, we analyzed our full rupture force distributions using the analytical rupture force distribution
p({F} | ∆G, xb, D, κs, v) provided by the BSK model. This distribution can be inverted to obtain from
the experimentally observed rupture forces {F} a probability distribution for the model parameters,

p(∆G, xb, D | {F}, κs, v) ∝ p({F} | ∆G, xb, D, κs, v)pi(∆G, xb, D). (8)

The parameter distribution p(∆G, xb, D | {F}, κs, v) depends on the (subjectively chosen) prior
pi(∆G, xb, D); this dependence, however, is expected to vanish in the limit of large datasets when the con-
ditional probability p({F} | ∆G, xb, D, κs, v) becomes concentrated around a single, most probable point
in parameter space [32]. We verify that a scale-free prior distribution pi,1(∆G, xb, D) ∝ 1/[∆G× xb ×D]
and a uniform distribution pi,2(∆G, xb, D) ∝ 1 yield similar distributions for the underlying model pa-
rameters ∆G, xb, D, and that these distributions concentrate around the previously found best-fit value
at ∆G ≈ 14kBT , see Fig.S8.

On this basis, we might speculate that the observed rupture forces indeed derive from a relatively
low energy barrier ∆G ≈ 14kBT at a short distance xb ≈ 0.3 nm, whereas the spontaneous dissociation
behavior, and the rupture kinetics at physiological forces, might be controlled by a higher energy barrier
∆G> at some distance x>b > xb large enough for the outer energy barrier to essentially vanish at the high
pulling forces involved in our study, x>b −xb & (∆G>−∆G)/200 pN. Although a quantitative measurement
of the activation rate of FK-FAK at low forces would then be out of reach of MD simulations, we note that
a hypothetical outer barrier would still be compatible with our findings; in particular, the requirement
(∆G> −∆G)/200 pN < (x>b − xb) yields a similar set of allowed parameter values (∆G>, x>b ) as shown
in Fig. S6.

Kinetic modelling

Previous studies reported that Ras activation regulated by FAK, Src and Shc is essential for ERK acti-
vation [33, 34]. In the ERK/MAPK signaling cascade, signal transduction through FAK is achieved by
multiple Grb2-mediated signaling pathways [34] (Figs. S9 and S10): (1) The SH2 domain of Shc binds
to the autophosphorylated tyrosine site Tyr397 in FAK, and then is trans-phosphorylated by FAK. Phos-
phorylated Shc provides the binding site for Grb2. Subsequently, the FAK-Shc-Grb2 complex associates
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with SOS and accelerates the exchange of GDP in Ras by GTP. (2) The SH2 domain of c-Src binds to the
autophosphorylated tyrosine site Tyr397 in FAK and trans-phosphorylates Tyr925 in the FAT domain,
which binds subsequently to Grb2. The FAK-Src-Grb2 complex then associates with SOS and contributes
to the acceleration of the exchange of GDP/GTP in Ras protein. Our kinetic model of FAK-mediated
downstream signaling is shown in Figs. S9 and S10. FAK-mediated signal transduction starts with the
autophosphorylation of the tyrosine site of Tyr397 at the linker between the FAK FERM and kinase
domain. Recent studies [23, 35] have shown that the clustering of FAK is critical for the autophospho-
rylation of Tyr397. Hence, the autophosphorylation reaction here was treated as a Michaelis-Menten
mechanism with FAK as the enzyme. In our model, Tyr397 phosphorylation requires FAK opening by
force. Thus, the newly introduced first step of the kinetic model is the conversion of closed inactive FAK
into open active FAK by force, which was modeled by the DHS model using the MD-derived parameters
(see above). Here, we focus on the effect of force-induced activation of FAK on the downstream signaling,
thus, the activation mechanism of Src was simplified and only the step of autophosphorylation at Tyr416
was considered. The downstream steps of our proposed kinetic model are based on two existing math-
ematical models. The first model, put forward by Kholodenko et al, describes the signal transduction
mediated by the EGF receptor [36], which comprises two Grb2-mediated signaling pathways identical to
FAK signaling (Fig. S9). Except from the sequential phosphorylations in FAK (Tyr397, Try576/577 and
Try925) after the force-induced domain opening, all parameters from Kholodenko’s model were adopted
to our model, including the thermodynamic restrictions along cyclic pathways in the reaction scheme
(Fig. S9), e.g. k10· k14· k16· k18/k−10· k−14· k−16· k−18 = 1. Secondly, parameters for the activation of the
GDP/GTP exchange in Ras accelerated by the FAK-Grb2-SOS complex were taken from Hatakeyama’s
study [37], which describes this process with a Michaelis-Menten equation. All kinetic calculations were
performed using COPASI [38]. Reactions, species and parameters are listed below.
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List of Reactions for the kinetic modelling

