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Allosteric Regulation of Focal Adhesion Kinase by PIP2 and ATP
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ABSTRACT Focal adhesion kinase (FAK) is a nonreceptor tyrosine kinase that regulates cell signaling, proliferation, migration,
and development. A major mechanism of regulation of FAK activity is an intramolecular autoinhibitory interaction between two of
its domains—the catalytic and FERM domains. Upon cell adhesion to the extracellular matrix, FAK is being translocated toward
focal adhesion sites and activated. Interactions of FAK with phosphoinositide phosphatidylinsositol-4,5-bis-phosphate (PIP2) are
required to activate FAK. However, the molecular mechanism of the activation remains poorly understood. Recent fluorescence
resonance energy transfer experiments revealed a closure of the FERM-kinase interface upon ATP binding, which is reversed
upon additional binding of PIP2. Here, we addressed the allosteric regulation of FAK by performing all-atom molecular-dynamics
simulations of a FAK fragment containing the catalytic and FERM domains, and comparing the dynamics in the absence or pres-
ence of ATP and PIP2. As a major conformational change, we observe a closing and opening motion upon ATP and additional
PIP2 binding, respectively, in good agreement with the fluorescence resonance energy transfer experiments. To reveal how the
binding of the regulatory PIP2 to the FERM F2 lobe is transduced to the very distant F1/N-lobe interface, we employed force
distribution analysis. We identified a network of mainly charged residue-residue interactions spanning from the PIP2 binding
site to the distant interface between the kinase and FERM domains, comprising candidate residues for mutagenesis to validate
the predicted mechanism of FAK activation.
INTRODUCTION
Cells inmulticellular organisms are required to perceive their
microenvironment by correctly responding to various stimuli.
Focal adhesion kinase (FAK), containing numerous binding
sites for signaling and adaptor proteins, has been identified
as a hub at the crossroads of multiple signaling pathways
coupling extracellular and cytosolic signals at focal adhesions
(FAs) (1). However, as of this writing, the mechanism of
how FAK conformation and function are coupled through
allosteric regulation has only been partially uncovered.

FAK is a 120-kDa multidomain protein belonging to the
nonreceptor tyrosine kinase family. As shown in Fig. 1, it
contains an N-terminal three-lobed 4.1, ezrin, radixin, moe-
sin homology (FERM) domain, followed by a 50-residue
linker, a central kinase domain, a 220-residue disordered
proline-rich region, and a C-terminal focal-adhesion target-
ing (FAT) domain. The FAT domain is involved in FAK tar-
geting to focal adhesion sites (2), and the FERM domain
exerts its role as an autoinhibitor of the kinase domain,
thus regulating the protein’s catalytic activity (3). When
FAK attaches to the cell membrane, the autophosphorylated
tyrosine Tyr397 in the linker between the FERM and kinase
domain (4) provides the binding site for the SH2 domain of
Src kinase and leads to subsequent FAK activation. The
following phosphorylation of tyrosine residues Tyr576 and
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Tyr577, which are located in the activation loop of FAK
and shielded from the cytosol by the FERM domain,
enhances the kinase activity of FAK in vitro (5).

Many stimuli have been reported to induce FAK activa-
tion, such as integrin signaling (6) and direct interactions
with growth factor receptors (7–9). For the last decade, a
key role of phosphatidylinsositol-4,5-bis-phosphate (PIP2)
in these interactions has been emphasized (10,11). PIP2 is
a lipid integral to the plasma membrane. It is also a pleio-
tropic ligand molecule, which modulates diverse biological
processes, including signaling, intracellular vesicle traffic,
and cellular motility (12). PIP2 can be locally generated in
FAs by the enzyme phosphatidylinositol 4-phosphate 5-
kinase type Ig (PIP5KIg), which adds the 5-phosphate to
PI4P. It has been shown that PIP5KIg is required for efficient
FAK activation, providing strong support to the notion that
PIP2 is a key mediator of the integrin-FAK signaling link
(11). It was demonstrated that PIP2 interacts directly with
the basic patch of the FERM domain (10), which leads to
PIP2-induced activation of FAK in vitro (10) and in vivo
(13). However, molecular details of the FAK-PIP2 inter-
actions and mode of activation remain unclear.

To elucidate these, biochemical, structural, and fluores-
cence resonance energy transfer (FRET) experimental data
have recently been employed (11). The experimental evi-
dence presented therein suggests the binding of PIP2 to a
basic patch of the FERM domain to induce conformational
rearrangements resulting in a decreased FRET efficiency
measured between the kinase N-lobe and FERM-F1. This
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conformational transition, which was found to be further
modulated by ATP binding, promoted efficient FAK auto-
phosphorylation of tyrosine Tyr397, but could not induce
conformational changes required for autophosphorylation
of the key tyrosine residues (Tyr576/577) in the active state
of the kinase domain.

