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Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase
(NRTK) with key roles in integrating growth and cell-matrix ad-
hesion signals and in cancer FAK is a major driver of invasion and
metastasis. Cell adhesion via integrin receptors is well known to
trigger FAK signaling and many of the players involved are known,
however, mechanistically FAK activation is not understood. Here,
using a multidisciplinary approach including biochemical, biophys-
ical, structural, computational and cell biology approaches, we
provide a detailed view of a multistep activation mechanism of
FAK initiated by the phosphoinositide PI(4,5)P2. Interestingly, the
mechanism differs from canonical NRTK activation and is tailored
to the dual catalytic and scaffolding function of FAK. We find
PI(4,5)P2 induces clustering of FAK on the lipid bilayer by binding
a basic region in the regulatory FERM domain. In these clusters
PI(4,5)P2 induces a partially open FAK conformation where the au-
tophosphorylation site is exposed, facilitating efficient autophos-
phorylation and subsequent Src recruitment. However, PI(4,5)P2
does not release autoinhibitory interactions, but rather Src phos-
phorylation of the activation loop in the FAK kinase results in
release of the FERM/kinase tether and full catalytic activation.
We propose that PI(4,5)P2 and the enzyme generating it in focal
adhesions (PIP5KIγ) are important in linking integrin signaling to
FAK activation.

Focal Adhesion Kinase | Phosphoinositide | Cell Signaling

INTRODUCTION

Cell attachment to the extracellular matrix (ECM) is mediated
via integrin transmembrane receptors on the cell surface. In-
tegrin engagement to ECM components results in activation
and clustering of integrins. In response to integrin activation, a
large number of proteins are recruited to their cytoplasmic tails,
resulting in the formation of focal adhesions (FAs) (1). On the one
side FAs are anchoring points for actomyosin stress fibers, which
allow tension forces to build up when contracting fibers exert
their pulling force via FAs against the ECM. On the other hand
integrin activation and the generation of tension, triggers intricate
signaling cascades. A central signaling component in FAs is the
non-receptor tyrosine kinase focal adhesion kinase (FAK). FAK
is activated downstream of integrins and its signaling is important
for cell migration, proliferation and survival (2, 3). FAK contains
numerous binding sites for other signaling and adaptor proteins
and has been identified as a hub in the FA interactome (4). In
addition to its role as a signaling kinase, FAK is therefore also
thought to function as a signaling scaffold. FAK is required for
diverse processes in development, wound healing and disease
(5-7). FAK knockout mice are not viable due to mesodermal
defects (8), and early studies with FAK knockout cells indicated
that FAK is important in FA turnover by inhibiting Rho activity
(9, 10). Subsequent studies portray a more complex picture (11)
and indicate that FAK is also involved in increasing adhesion

strength, in particular in response to tension forces (12, 13). FAK
is frequently overexpressed in various human cancers (14). Its
overexpression highly correlates with tumor invasiveness, hence
FAK is widely pursued as a drug target for cancer therapy (15,
16).

FAK is a 120 kDa multidomain protein containing an N-
terminal FERM (4.1, ezrin, radixin, moesin homology) domain,
followed by a 50 residue linker, a central kinase domain, a ∼220
residue low complexity proline-rich region, and a C-terminal FA
targeting (FAT) domain (Fig. 1A). Whereas the FAT domain is
important for targeting FAK to FAs through interactions with
paxillin (17-19), the FERM domain is responsible for regulat-
ing catalytic activity (20). In the autoinhibited state the FERM
domain docks onto the kinase domain, which results in catalytic
inhibition and sequesters regulatory phosphorylation sites (21).
FAK activation initially results in autophosphorylation of Y397 in
the linker between the FERM and kinase domains (22), a process
reported to occur in trans (23). Phosphorylated Y397 provides a
docking site for the SH2 domain of the Src kinase and recruited
Src phosphorylates several tyrosines in FAK. Two of them (Y576
and Y577) are located in the activation loop of the FAK kinase
and their phosphorylation confer full catalytic activity (24). The
activated FAK/Src complex phosphorylates several FA proteins,
including paxillin (25) and p130Cas (26).