# Description Rate equation Ref.

1 [FAK] → [FAKo] k01
(

1− Fx

2∆G

)

exp
{

β∆G
[

1−
(

1− Fx

2∆G

)2
]}

[FAKo] [31]

2 [FAKo] → [FAKo-p] k02cat[FAKo]
2/(k02m+[FAKo]) [39]

3 [Src] → [Src-p] k03cat[Src]
2/(k03m+[Src]) [39]

4 [FAKo-p] + [Src-p] ↔ [Src-P-FAKo-p] k04[FAKo-p][Src-p]-k04b[Src-p-FAKo-p] [39]

5 [Src-p:FAKo-p] → [Src-p-FAKo-pp] k05cat[Src-p-FAKo-p] [39]

6 [Src-p:FAKo-pp] → [Src-p:FAKo-ppp] k06cat[Src-p:FAKo-pp] [39]

7 [FAKo-p] + [Shc] ↔ [FAKo-P-Sh] k07[FAKO-p][Shc]-k07b[FAKO-p-Sh] [36]

8 [FAKo-p-Sh] ↔ [FAKo-p:ShP] k08[FAKO-p-Sh]-k08b[FAKO-p-ShP] [36]

9 [FAKo-p-ShP] ↔ [FAKo-p] + [ShP] k09[FAKO-p-ShP]-k09b[FAKO-p][ShP] [36]

10 [Src-p-FAKO-ppp] + [Grb2] ↔ [Src-p-FAKo-ppp-G] k10[Src-p:FAKO-p][Grb2]-k10b[Src-p-FAKo-p-G] [36]

11 [ShP] + [Grb2] ↔ [ShP-G] k11[Shp][Grb2]-k11b[ShP-G] [36]

12 [ShP] → [Shc] V12max[ShP]/(k12m+[ShP]) [36]

13 [FAKo-p-ShP] + [Grb2] ↔ [FAKo-p-ShP-G] k13[FAKo-p-ShP][Grb2]-k13b[FAKo-p-Shc-G] [36]

14 [Grb2] + [SOS] ↔ [G-S] k14[Grb2][Sos]-k14[G-S] [36]

15 [ShP-G] + [Sos] ↔ [ShP-G-S] k15[ShP-G][SOS]-k15b[ShP-G-S] [36]

16 [Src-p:FAKo-ppp-G] + [SOS ] ↔ [Src-p-FAKo-ppp-G-S] k16[Src-p-FAKo-ppp-G][SOS]-k16b[Src-p-FAKo-ppp-G-S] [36]

17 [ShP] + [G-S] ↔ [ShP-G-S] k17[ShP][G-S]-k17b[ShP-G-S] [36]

18 [Src-p-FAKo-ppp] + [G-S] ↔ [Src-p-FAKo-ppp-G-S] k18[Src-p-FAKo-ppp][G-S]-k18b[Src-p-FAKo-ppp-G-S] [36]

19 [FAKo-p-ShP-G] + [SOS] ↔ [FAKo-p-ShP-G-S] k19[FAKo-p-ShP-G][SOS]-k19b[FAKo-p-ShP-G-S] [36]

20 [FAKo-p-ShP] + [G-S] ↔ [FAKo-p-ShP-G-S] k20[FAKo-p-ShP][G-S]-k20b[FAKo-p-ShP-G-S] [36]

21 [FAKo-p-ShP-G-S] ↔ [ShP-G-S] + [FAKo-p] k21[FAKo-p-ShP-G-S]-k
−21[ShP-G-S][FAKo-p] [36]

22 [Ras-GDP] → [Ras-GTP]; R-G-S k22[Ras-GDP](R-G-S)/(k22m + [Ras-GDP]) [37,40]

23 [Ras-GTP] → [Ras-GDP] V23max[Ras-GTP]/(k23m + [Ras-GTP]) [37,40]
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List of Species for the kinetic modelling

Species Name Initial concentration Ref.