To provide direct insight into the underlying molecular
mechanism of these changes at high spatial and temporal
resolution, which has been inaccessible by these experi-
ments, we conducted a series of molecular dynamics
(MD) simulations followed by force distribution analysis
(FDA) and principal component analysis (PCA). We studied
the structure and dynamics of the FERM and kinase frag-
ment of FAK (FK-FAK) in three systems (Fig. 1), namely:
apo-FK; FAK bound to ATP (FK-ATP); and FAK bound
to ATP and PIP2 (FK-ATP-PIP2). We propose an atomic
detailed model of ATP and PIP2-bound FK-FAK, which is
in agreement with previous structural and mutant data. We
find ATP and PIP2 binding to induce distinct long-range
conformational changes in the kinase and FERM domains,
which are likely to allosterically control FAK activity.
More specifically, ATP binding to the kinase active site in-
duces a closure of the two kinase lobes, which is reversed
by subsequent PIP2 binding to the FERM basic patch with
structural consequences for the kinase-FERM interaction.
The observed allosteric transitions are qualitatively in line
with recent FRET measurements at the kinase-FERM inter-
face (11). We identify an allosteric network of primarily
electrostatic interactions spanning from the PIP2 binding
site to the distant interface between the kinase N-lobe and
the FERM F1-lobe, comprising candidate residues for muta-
genesis to test our predicted mechanism.
MATERIALS AND METHODS

Molecular dynamics simulations and data
analysis

For all simulations, the crystal structure (Protein Data Bank (PDB) 2J0J) of

the FAK fragment comprising the FERM and kinase domain (residues 35–

686) (3) was used as a starting structure. The flexible loops, including those

of residues 362–394, 402, and 574–583, were not resolved and were added

using MODBASE (14). The structure of FK-ATP was obtained by inserting

ATP in the same binding pose resolved in the crystal structure of the FAK

kinase domain (K-FAK) in complex with ANP (PDB 2J0L) (3). The initial

geometry of the FK-ATP-PIP2 complex was obtained using a molecular

docking procedure, with the putative PIP2 binding site assigned to the

FERM basic patch (residues 216–222). Details of the docking and refine-

ment procedure have been described previously in Goñi et al. (11). Partial

atomic charges on the PIP2 molecule with a reduced lipid tail (C2-PIP2)

were assigned using the RESP methodology (15–17) and obtained with

the program RED (15,16), using HF/6-31G* as basis set. The total charge

on the PIP2 headgroup was set to �5, which corresponds to the fully

deprotonated state, because potential protons of PIP2 in its most common

state with �4 as a total charge (18) are likely to be displaced by Lys/Arg

interactions upon binding to FAK.

Molecular docking was performed with the UCSF DOCK6.5 suite (19),

using the semirigid docking procedure and energy grid scoring in an im-
plicit solvent. The grid spacing was 0.025 nm, and the grid included

1.2 nm beyond the FAK basic patch. The energy score was the sum of elec-

trostatic 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 orienta-

tions was 5000. The best-scoring 25 FK-ATP-PIP2 complexes were further

analyzed by means of MD simulations. The best structure was chosen ac-

cording to the favorable Coulombic interaction between the PIP2 headgroup

and the basic patch in the FERM domain. The obtained docking pose was in

line with alanine scanning results (10), and robust with regard to the PIP2
lipid tail length. Also, we previously could show that PIP2 allostery is

mainly due to the charge neutralization of the basis patch, because a basic

patch mutant gave highly similar force distribution patterns. We thus

conclude that the PIP2-bound FAK structure is appropriate for the subse-

quent MD simulations and force analyses.

All MD simulations were carried out using GROMACS 4.0.5 (www.

gromacs.org) (20). The OPLS all-atom force field (21) for the protein and

the TIP4P water model (22) were used. The temperature was kept constant

at T¼ 300 K by using velocity rescaling with a coupling time of 0.1 ps. The

pressure was kept constant at 1 bar using an isotropic coupling to Parrinello-

Rahman barostat with a coupling time of 0.1 ps (23). A cutoff of 1 nm was

used for all nonbonded interactions. Long-range electrostatic interactions

were treated with the particle-mesh Ewald (24) method using a grid spacing

of 0.12 nm with cubic interpolation. All bonds between hydrogens and

heavy atoms were constrained using the LINCS algorithm (25). An integra-

tion time step of 2 fs was used. During all simulations, the neighbor list was

updated every 10 steps.

Each of the three structures, apo-FK, FK-ATP, and FK-ATP-PIP2, were

immersed in a cubic TIP4P water box containing ~200,000 atoms. Sodium

and chloride counterions (0.1 M concentration) were added to neutralize the

system. Before the MD simulations, all investigated systems were energy-

minimized using the steepest descent method for 10,000 steps. This was fol-

lowed by 2-ns MD simulations, during which position constraints were used

on all protein atoms. Finally, each system was equilibrated during 200-ns

MD simulations. The last 120-ns trajectories of each simulation have

been used for analysis.