Significance

Non receptor tyrosine kinases (NRTKs) are major players in
cell signaling. Among them, FAK is the key integrator of
signals from growth factors and cell adhesion. In cancer FAK
is frequently overexpressed and by promoting adhesion to the
tumor stroma and extracellular matrix FAK provides important
signals for tumor invasion and metastasis. Although autoin-
hibitory mechanisms have previously been described and the
players involved in FAK regulation are largely known, on a
mechanistic level FAK activation is currently not understood.
Here we present a multidisciplinary approach demonstrating
a multistep mechanism resulting in FAK activation. This new
insight opens novel strategies to design potential anti-cancer
drugs that inhibit both, catalytic and scaffolding functions of
FAK with high specificity.
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Fig. 1. FAK specifically interacts with PI(4,5)P2 via the basic patch in the
FERM domain.(A)Domain structure of FAK with the main phosphorylation
sites indicated and ribbon diagram of the FK-FAK (FERM+Kinase) crystal
structure as reported in (21) (pdb 2j0j). In the zoom window, the interaction
between the FERM F2-lobe and the kinase C-lobe is shown, with residues
Y180 and M183 at the interface colored in green and the basic KAKTLRK
residues K216, K218, R221 and K222 in magenta. (B) The lipid binding speci-
ficity of FK-FAK was studied using vesicle pulldown assays with phosphatidyl
choline (PC) vesicles containing 6% (mol/mol) of the indicated phospholipids.
Phosphorylation of the D4 and D5 position of the inositol headgroup confer
full binding affinity. (PI=phosphatidyl inositol; PS=phosphatidyl serine). (C)
Vesicle pulldowns with 6% (mol/mol) PI(4,5)P2 vesicles and GST fused F-
FAKwt (FERM=FAK31-405) or F-FAK180/183A (Y180 and M183 mutated to
alanine). The mutations do not affect PI(4,5)P2 binding. GST fusions were
used in order to obtain higher readouts (see methods section). (D) PI(4,5)P2

vesicle pulldowns with FK-FAKwt, FK-FAK180/183A or FK-FAK-KAKTLRK (all
KAKTLRK basic residues are mutated to alanine). Y180/M183A mutations
result in approximately 2.5 fold higher affinity to PI(4,5)P2 whereas the
KAKTLRK mutations abolish binding (E) Vesicle pulldowns with 6% (mol/mol)
PI(4,5)P2 and FL-FAK reveals similar PI(4,5)P2 affinity as for FK-FAKwt. In-
creasing the PI(4,5)P2 density to 12% (mol/mol) results in approximately 4
fold higher affinity for FK-FAKwt. (C-E) Error bars represent SD from three
independent experiments and are shown if larger than the symbol. Kd’s are
determined by fitting a one site binding model.

Many stimuli have been reported to initiate FAK activation
(reviewed in(27), such as integrin signaling and engagement of
growth factor receptors (28-30), but molecular details remain
elusive. Further, we showed that acidic phosphoinositides, such as
phosphatidylinsositol-4,5-bisphosphate (PI(4,5)P2), interact with
FAK and play a role in FAK activation (31). PI(4,5)P2 is well es-
tablished as a modulator of FA maturation and adhesion strength,
but its role in adhesion signaling is less clear. PI(4,5)P2 pro-
motes formation of mature FAs by binding talin and vinculin
and inducing their open state where binding sites to other FA
proteins and actin are exposed (32, 33). PI(4,5)P2 is locally gen-
erated in FAs by the enzyme phosphatidylinositol 4-phosphate 5-
kinase type Iγ (PIP5KIγ) (34, 35), which adds the 5-phosphate
to PI(4)P. PIP5KIγ exists as two splice variants (PIP5KIγ661
and PIP5KIγ635 in mice) where the longer form (PIP5KIγ661;
PIP5KIγ668 in human) contains extra C-terminal residues that

Fig. 2. PI(4,5)P2 mediates FAK autophosphorylation but not catalytic
turnover.(A) An autophosphorylation time course of FL-FAK, FK-FAKwt and
FK-FAK-KAKTLRK in the absence (Buffer) or presence of PI(4,5)P2 or PC vesi-
cles was monitored by immuno blotting, using an anti-pY397 antibody. The
bottom panels are loading controls stained by Coomassie. Note that FL-FAK
stains stronger because of its larger molecular weight. (B) Quantifications
of blots from (A) relative to loading controls (using Image J). For FL-FAK
and FK-FAKwt, autophosphorylation is significantly faster in the presence
of PI(4,5)P2 vesicles, while mutations in the basic patch of FK-FAK-KAKTLRK
abrogate this effect. (C) Autophosphorylation efficiency of FK-FAK (wt or
180/183A mutant) was assessed using an ELISA method. The presence of
C8-PI(4,5)P2, but not C8-PC or the head group Ins(1,4,5)P3, enhance au-
tophosphorylation of FK-FAKwt to levels similar to FK-FAK180/183A, which
was not affected by PI(4,5)P2. (D) Catalytic steady-state activity was assayed
for the indicated FAK proteins using a kinase assay, which couples ADP
production to NADH consumption (see methods). Whereas dissociation of
FERM/kinase domains by mutation (180/183A) activates FAK, none of the
tested lipids increase catalytic turnover. (C-D) Error bars represent SD from
three experiments.