FAK Focal adhesion kinase 80 nM [40,41]

FAKo Opened FAK 0 nM —

FAKo-p Opened FAK-py397 0 nM —

Src Src kinase 90 nM [40,41]

Src-p Autophosphorylated Src-py416 0 nM —

Shc Shc adaptor protein 1000 nM [37,40]

Shc-P phosphorylated Shc 0 nM —

Grb2 Growth factor receptor bound protein 2 48 nM [41]

ShP-G Protein complex 0 nM —

SOS Son of Sevenless 62 nM [41]

G-S Grb2:SOS adaptor protein 0 nM —

ShP-G-S Protein complex 0 nM

Src-p-FAKo-p Protein complex 0 nM —

Src-p-FAKo-pp Protein complex (FAK-py397-py576/577) 0 nM —

Src-p-FAKo-ppp Protein complex (FAK-py397-py576/577-py925) 0 nM —

Src-p-FAKo-ppp-G Protein complex 0 nM —

Src-p-FAKo-ppp-G-S Protein complex 0 nM —

FAKo-p-Sh Protein complex 0 nM —

FAKo-p-ShP Protein complex 0 nM —

FAKo-p-ShP-G Protein complex 0 nM —

FAKo-p-ShP-G-S Protein complex 0 nM —

Ras-GDP Ras protein (GDP state) 120 nM [37,40]

Ras-GTP Ras protein (GTP state) 0 nM —

R-G-S Protein complex containing Grb2:SOS 0 nM —
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List of Parameters for the kinetic modelling

Units Model value Ref. value Ref.

k02cat s−1 9.33 560 min−1 [39]

k02m nM 0.132 0.132 [39]

k03cat s−1 9.33 560 min−1 [39]

k03m nM 0.132 0.132 [39]

k04 nM−1s−1 0.09 0.09 [36]

k04b s−1 0.6 0.6 [36]

k05 s−1 9.33 9.33 [39]

k06 s−1 9.33 9.33 [39]

k07 nM−1s−1 0.09 0.09 [36]

k07b s−1 0.6 0.6 [37]

k08 nM−1s−1 6 6 [36]

k08b s−1 0.06 0.06 [36]

k09 s−1 0.3 0.3 [36]

k09b nM−1s−1 0.0009 0.0009 [36]

k10 nM−1s−1 0.003 0.003 [36]

k10b s−1 0.05 0.05 [36]

k11 nM−1s−1 0.003 0.003 [36]

k11b s−1 0.1 0.1 [36]

k12m nM 340 340 [36]

V12max nMs−1 1.7 1.7 [36]

k13 nM−1s−1 0.003 0.003 [36]

k13b s−1 0.1 0.1 [36]

k14 nM−1s−1 0.0015 0.0015 [36]

k14b s−1 0.0001 0.0001 [36]

k15 nM−1s−1 0.03 0.03 [36]

k15b s−1 0.064 0.064 [36]

k16 nM−1s−1 0.01 0.01 [36]

k16b s−1 0.06 0.06 [36]

k17 nM−1s−1 0.021 0.021 [36]

k17 s−1 0.1 0.1 [36]

k18 nM−1s−1 0.0045 0.0045 [36]

k18b s−1 0.03 0.03 [36]

k19 nM−1s−1 0.01 0.01 [36]

k19b s−1 0.0214 0.0214 [36]

k20 nM−1s−1 0.009 0.009 [36]

k20b s−1 0.0429 0.0429 [36]

k21 nM−1s−1 0.12 0.12 [36]

k21b s−1 0.000214 0.000214 [36]

k22 s−1 0.222 0.222 [37]

k22m nM 0.181 0.181 [37]

k23m nM 0.0571 0.0571 [37]

V23max nMs−1 0.289 0.289 [37]
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