Subsequently, trajectories were analyzed by PCA (26) and FDA (27) as

implemented in the software GROMACS. PCA was used to monitor the

global motions within the kinase domain, and FDAwas used to investigate

the changes in internal forces of the molecules under external perturbation,

i.e., ATP or PIP2 binding. During FDA, atomic pairwise forces as defined by

the force field were calculated, and residue forces were obtained by vector

summation of atomic forces according to

~Fri;rj ¼
X

i˛ri;j˛rj

~Fij; (1)

where i is an atom of residue ri, and j is an atom of residue rj, with ri and rj

being different. Angle and dihedral forces were decomposed into pairwise
forces between the three or four involved atoms, respectively. Forces from

particle-mesh Ewald were ignored. We compared residue pairwise forces

between apo-FK and FK-ATP, as well as between FK-ATP and FK-ATP-

PIP2, respectively, averaged over 360 ns (three trajectories, from each the

final 120 ns) for each state. These differences in forces between residue

pairs measure the allosteric signal propagation upon binding of ATP or

PIP2. Fig. 4 and Fig. S2, Fig. S3, and Fig. S4 in the Supporting Material

show the largest continuous graphs of force changes at varying cutoff values

(28). The punctual stress shown in Fig. S2 d, Fig. S3 d, and Fig. S4 d is

defined as the sum of the absolute values of scalar pairwise forces acting

on an atom i,

Si ¼
X

j

��Fij

��; (2)

and serves as a simple measure for where pairwise forces accumulate (27).
Biophysical Journal 108(3) 698–705

http://www.gromacs.org
http://www.gromacs.org


700 Zhou et al.
Protein crystallization, data collection, and
structure determination

The kinase domain of the avian FAK (sequence: 411–686) was expressed

and purified following a protocol described in Lietha and Eck (29).

K-FAK (6.7 mg/mL) was incubated with various ligands at 4�C for several

hours. Low-affinity ligands were taken from a small-compound library with

scaffolds targeting the ATP binding site (see Table S2 in the Supporting

Material). They include bis-amino pyrimidine, bis-anilino imidazotriazine,

and low-molecular-weight fluorinated compounds. It was found out later,

when solving the crystal structure of the protein, that not all the ligands

tested bound to the kinase domain; thus, we obtained several apo structures

of the protein. Crystals were grown, mixing an equal volume of the protein-

ligand mix with the crystallization condition (100 mM Tris, pH 8.5, 50–

300 mM LiSO4, 18–30% PEG4000, 10 mM TCEP). Crystals were cryopro-

tected by a quick soak into the following cryosolution: 100 mMTris pH 8.5,

200 mM LiSO4, 32% PEG4000, 10 mM TCEP, and 8% ethylene glycol; it

was then flash-frozen.

Native data were collected on PXI-XS06 beamline at Swiss Light Source,

Villigen, Switzerland and processed with the software XDS (30). The

molecular replacement protocol in the software PHASER (31), was applied

to provide an initial set of phases using the K-FAK model from PDB 2JKK.

This was followed by an initial round of model building using ARP/wARP

(32). Refinement was performed using the program REFMAC (33) and

manual rebuilding was carried out with the software COOT (34). All refine-

ment data is given in Table S2.
a b
RESULTS AND DISCUSSION

PIP2- and ATP-induced conformational changes
of FAK

To characterize interactions among ATP, PIP2, and FAK at
the atomistic level, we performed MD simulations of 1) a
FAK fragment containing the FERM and kinase domains
(apo-FK), 2) the same FAK fragment bound to ATP (FK-
ATP), and 3) FAK bound to ATP and PIP2 (FK-ATP-PIP2)
(Fig. 1).

The term ‘‘PIP2’’ here refers to a molecule with a
shortened lipid tail containing only two carbon atoms
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FIGURE 1 Structure and interactions of FAK. (a) Domain organization

of FAK including phosphorylation sites. (b) Structure of FAK FERM

and kinase domains and organization into subdomains F1–F3 in FERM

and N- and C-lobes in the kinase domain. Primary phosphorylation

sites (left), sites of FRET labels (Arg35 and Asp414), ATP/Mg2þ, the

basic patch, and PIP2 (right) are highlighted. To see this figure in color,

go online.
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(C2-PIP2). At pH7, PIP2 is most likely in a singly protonated
state and carries the net-charge �4 (18). However, the pro-
ton bound to PIP2 is likely to be displaced upon binding to a
protein (18). Accordingly, in the FK-ATP-PIP2 simulation
system, a net charge of �5 has been assigned to the PIP2
headgroup.

In all simulations, comprising 0.6 ms for each state, the
FERM domain remained associated with the kinase domain.
However, ATP and PIP2 binding induced large-scale confor-
mational changes at the interface of the N-lobe and F1
domain (Fig. 2). We first monitored the distance between
Arg35 (the N-terminal part of the FERM domain) and
Asp414 (the N-terminal part of the kinase domain), which
were the labeling sites for FRET sensors in previous mea-
surements (11), in the course of the MD simulations, in
order to validate the computed conformational changes.