target the enzyme to FAs by interacting with the talin head
domain (36, 37).
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Fig. 3. Electron microscopy reveals PI(4,5)P2 induced FAK clustering.(A)
Transmission electron micrographs of FL-FAK with lipid vesicles (upper pan-
els) or soluble lipids (lower panel) imaged by negative staining. PI(4,5)P2 vesi-
cles and soluble C8-PI(4,5)P2 mediate the formation of FAK clusters. Clusters
on vesicles are indicated by arrowheads. (B) Reference free 2D class averages
of 574 FL-FAK/C8-PI(4,5)P2 clusters reveals a homogeneous size of clusters
with features that suggest an internal organization. Volume calculations
suggest that clusters consist in the range of 6-8 FL-FAK molecules per cluster.
(C) FK-FAKwt as well as 180/183A and KAKTLRK mutants were imaged in the
presence of C8-PI(4,5)P2 or C8-PC. FK-FAKwt and FK-FAK180/183A, but not
the KAKTLRK mutant display clustering in the presence of PI(4,5)P2. (A and
C) Scale bars represent 50 nm.

Although the main players involved in FAK activation have
been identified, at a mechanistic level it is not known how their
concerted action is orchestrated to achieve FAK activation. Here,
we probe the molecular mechanism of FAK activation using
a multidisciplinary approach, including biochemical, structural,
in vitro FRET, molecular dynamics (MD) simulations and cell
biology studies and we present evidence that PIP5KIγ and its
product PI(4,5)P2 are important mediators of the integrin-FAK
signaling link. Intriguingly, we find that PI(4,5)P2 binding to a
basic region on the FAK FERM domain results in clustering of
FAK on the lipid membrane, a process likely to enhance integrin
clustering as well as the scaffolding function of FAK. PI(4,5)P2
binding further induces conformational changes between FERM
and kinase domains, without causing domain dissociation. In
vitro FRET experiments together with MD simulations support
a scenario where distal changes at the PI(4,5)P2 binding site

result in domain opening and exposure of linker regions, which
together with clustering promote efficient autophosphorylation
of Y397 within the linker. FAK autophosphorylation recruits Src
and in turn Src is responsible for full activation of FAK and
FERM release by phosphorylating the FAK activation loop. This
new insight in the mechanism of FAK activation will aid the
design of novel classes of therapeutics targeting both, catalytic
and scaffolding functions of FAK.

RESULTS

FAK specifically binds PI(4,5)P2 via basic residues in the FERM
F2 lobe

In order to characterize the FAK-PI(4,5)P2 interaction in de-
tail we performed in vitro binding studies. Using vesicle pulldown
experiments we initially analyzed the phosphoinositide specificity
and find that phosphates on the D4 and D5 positions of the
inositol ring are the main determinants for binding, whereas the
D3 phosphate has no effect (Fig. 1B). This suggests the enzyme
PIP5KIγ as a key enzyme regulating FAK signaling. Other phos-
pholipids, such as phosphatidyl inositol (PI), phosphatidyl serine
(PS) or phosphatidyl choline (PC) only display background levels
of binding. The FERM domain of FAK (F-FAK) is sufficient for
full PI(4,5)P2 binding affinity (Fig. 1C) and binding is mediated
via a conserved basic region in the FERM F2 lobe as shown by
mutation of the basic KAKTLRK sequence (all K/R to A=FAK-
KAKTLRK, Fig. 1A, 1D). Interestingly, the FERM+kinase frag-
ment of FAK (FK-FAK) interacts with approximately 2 fold lower
affinity than F-FAK (Fig. 1C, 1D). In addition, a mutant form
of FK-FAK where residues Y180 and M183 in the FERM F2
lobe are mutated to alanine (FK-FAK180/183A) displays, like F-
FAK, higher PI(4,5)P2 affinity than FK-FAKwt (Fig. 1A, 1D). This
observation is supported by surface plasmon resonance experi-
ments (Fig. S1A). The residues Y180 and M183 are located at
the region of the FERM F2 lobe that is responsible for kinase
binding and autoinhibition (21) (Fig. 1A). Using small-angle X-
ray scattering we show that the 180/183A mutant of FK-FAK
adopts an open conformation with FERM and kinase domains
dissociated (Fig. S2) in contrast to FK-FAKwt which adopts a
closed conformation (21). We therefore conclude that the re-
duced affinity of closed FK-FAKwt (seen in Fig. 1D and S1) is due
to an energetically costly conformational change required to bind
PI(4,5)P2. Further, we find that C-terminal regions of FAK do not
affect PI(4,5)P2 binding, since full-length FAK (FL-FAK) exhibits
a similar PI(4,5)P2 affinity as FK-FAK (Fig. 1E). Importantly, the
PI(4,5)P2 affinity of FAK is altered by the PI(4,5)P2 density on
lipid vesicles, indicating an avidity effect. Doubling the PI(4,5)P2
concentration from 6 to 12% (mol/mol) increases the affinity
approximately 4 fold (Fig. 1E). For simplicity we use a one-site
model to fit our pulldown data presented in Fig.1C-E, however
the data fits well with a cooperative model indicating positive
cooperatively with a hills coefficient of ∼2 (Fig.S1B).