We observed the shortest median FRET distance (3.2 nm)
for FK-ATP, whereas the FRET distances of apo-FK and
FK-ATP-PIP2 wereR3.5 nm (Fig. 2 a). This trend is consis-
tent with the experimental data, which gave a larger FRET
efficiency for FK-ATP as for apo-FK and FK-ATP-PIP2
(11). However, we find the distances between the FRET la-
bels do not reflect the interdomain distance. Namely, >50%
of apo-FK center-of-mass (COM) distances between the
N-lobe and F1 were in the range of 3.1–3.3 nm, which
is shorter than the median COM distance of FK-ATP
c

FIGURE 2 Conformational changes upon ATP/PIP2 binding measured

by interdomain distances as observed in MD simulations of the three states

of FK-FAK. (a) Distance distribution between the residues where FRET

labels were inserted in the FERM and kinase domain (Fig. 1 b). (b) Distance

distribution between the centers of mass of the FERM F1 domain and the

kinase N-lobe. (c) Average and deviations of the COM distance between

the F1 lobe and the kinase N-lobe (yellow), the FRET distance (blue),

and the COM distance between the FERM F2 subdomain and the kinase

C-lobe (pink). To see this figure in color, go online.
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(3.5 nm) and FK-ATP-PIP2 (3.8 nm) (Fig. 2 b). Thus,
binding of ATP to apo-FK leads to an apparent closure as
measured by the FRET labels both in our simulations and
in experiments; however, it hides an opening of the respec-
tive subdomains, the N-lobe and F1, relative to each other.
In contrast, PIP2 binding to FK-ATP results in a partial
opening of the FERM-kinase interface leading to increased
distances of both the COM of the two domains and the
respective FRET labels.

Accordingly, the addition of PIP2 to FAK can induce the
switch from an inactive to an active kinase domain. We here
refer to the allosteric changes as an opening and closing of
the N-lobe and F1, as suggested by the COMmeasurements,
even though the motions include a twisting (see below) and
the N/F1 interface remains largely unaffected, including the
burial of Tyr576/577. We also note that, in none of the three
states, was full dissociation of the inhibitory FERM domain
from the catalytic kinase domain observed. Instead, the dis-
tance between the FERM F2-lobe and the kinase C-lobe re-
mained unchanged within our simulation timescale (Fig. 2 c,
right), suggesting that the FRET sensors measure partial
FAK activation only. The validation of the observed ATP-
and PIP2-dependent dynamics in FAK by comparison to
FRET experiments allows us to further analyze the underly-
ing functional dynamics induced by these two ligands.
FIGURE 3 Conformational changes upon ATP/PIP2 binding measured

by principal component analysis (PCA). (a) apo-FK (yellow), FK-ATP

(red), FK-ATP-PIP2 (blue) during MD simulations, and crystal structures

of staurosporine-bound FK-FAK (violet, PDB 2J0J), the ANP-bound

K-FAK (green, PDB 2J0L), and apo K-FAK (black) were projected on

the first two eigenvectors obtained from a PCA of the fluctuations of apo-

FK Ca atoms. Distributions of the three states along the two apo eigenvec-

tors are also shown. (b and c) Porcupine plot of the FAK kinase domain,

illustrating the motion along the first (b) and second (c) eigenvectors

(EV) obtained from PCA. Coloring is according to the deviation in eigen-

value between the two extreme structures along the respective EV. EV1 (b)

describes an opening, EV2 (c) a twisting motion. To see this figure in color,

go online.
Detection of functional modes in FAK dynamics

To analyze the functional motions underlying the observed
distance changes, which represent a rather coarse measure
of the protein conformational changes, a PCA (26) of the ki-
nase domain, excluding the activation loop, in the apo state
was carried out. Differences between the protein’s confor-
mational motions in its three states were observed by projec-
ting the trajectories of the kinase domain in the FK-ATP and
FK-ATP-PIP2 states onto the eigenvalues calculated for the
apo state. We observed major differences of the protein dy-
namics after binding of ATP and then of PIP2, as reflected by
the projection of the dynamics on the first two eigenvectors,
which account for ~45% of the overall protein motion (see
Fig. S1). Here, eigenvector 1 (EV1) represents an open-to-
closed motion (Fig. 3 b) and EV2 corresponds to the
twisting motion of the FAK kinase domain (Fig. 3 c).

As can be seen in Fig. 3 a, apo-FK samples a broad range
of conformations along both the open-to-close interdomain
motion and the intradomain twisting motion. ATP, which is
located between the kinase N- and C-lobe, restricted the
open-close transition and constrained the structure of the ki-
nase domain. PIP2 binding to the basic patch in the FERM
domain, in turn, released some of these constraints, and the
kinase domain was found in a more open conformation
(negative eigenvalues of EV1), in agreement with the
observed increases in distance (Fig. 2 a). We also projected
available x-ray structures onto the two collective coordinates.
We note, however, that a direct comparison is not straightfor-
ward, because most experimental structures lack the FERM
domain. Crystal structures of the FK-FAK in the presence
of staurosporine (violet) and the ANP-bound K-FAK (green)
(3) have previously been experimentally resolved and liewell
within the dynamics observed in our MD simulations. Inter-
estingly, the FERM-inhibited structure (PDB:2J0J) features a
more closed state along EV1 as compared to the ANP-bound
structure (PDB:2J0L), either due to the presence of the
FERM domain or ligands at the ATP-binding site added dur-
ing the crystallization protocol (3).