PI(4,5)P2 enhances FAK autophosphorylation without in-
creasing catalytic turnover

Next we tested the effect of PI(4,5)P2 on FAK kinase activ-
ity. Using an autophosphorylation assay, we find that PI(4,5)P2
vesicles strongly increase the autophosphorylation efficiency as
shown by immuno blotting using an antibody against the au-
tophosphorylation site Y397 (Fig. 2A, 2B), whereas PI(4)P and
PI(3,4)P2 have no effect (Fig.S3A). As is the case for PI(4,5)P2
binding, enhanced autophosphorylation requires the basic KAK-
TLRK region. Using soluble PI(4,5)P2 (with 8 carbons in the
acyl chain, C8-PI(4,5)P2), we measured autophosphorylation via
an ELISA assay and find that C8-PI(4,5)P2 increases the au-
tophosphorylation efficiently of FK-FAKwt to similar levels as
observed for FK-FAK180/183A (Fig. 2C). Although the PI(4,5)P2
head group is necessary for this effect (compare C8-PI(4,5)P2
vs. C8-PC plot in Fig. 2C) the head group alone (Ins(1,4,5)P3)
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Fig. 4. PI(4,5)P2 induces partial and Src full domain opening of the FAK FRET sensor in the presence of ATP.(A) Schematic illustration of domain structure
(top) and expected structural arrangement (bottom) of the conformational FRET sensors used. (B) The emission ratios of citrine and CFP are plotted relative to
CYFAKwt as a measure of FRET. The presence of C8-PI(4,5)P2 causes a reduction in FRET levels for all 3 sensors, suggesting that this effect is not conformational
(labeled NC). The presence of ATP significantly increases FRET levels for CYFAKwt, but not in the presence of PI(4,5)P2. The effect of ATP is not seen for CYF-
HFC and is therefore likely conformational (labeled C). (C) Relative FRET levels were monitored in real time, initially of the sensors alone, and then following
addition of: i) Lipid: C8-PC (green plots), C8-PI(4,5)P2 (blue plots) or no lipid (brown and orange plots), ii) Src (brown, green and blue plots) or no Src (orange
plots) and iii) ATP/Mg2+ (all plots). As in panel (B) PI(4,5)P2 reduces FRET levels of all sensors in all states (before/after phosphorylation) indicating a non-
conformational effect. ATP results in a FRET spike only with CYFAKwt. If active Src is present, the spike is followed by a switch to the open conformation
(lower FRET levels). In contrast inactive SrcK298M induces only a modest FRET decrease (see Fig.S5C). The grey control plot in the left panel is without CYFAK
sensor to verify that PI(4,5)P2, Src and ATP do not exhibit intrinsic fluorescence.

is not sufficient. Remarkably, neither soluble nor vesicle embed-
ded PI(4,5)P2 affect the catalytic activity as measured by ATP
turnover in a kinetic assay with an exogenous substrate (Fig.
2D, S3C, S3D). The fact that dissociation of FERM and kinase
domains by mutation does increase ATP turnover, as shown with
the FK-FAK180/183A mutant (Fig. 2D, S3C, S3D), suggests that
PI(4,5)P2 binding to FAK does not dissociate the FERM from the
kinase domain.

PI(4,5)P2 induces FAK clustering

Since FAK has been shown to efficiently autophosphorylate
in trans (23), we considered the possibility that PI(4,5)P2 induced
autophosphorylation might be mediated via FAK oligomers. Us-
ing negative-stain transmission electron microscopy, we show that
FAK forms clusters on PI(4,5)P2 vesicles as well as bound to
soluble C8-PI(4,5)P2 (Fig. 3A). Reference free 2D class averaging
of FL-FAK clusters bound to C8-PI(4,5)P2 reveals a homoge-
neous size of clusters (Fig. 3B). Based on 3D volumes generated

from 2D averages or particle dimensions, we determined an
approximate particle size of 900 kDa, from which we estimate
the presence of approximately 6-8 FL-FAK molecules per clus-
ter. Size measurements on single particles (un-averaged) reveal
that FL-FAK and FK-FAK clusters exhibit similar dimensions,
indicating that C-terminal regions might not contribute to the
core of clusters (Fig.S4A). Like PI(4,5)P2 binding, formation of
clusters requires the basic KAKTLRK region on the F2 lobe (Fig.
3C, bottom panels). Using dynamic light scattering we show that
PI(4,5)P2 also induces an increase in molecular weight for F-FAK
(Fig. S4B). We confirmed that C8-PI(4,5)P2 induced clusters do
not form as a consequence of micelle formation, since we deter-
mined a CMC for C8-PI(4,5)P2 of 2 mM, an order of magnitude
higher than used in our study.