For comparison, we solved a number of structures of the
true apo-state of the kinase in absence of the autoinhibitory
domain or any ligand bound to the active site (black).
These structures reproduce the large variability of the apo
state along EV1 seen in our simulations. Along EV2, sur-
prisingly, they cover the conformational space observed in
Biophysical Journal 108(3) 698–705
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our MD simulations for FK-ATP and FK-ATP-PIP2, rather
than apo-FK. A possible interpretation is that the FERM
domain causes a twist in the kinase domain, which vanishes
in the kinase structure alone and similarly decreases when
weakening the FERM-kinase interface upon ATP/PIP2 bind-
ing. Apparently, the presence of the FERM domain in our
simulations gives rise to this shift in conformational space.
Structural data of the apo-state of the FERM-kinase
construct would be required to further resolve this.
ATP- and PIP2-induced allostery of FAK

We observed in our MD simulations that the binding of ATP
and PIP2 induced large-scale conformational changes in the
FAK kinase domain and at the domain interface. However,
both the PIP2 and ATP binding sites are located quite far
(R1.5 nm) from the N/F1 interface and the autophosphory-
lation site. Thus, it is unclear how exactly these two small
molecules induce conformational changes at such distant
sites. To elucidate the molecular nature of the allosteric
pathway connecting the involved sites, FDAwas performed.
FDA allows us to investigate changes in internal pairwise
forces under external perturbations such as ligand binding.
During FDA, atomic pairwise forces were calculated, and
forces between amino-acid residues were obtained by vector
summation of atomic forces (27). Matrices of interresidue
forces were averaged over all trajectories for each state
(apo-FK, FK-ATP, and FK-ATP-PIP2). Analyzing changes
in pairwise forces instead of coordinates has the advantage
of tracking changes in relatively stiff regions such as the
protein core, and thus is not biased toward large-amplitude
motions such as those detected by PCA (Fig. 3).

Initially, the differences of interresidue forces in FAK
upon binding of ATP were calculated to reveal the allosteric
pathway underlying the ATP-induced FERM/kinase domain
closure we observed experimentally and computationally.
The resulting network of differences in pairwise residue
FIGURE 4 Force distribution upon ATP and PIP2 binding of FAK. (a) Differen

and FK-ATP-PIP2. (Sticks) Network of force differences. Only networks of forc

indicate different cutoffs of forces, including red (350 pN), yellow (300 pN), and

sentative positions, as observed during the simulations. (c) The force network (ora

reverse change of>250 pNuponPIP2 binding (see red in Table S1 in the Supportin

as sticks. (Cartoon) The activation loop (residues 569–584, dark green) and the
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forces is shown in Fig. 4 a as sticks connecting the respec-
tive residues. To reduce the noise, only the connected graph
with more than five residues is displayed as vertices (28).
ATP binding leads to a network of forces propagating
from the active site to the activation loop and also spanning
the FERM F1 domain. Apparently, ATP and Mg2þ act as an
electrostatic lock by interacting with the adjacent charged
residues, resulting in the observed long-range FERM/kinase
closure motion and loss in interlobe flexibility within the ki-
nase domain (Fig. 3). The force network originates from the
ATP/Mg2þ binding site, because a high force cutoff restricts
the network to this region (see Fig. S2 a). With decreasing
force cutoff, in turn, the signal also reaches the PIP2 binding
site in the FERM F2 lobe and the domain-interface between
the FERM F1 lobe and kinase N-lobe via the activation loop
(see Fig. S2), but without apparent structural changes at the
FERM F2 subdomain and kinase C-lobe interface (Fig. 2).

Additional PIP2 binding resulted in a pronounced in-
crease in the distance between the FERM F1 lobe and the
kinase N-lobe, which is even more eye-striking than the
ATP-dependent allostery, given the remote location of
the PIP2 binding site at the FERM F2 lobe. According to
the force network depicted in Fig. 4 b and Fig. S3, PIP2
binding to ATP-bound FAK results in a spatially connected
force network, which spans the F2/C-lobe interface and
the ATP binding site all the way up to the linker. The PIP2
headgroup is very negatively charged. The total charge
on the whole molecule varies from �5 to �4, depending
on the PIP2 protonation state (18). Thus, binding of PIP2
to the basic patch in the FERM domain causes substantial
changes in the protein electrostatic potential at the F2/C-
lobe interface, such that PIP2 binding indirectly adjusts
the salt-bridge interactions in this region (11). These struc-
tural adaptions then further distribute into the kinase N-lobe
and adjacent linker, according to our FDA.

Forces induced by PIP2 are generally lower than those
from ATP, such that this allostery was only detected at a
ces of residue pairwise forces between apo-FK and FK-ATP and (b) FK-ATP

es connecting more than five residues are shown. (Different colors of sticks

gray (200 pN).) The positions of ATP and PIP2 (purple) are shown at repre-

nge) connects residue pairs with a change>250 pN upon ATP binding and a

gMaterial). Positively (blue) and negatively charged residues (red) are shown

loop 181–189 (cyan) are highlighted. To see this figure in color, go online.
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lower cutoff of 200 pN. A possible reason is that PIP2 re-
sides at the well-structured FERM domain, in which both
force transmission and structural changes are much less pro-
nounced than in the susceptible kinase domain to which ATP
binds. Indeed, increasing the cutoff for PIP2-induced forces
to 350 pN results in a single and very small force network at
the dynamic kinase interlobe region domain (see Fig. S3 a),
a site overlapping with the hinge of the opening-closure mo-
tion instead of the PIP2 binding site, where the perturbation
originates.