PI(4,5)P2 prevents formation of a fully closed conformation

As described above, we believe that PI(4,5)P2 does not induce
dissociation of FERM and kinase domains. However, the fact
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Fig. 5. Effects of ATP and PI(4,5)P2 on FAK conformation.(A) Root mean square fluctuations (RMSFs) from unbiased MD simulations of the FAK kinase are
shown for a window of 700 ns (discarding the first 200 ns of equilibration) for the FAK kinase alone (blue plot) and FAK with ATP/Mg2+ (red plot). ATP binding
stabilizes the αC and αG helices. (B) RMSF values from panel (A) are color mapped onto the FAK kinase structure. RMSFs range from blue (low values) to red
(high values). Stabilizing ATP effects on αC and αG helices map autoinhibitory interaction sites as seen in the FK-FAK crystal structure (21). (C) Neutralization
of the basic patch by PI(4,5)P2 binding (or by mutation, see panel D) interferes with a set of FERM F2-lobe stabilizing salt bridges. MD simulations suggest that
salt bridges between K218/R221 in the basic patch and E195/E198 are formed in the absence (right), but not in the presence of PI(4,5)P2 (left), leading to a
partial destabilization of the FERM F2 lobe and an altered force distribution as shown in Fig.S7a. (D) Minimum distances for the residues K218/R221 and residue
pair E195/E198 are shown during MD simulations with FK-FAK alone (MD1, MD2), FK-FAK bound to PI(4,5)P2 or the basic patch mutant FK-FAK-KAKTLRK.
In the two independent MD simulations of FK-FAKwt, these two pairs of oppositely charged residues strongly interact with each other. PI(4,5)P2 binding or
KAKTLRK mutations to alanines significantly increases the minimum distances and fluctuations. (E) Crystal structure of the basic patch mutant FERM domain
(F-FAK-KAKTLRK, for full structure, see Fig. S7C). In contrast to F-FAKwt (bottom), the structure of F-FAK-KAKTLRK (top) exhibits no electron density for the
loop (cyan) containing the autoinhibitory residues Y180/M183 (green), indicating that this loop is disordered. 2Fo-Fc electron density maps are shown as grey
mesh countered at 1σ.

Fig. 6. PI(4,5)P2 enhances Src phosphorylation of
Y576 in FAK.(A) A time course of Src phosphorylation
of FK-FAK in the absence or presence of PI(4,5)P2 or PC
vesicles as monitored by western blot using an anti-
pY576 antibody, following a 2 min autophosphory-
lation reaction (see methods). Mutation of the au-
tophosphorylation site (Y397F) significantly reduces
the Y576 phosphorylation rate, wheras PI(4,5)P2 en-
hances Y576 phosphorylation for FK-FAKwt and FK-
FAK-Y397F, indicating a combined effect of more effi-
cient Src recruitment to the FAK autophosphorylation
site and PI(4,5)P2 induced conformational changes.
Bottom panels are Coomassie stained loading con-
trols. (B) The quantifications of blots in (A) are shown.

that the open FK-FAK180/183A mutant exhibits higher affinity
for PI(4,5)P2 than closed FK-FAKwt (Fig. 1D, S1A), suggests that
closed FK-FAK requires a rearrangement of FERM and kinase
domains to allow PI(4,5)P2 binding. To monitor conformational
changes in a controlled environment we employed in vitro FRET
experiments using a conformational sensor of FAK. A similar
sensor we used previously in cellular studies to demonstrate that
FAK undergoes conformational changes in FAs (31). The sensor
is based on intramolecular FRET by fusing CFP and citrine N-
terminal to the FERM and kinase domains respectively, and is
designed to report relative domain positions, with autoinhibited

(closed) FAK exhibiting high FRET and open forms displaying
lower FRET signals. We used three purified versions of the
sensor that contain the FERM and kinase regions of FAK (Fig.
4A): i) a sensor with wild-type FAK sequence (CYFAKwt), ii)
a sensor which is mutated to adopt an open conformation (CY-
FAK180/183) and iii) a high FRET control sensor (CYFAK-HFC)
which has the FRET labels in tandem at the N-terminus and
hence displays high FRET signals independent of the intramolec-
ular FAK conformation. Changes in FRET levels of the CYFAK-
HFC sensor indicate non-conformational effects, such as trans-
FRET or fluorescence quenching (which for example could be
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Fig. 7. PIP5KIγ knockdown decrease cellular FAK
activity and cell attachment.(A) Expression levels of
PIP5KIγ668 (isoform 2) in HeLa cells after knockdown
are shown for two different clones (KD1 and KD2) and
scramble control (Ctr). A representative immunoblot is
shown; the quantification of PIP5KIγ levels observed
by immunoblot is depicted in the bottom histogram.
Quantifications are from 4 blots (2 independent ex-
periments, each in duplicates). (B) Effect of PIP5KIγ
reductions on the total level of FAK, and on the
total cellular levels of pFAK Y397, Y576 and Y577.
A representative immunoblot, and the quantification
from 4 blots (2 independent experiments, each in
duplicates) are shown. (C) pFAKY397 levels in HeLa
cells of Ctr or KD1 and KD2 cells transfected with
WT (PIP5KIγ-WT) or a kinase-dead (PIP5Kγ-D316A)
form of PIP5KIγ. Immunoblot and quantifications of
two independent experiments are shown, each per-
formed twice. Note that PIP5KIγ-WT more than res-
cues but the kinase dead mutant does not fully res-
cue FAK phosphorylation levels in KD cells compared
to controls. Dashed lines merge different lanes of
the same immunoblot experiment (D) Immunofluo-
rescence staining of pFAK397 (red) and total FAK
(green) in PIP5KIγ KD1 and KD2 clones and scram-
ble controls (Ctr), and the quantification of the im-
munofluorescence intensity of pFAK397 relative to
total FAK signals specifically in FAs at 15 min and
2h after stimulation with serum and fibronectin is
shown. (E) Functional cell adhesion assay to determine
the ability of PIP5KIγ deficient cells to attach to fi-
bronectin compared to scramble controls. Quantifica-
tion of the number of attached cells for 3 independent
experiments in triplicates is shown. Data represent the
mean value ± s.e.m.; *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, unpaired Student’s t-test.

Fig. 8. Schematic model for integrin mediated FAK activation by PI(4,5)P2.Cell adhesion via integrin receptors to the extracellular matrix (ECM) results in
integrin clustering and the recruitment of FA proteins (as here illustrated for talin, vinculin, paxillin, FAK and PIP5KIγ) to form adhesion structures that link
integrins to the actin cytoskeleton (left). Recruitment of PIP5KIγ results in local increase of PI(4,5)P2 levels in FAs. PI(4,5)P2 in FAs binds FAK via the basic
patch (dark blue) in the FERM domain of FAK resulting in FAK clustering at the cell membrane (step 1). PI(4,5)P2 induced FAK clustering results in a relaxed
FERM/kinase conformation, with the kinase N-lobe dissociated from the linker and FERM F1 lobe. PI(4,5)P2 induced clustering and conformational relaxation
allows efficient autophosphorylation of Y397 (step 2) and Src recruitment via SH2 and SH3 domains (step 3). Recruited Src phosphorylates the activation loop
residues Y576/Y577 of FAK, which results in full activation and release of the kinase from the membrane clustered FERM domain (step 4).
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caused by clustering). As expected we find lower FRET levels for
the open CYFAK180/183A sensor than for CYFAKwt and high
FRET levels for CYFAK-HFC (Fig. 4B, left bars in each panel,
Fig. S5A). The addition of C8-PC does not affect FRET levels,
however, C8-PI(4,5)P2 induces a reduction in FRET signals for
all 3 sensors (Fig. 4B, 4C). Since PI(4,5)P2 also affects CYF-
HFC, which reports non-conformational effects, we conclude that
under these conditions (without ATP, see below) PI(4,5)P2 does
not significantly alter the conformation of FAK.

Interestingly, when we added ATP and Mg2+ to CYFAKwt
the FRET signal increased almost to the level of CYF-HFC (Fig.
4B, 4C). This effect is not seen with CYFAK-HFC and is therefore
likely conformational, with higher FRET signals suggesting a
more closed conformation in the presence of ATP. This increase
in FRET is not due to a phosphorylation event since the same
effect is seen with the non-hydrolysable ATP analogue AMP-
PNP (Fig. S5B). Importantly, the high-FRET state with ATP
is not observed in the presence of PI(4,5)P2 (Fig. 4B, 4C, left
panels) and in fact is reverted in a concentration dependent
manner by PI(4,5)P2 if added after ATP (Fig.S5D). This indicates
a conformational effect of PI(4,5)P2 in the presence of ATP.
Since ATP is present in the cell at similar concentrations we
used in our experiments (1mM), the high-FRET state observed in
presence of ATP likely represents the basal conformation of FAK
which is affected by PI(4,5)P2. When comparing FRET levels of
CYFAKwt in the presence of ATP with and without PI(4,5)P2
we can partition the FRET change into a non-conformational
effect of PI(4,5)P2, which is also seen without ATP (NC in Fig.
4B), and a larger conformational effect (C in Fig. 4B). When
the PI(4.5)P2 induced reduction in FRET is corrected for the
non-conformational part, FRET levels of CYFAKwt in presence
of ATP approach levels without ATP. (Fig.S5D right panel).
The FRET change even at high PI(4,5)P2 concentrations does,
however, not correspond to full domain dissociation (see below).
Together this data suggest that in the presence of ATP, PI(4,5)P2
induces partial domain opening.