While the force networks due to ATP and PIP2 binding
largely overlap and involve similar residue pairs (see
Fig. S2 and Fig. S3), their binding results in opposing dis-
tance changes between the FERM F1 and kinase N lobes
(Fig. 2). We analyzed the residue interaction network within
FAK, which gives rise to the observed force networks, to
find a possible explanation for the distinct structural closure
and opening motion induced by ATP and PIP2, respectively.
A remarkable number of residue pairs within the allosteric
network show a significant force change upon ATP binding
(>250 pN), which is largely rescued by PIP2 binding (>250
pN, marked red in Table S1 and shown in Fig. 4 c). These
ATP-induced but PIP2-reversed force alterations are thus
likely to reflect the motions probed by FRET, which follow
the same trend. Within this set of residue pairs reversely
affected by ATP and PIP2, one or both residues in each of
the specifically perturbed interactions resides in the activa-
tion loop (residues 569–584) or in the loop 181–189. The
former typically plays a pivotal role in allosteric regulation
of kinases. The latter is located at the domain interface close
to the FERM basic patch, and has been observed to be disor-
dered in a charge-neutralizing basic patch mutant of FAK
meant to mimic PIP2 binding (11).

Our PIP2-dependent alterations of residue interactions
within this loop are possible explanations for the order-to-
disorder transition observed in the crystal structures of
wild-type and mutant. Remarkably, all but one of the
PIP2-affected pairwise interactions within the kinase-
FERM construct are saltbridges that reversibly swap part-
ners; we argue this to be the molecular basis for the
observed dramatic change in the relative positioning of the
lobes within the kinase domain as well as of the kinase
and its autoinhibitory FERM domain as observed in MD
simulations here and FRET experiments previously (11).
CONCLUSIONS

We here studied the dynamic allostery involved in PIP2-
mediated activation of FK-FAK. Based on the results
obtained fromMD simulations, PCA, and FDA that was per-
formed for the three different protein systems, we concluded
that the highly charged ATP/Mg2þ acts as a hub for electro-
static interactions with charged residues in the gap be-
tween kinase N- and C-lobe. These interactions restrict the
twisting-motional mode of the kinase domain and tie the
correlated motions of the N- and C-lobes. Binding of highly
negatively charged PIP2 at the basic patch of the FERM
domain leads to the rearrangement of saltbridges between
the a-helix of the basic patch (residues 216–222), and
another a-helix at the FERM F2- and kinase C-lobe inter-
face (residues 181–189). This results in a dominolike
cascade of changes in saltbridges of the kinase domain,
spanning from the interface between the FERM F2- and ki-
nase C-lobe through the activation loop to the interface be-
tween the FERM F1- and kinase N-lobe. The results of MD,
PCA, and FDA not only describe the molecular mechanism
of PIP2-induced FAK activation, but also allow us to predict
mutations, which might be critical for the FAK activation
mechanism.

Based on our analysis, we predict mutations at R184 and
R597 to critically interfere with ATP and PIP2-dependent
allostery. As observed in our results, we can conclude that
the action of PIP2 is mainly of an electrostatic nature, by
changing the electrostatic interactions between basic patch
with its nearby a-helix and inducing a rearrangement at F2/
N-lobe interface. We believe that the other basic patch inter-
action partners, such as C-Met (35) or the FAT domain,might
allosterically effect FAK dynamics in a similar fashion—a
hypothesis straightforwardly testable by experiments.

Phosphorylation assays showed that PIP2 can enhance
FAK autophosphorylation (11). Our allosteric network orig-
inating from PIP2 indeed spans the protein all the way up to
the loop in which the Y397 autophosphorylation site is
located (see Fig. S4). We, however, could not detect any
significant change in structure or dynamics of Y397 itself,
which would explain the PIP2-dependent regulation of
FAK. This might be due to the limited submicrosecond time-
scale of our MD simulations. As previously observed for
other proteins (36,37), forces transmit through proteins on
timescales much shorter than those of large-scale conforma-
tional transitions, suggesting FDA to be a versatile method to
detect allostery in proteins on standard MD timescales.

The activation loop is critically involved in the detected
allosteric pathway. Interestingly, we observed an overall
larger root-mean-square fluctuation of this loop in FK-ATP-
PIP2, while most residues in this loop were restricted in FK-
ATP (Fig. 5). TheATP binding strongly reduces the flexibility
of the activation loop, including the major phosphorylation
site Y576/577, but the further PIP2 binding released this
constraint. We propose that the experimental observations
of the increase in Src phosphorylation of Y576/577 in pres-
ence of PIP2 (11) can be explained by a less compact protein
conformation adopted by FAK, involving an increased flexi-
bility of the activation loop upon PIP2 binding.

In none of the simulations performed herein could we
observe the dissociation of FERM and kinase domains.
That is consistent with the experimental data reported (11),
which shows that PIP2 is not sufficient to induce catalytic
turnover of FAK, but Src recruitment for subsequent
Tyr566/567 phosphorylation is additionally required. External
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mechanical force might act as another factor contributing to
FAK activation. For several focal adhesion proteins it has
been shown that stretching forces can regulate focal adhe-
sion maturation and signaling (38–40), and several studies
describe FAK as a key tension sensor in focal adhesions
(41–43). FAK’s FAT domain binds to actin filaments via pax-
illin (44), and FAK’s FERM domain binds to the membrane
via PIP2 (10,11). It is therefore feasible that stretching forces
at focal adhesion sites propagate through these attachment
points to FAK and enhance FAK activation. We have shown
that PIP2 and ATP binding are important first steps in
FAK allosteric control. However, further experimental and
computational studies are required to fully decipher the
conformational plasticity and multidimensional activation
landscape of this fascinating molecular signaling hub.
SUPPORTING MATERIAL

Four figures and two tables are available at http://www.biophysj.org/
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Figure S1: 20 largest eigenvalues from PCA of the kinase domain Cα atoms as observed for the apo-state. The first
two eigenvectors account for about 45% of the global protein motion.
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Figure S2: Force distribution upon ATP binding. (a-c) The network of force differences between apo-FK and FK-
ATP state simulations is shown as sticks. Only the networks of forces connecting more than 5 residues are shown.
ATP (purple) is shown at a representative position, as observed during the simulations. The different colors of sticks
indicate different force cutoffs, namely at a) 500 pN. b) 300 pN and c) 200 pN. d) Difference of punctual stress, the
sum of force differences acting on a given residue. Residues with stresses > 3000 pN are shown as spheres.
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Figure S3: Force distribution upon PIP2 binding. (a-c) The network of force differences between FK-ATP and
FK-ATP-PIP2 state simulations is shown as sticks. Only the networks of forces connecting more than 5 residues
are shown. ATP and PIP2 (purple) are shown at representative position, as observed during the simulations. The
different colors of sticks indicate different force cutoffs, namely at a) 350 pN, b) 300 pN and c) 200 pN. d) Difference
of punctual stress, the sum of force differences acting on a given residue. Residues with stresses > 3000 pN are shown
as spheres.
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Figure S4: Force distribution upon ATP and PIP2 binding. (a-c) The network of force differences between apo-FK
and FK-ATP-PIP2 state simulations is shown as sticks. Only the networks of forces connecting more than 5 residues
are shown. ATP and PIP2 (purple) are shown at representative positions, as observed during the simulations. The
different colors of sticks indicate different force cutoffs, namely at a) 500 pN. b) 300 pN. c) 200 pN. d) Difference of
punctual stress, the sum of force differences acting on a given residue. Residues with stresses > 3000 pN are shown
as spheres.
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Table S1: Average residue pairwise forces within connected networks upon ATP and PIP2 binding as pointed out
by FDA and as shown in Fig. 4, S2 and S3. Residue pairs with a change > 250 pN upon ATP binding and a reverse
change of > 250 pN upon PIP2 binding are marked in red and highlighted in Fig. 4 c. All of them except one are
saltbridges.

Residue
pair

APO
(pN)

ATP
(pN)

ATP-PIP2

(pN)
Residue

pair
APO
(pN)

ATP
(pN)

ATP-PIP2

(pN)
R35 D60 -559 -937 -403 E404 R569 -104 -447 -195
R35 R108 637 1014 796 K454 E471 -538 -941 -630
R35 E109 -7 -988 -114 K454 K581 1.473 322 3
R35 E112 -829 -1179 -1082 K467 E403 -258 -489 -14
R35 E118 -885 -8 -330 K467 E471 -108 -418 -757
R35 D395 0 -351 -105 K467 K578 266 554 125
K38 E403 -785 -26 -9 E471 Q470 270 582 378
R57 D462 -635 -50 0 E471 D564 16 413 378
D60 R108 -552 -234 -668 E471 R569 -952 -74 -682
D60 E109 15 521 232 E471 K581 0 -845 2
D60 D395 1 400 245 H482 Q529 91 49 773
E109 E112 130 458 168 H482 D558 32 -62 481
E118 K38 -185 -1272 -1144 H482 C559 64 6 1084
R177 E182 -174 -620 -410 H482 V560 -124 -67 1352
R177 R184 120 466 173 R545 E572 -126 -1038 -1094
E182 M183 636 309 300 D546 K583 -779 -1675 -1158
E182 R184 -649 -943 -546 D564 H544 -80 256 194
E182 R597 -502 -176 -397 D564 D546 677 2231 2381
R184 K190 164 10 319 D564 R550 -986 -528 -324
R184 E636 -367 -76 -693 D564 F565 391 -37 111
E189 R221 -6 -546 -650 D564 K583 -222 -557 -412
E189 K222 -109 -419 -294 R569 D405 -202 -725 -765
E189 R229 -915 -477 -675 E572 Y570 -289 135 105
K190 E592 -799 -563 -37 E572 D573 400 725 681
K191 K218 155 143 475 K578 E404 -4 -669 -905
K191 R221 339 455 858 K578 E572 -1215 6 1
R221 E195 -1109 -505 -151 K578 Y576 120 583 604
R221 E198 -1178 -479 -168 K578 S580 361 -32 -1
R221 K199 608 174 73 L580 A579 -190 178 112
R221 K222 488 671 1277 K581 D564 -8 -542 -2
D395 R57 0 -405 -393 K583 R550 492 1166 475
D395 D63 532 119 22 R597 R545 -9 540 316
D402 K467 -1068 -620 -44 R597 E572 -32 -874 -568
D402 K578 -136 -1193 -1248 R597 D573 -1025 -439 -663
E403 D402 609 916 664 R597 T575 309 -3 -3
E403 K578 -3 -723 -358 E636 E592 458 365 61
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Table S2: Data collection and refinement statistics for K-FAK structures.
PDB code 4D4Y 4D55 4D4S 4D58