In experiments where Src is present in addition to CYFAKwt
and ATP, the initial increase in FRET is followed by a switch to
an open conformation (lower FRET signals, Fig. 4C left panel),
whereas only a minor effect is observed for the CYFAK-HFC
control. The kinase dead mutant SrcK298M has a small effect on
FRET levels in presence of ATP (Fig.S5C), therefore we conclude
that Src phosphorylation is mainly responsible for switching CY-
FAKwt to the open conformation, and Src binding has a minor ef-
fect. This is consistent with observations that Src phosphorylation
of the FAK activation loop is incompatible with FERM inhibition
(21). Comparing FRET signals of different states corroborates
that PI(4,5)P2 does not induce a full FERM/kinase dissociation,
which is observed only upon Src phosphorylation or 180/183A
mutation. Since domain association is mainly determined by the
FERM F2/kinase C-lobe interaction (21) (Fig. S2), we propose
that the partial opening induced by PI(4,5)P2 occurs likely at the
FERM F1/linker/kinase N-lobe site.

Allosteric effects of PI(4,5)P2 on the FERM/kinase interface
Since the two opposite effects of PI(4,5)P2 and ATP appear to

be related, we first proceeded to better understand the effect of
ATP. Using MD simulations we monitored backbone fluctuations
of the solvated FAK kinase domain in presence or absence of
ATP over 1500 ns. We find that the presence of ATP in the active
site has the largest stabilizing effect in the αC and αG helices
of the FAK kinase domain (Fig. 5A). Strikingly, these two sites
exactly map the autoinhibitory interaction sites with the FERM
domain as seen in the crystal structure of FK-FAK (21) (Fig.
5B). In accordance with FRET and simulation data, we therefore
propose that binding of ATP to the FAK kinase induces a tightly
closed FERM-kinase conformation by rigidifying the interaction
interfaces. Moreover, by performing an elastic network-based

allosteric connectivity analysis of the FAK kinase domain we
find by a completely independent computational approach (38)
a strong allosteric coupling between αC and αG helices despite
their distal locations (Fig. S6).

We then proceeded to probe conformational effects of
PI(4,5)P2 by performing MD simulations of (i) FK-FAK alone, (ii)
bound to soluble PI(4,5)P2 (C2-PI(4,5)P2) or iii) with the basic
patch mutant FK-FAK-KAKTLRK. Interestingly, we find that
PI(4,5)P2 binding results in altered inter-residue forces within the
FERM F2 lobe that originate at the basic patch and propagate to
the interface with the kinase C-lobe (Fig. S7A top). In particular,
PI(4,5)P2 binding interferes with a set of stabilizing salt bridges
between the basic patch (K218/R221) and the adjacent helix at
the domain interface (E195/E198, Fig. 5C, 5D). These PI(4,5)P2-
induced changes also affect the loop containing the autoinhibitory
residues Y180 and M183. This effect was reproduced in MD
simulations of FK-FAK-KAKTLRK (Fig. 5D, S7A bottom, S7B),
suggesting that neutralizing the charges of the basic KAKTLRK
residues by mutation has a similar effect on the FERM F2-lobe
interatomic forces as PI(4,5)P2 binding. We validated our model
for the PI(4,5)P2-FERM-F2 lobe interaction by performing MD
simulations with PI(4,5)P2 embedded in a lipid bilayer and find
that the mode of the FERM-PI(4,5)P2 interaction is highly sim-
ilar. PI(4,5)P2 remains embedded in the bilayer (at least within
the time scale of the simulations) such that the PI(4,5)P2-FAK
interaction is restricted to the head group, therefore like with
short-chain lipids, MD simulations primarily provide details on
a charge neutralization effect.

In the absence of a FAK-PI(4,5)P2 co-crystal structure, which
is complicated by clustering as seen in Fig. 3 and S4, we pursued
a crystal structure of the basic patch mutant FERM domain (F-
FAK-KAKTLRK, crystallographic table S1). Although overall the
FERM domain retains a very similar conformation to F-FAKwt,
in both independent molecules in the asymmetric unit cell, no
electron density is observed for the loop Y180-K190 (containing
the autoinhibitory residues Y180/M183), indicating that the loop
is disordered (Fig. 5E, S7C). This is in striking agreement with
observations from MD simulations described above, which find
a destabilized F2 lobe upon neutralization of the basic region
in the FERM F2 lobe (Fig. 5C-D, S7A-B). In conclusion, we
propose that neutralization of the basic patch by specific binding
of PI(4,5)P2 destabilizes the FERM F2 lobe resulting in an altered
FERM F2/kinase C-lobe interface, which allows domain opening.