Data collection
Space group P21 P21 P21 P21

Cell dimensions
a, b, c (Å) 44.90, 122.99, 50.83 45.01, 44.49, 66.99 45.27, 124.88, 50.81 44.98, 123.37, 50.84
α, β, γ(°) 90.00, 94.94, 90.00 90.0, 95.0, 90.0 90.00, 93.33, 90.00 90.00, 94.65, 90.00

Resolution (Å)*
61.49–1.8
(1.9–1.8)

66.73–2.3
(2.42–2.3)

62.44–2.0
(2.11– 2.0)

61.68 –1.95
(2.06 – 1.95)

Rsym* 4.1 (36.3) 4.6 (26.1) 4.4 (35.5) 4.1 (31.5)
I/σ(I)* 11.8 (2.0) 11.2 (2.9) 12.7 (2.1) 11.2 (2.2)
Completeness (%)* 97.3 (96.0) 99.9 (99.8) 99.9 (99.9) 99.9 (100.0)
Redundancy * 4.3 (4.4) 3.8 (3.8) 4.8 (4.7) 3.8 (3.7)
Refinement
Resolution (Å) 61.49 –1.8 44.88 – 2.3 62.44 – 2.0 61.68 –1.95
No. reflections 46837 11320 36003 38091
Rwork/Rfree 18.68/22.67 19.83/25.71 20.6/22.5 19.56/22.85
No. atoms
Protein 4176 2105 4146 4167
Ligand 24 5 61 48
Water 230 58 148 185
Average B-factor 32.0 47.0 41.4 34.9

Name of ligands DMSO and (SO4)2− (SO4)2− (SO4)2− and TAE226† (SO4)2− and TAE226†

R.m.s deviation
Bond lengths (Å) 0.0102 0.0095 0.005 0.0086
Bond angles (°) 1.386 1.334 1.049 1.267

PDB code 4D4V 4D4R 4D5H 4D5K

Data collection
Space group P21 I2 P21 P21

Cell dimensions
a, b, c (Å) 45.00, 123.60, 51.01 115.76, 44.81, 118.08 44.89, 123.59, 50.80 44.93, 122.85, 50.88
α, β, γ (°) 90.00, 94.49, 90.00 90.00, 106.54, 90.00 90.00, 95.00, 90.00 90.00, 94.75, 90.00

Resolution (Å)*
50.85 – 2.1
(2.21–2.10)

56.60 – 1.55
(1.63 – 1.55)

61.79 – 1.75
(1.84 – 1.75)

61.43 – 1.75
(1.84 – 1.75)

Rsym* 3.2 (17.6) 3.6 (34.5) 3.4 (37.2) 3.4 (33.6)
I/σ(I)* 15.6 (4.3) 7.9 (2.2) 11.8 (2.1) 9.1 (2.3)
Completeness (%)* 100.0 (100.0) 99.9 (100.0) 99.9 (99.9) 97.7 (91.4)
Redundancy* 4.3 (4.3) 4.1 (4.1) 3.8 (3.9) 3.8 (3.5)
Refinement
Resolution (Å) 50.85 – 2.1 56.49 – 1.55 50.66 – 1.75 61.43 – 1.75
No. reflections 30740 80385 52597 51212
Rwork/Rfree 19.2/22.7 20.1/22.1 18.14/20.50 18.91/21.44
No. atoms
Protein 4105 4200 4207 4162
Ligand 53 12 39 24
Water 134 330 215 218

Name of ligand
DMSO, (SO4)2−

and compound A‡
(SO4)2−

DMSO, (SO4)2−

and compound B§
DMSO and (SO4)2−

Average B-factor 46.7 26.0 33.7 33.7
R.m.s deviation
Bond lengths (Å) 0.008 0.0058 0.0094 0.0096
Bond angles (°) 1.231 1.148 1.312 1.330

*Highest resolution range shown in parentheses
†a.k.a 2-[[5-chloro-2-(2-methoxy-4-morpholin-4-ylanilino)pyrim-idin-4-yl]amino]-N-methylbenzamide
‡6-methyl-4-(piperazin-1-yl)-2-(trifluoromethyl)quinoline
§6-methyl-5-[3-(trifluoromethyl)phenyl]amino-2,3-dihydro-1,2,4-triazin-3-one
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