PI(4,5)P2 enhances Src mediated FAK activation
FAK activation proceeds through a multistep mechanism.

PI(4,5)P2 induced FAK autophosphorylation is followed by Src
recruitment to the autophosphorylation site and phosphorylation
of the activation loop of FAK (residues Y576, Y577) by Src.
Since Src recruitment requires FAK autophosphorylation, it can
be expected that PI(4,5)P2 should also enhance Src mediated
phosphorylation of the activation loop of FAK. To test this, we
monitored Src phosphorylation of Y576 in the presence or ab-
sence of PI(4,5)P2 by immuno blotting, using an antibody against
phospho-Y576, following an autophosphorylation step (Fig. 6). In
order to uncouple auto- from Src phosphorylation, autophospho-
rylation was stopped after 2 min with the specific FAK inhibitor
TAE226 before starting Src reactions (see methods for details).
As expected, we find that Y576 phosphorylation is more efficient
in the presence of PI(4,5)P2, whereas other tested phosphoinosi-
tides have no effect (Fig.S3B). To a large part this effect is due to
enhanced FAK autophosphorylation, since in the absence of au-
tophosphorylation (for FK-FAK Y397F) Y576 phosphorylation
by Src is greatly reduced at equivalent time points (note that in
Fig.6 we added a longer 30 min time point for FK-FAK Y397F due
to weak phosphorylation levels at 10 min). However, PI(4,5)P2
also enhances Src phosphorylation of the FK-FAK Y397F mutant,
suggesting also an autophosphorylation independent effect. This
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data is consistent with PI(4,5)P2 inducing an open conformation
which allows easier access to Y576.

PI(4,5)P2 in FAs promotes FAK signaling and cell adhesion
We have previously proposed acidic phospholipids to be in-

volved in FAK activation in cells (31), however, the lipid speci-
ficity and hence relevant upstream components were not defined.
Since we show PI(4,5)P2 specificity (Fig.1B) and PIP5KIγ is
known to be responsible for PI(4,5)P2 generation in FAs, we
performed PIP5KIγ loss of function experiments in HeLa cells
to establish the role of PI(4,5)P2 in FAK signaling in FAs. The
expression of PIP5KIγwas knocked-down using a specific shRNA
against the isoform 2 of PIP5KIγ (the longer PIP5KIγ668 iso-
form), and two different stable knockdown clones were selected
(KD1 and KD2). The knockdown efficiency was very high, as
observed by Western Blotting and immunofluorescence (Fig. 7A,
S8A). The total levels of FAK did not change in the absence of
PIP5KIγ (Fig. 7B). However, the status of the Y397 autophos-
phorylation site, and Y576, Y577 Src phosphorylation sites was
significantly reduced at early stages of focal adhesion formation,
when compared to the scramble controls (Fig. 7B). Overall, these
data suggest that PIP5KIγ may function in the proper activation
of FAK. To validate the causal role of PIP5KIγ in the activation of
FAK, we performed rescue experiments, using vectors encoding
either a WT (PIP5KIγ-WT) or a kinase-dead (PIP5Kγ-D316A)
form of PIP5KIγ. As shown in Fig. 7C, on a PIP5Kγ deficient
background, expression of PIP5KIγ-WT not only restored but
increased the phosphorylation levels of pFAKY397 when com-
pared to the scramble controls. By contrast, the expression of the
PIP5Kγ-D316A kinase dead mutant in PIP5Kγ deficient cells was
not able to fully rescue pFAKY397 levels (Fig. 7C). Overall, these
data provide evidence that PIP5Kγ kinase activity is required for
the activation of FAK at least in some cellular contexts.

Immunofluorescence analysis revealed that the effect of
PIP5Kγ knockdown on the activation of FAK was not due to an
impairment of the recruitment of FAK to FAs. FAK was recruited
to FAs in KD cells from early time points of stimulation, although
the pFAKY397 levels were reduced when compared to controls
(Fig. 7D, S8B). Interestingly, KD cells displayed smaller FAs (Fig.
S8C). To analyze the functional relevance of PIP5Kγ in FAs, we
further evaluated the ability of PIP5Kγ-deficient cells to attach
to fibronectin-coated plates at early stages of cell adhesion and
spreading. In comparison to controls, fewer PIP5Kγ-deficient
cells attached to the plates (Fig. 7E), indicating that PIP5Kγ is
required to promote the adequate adhesive properties of FAs.
Globally, these data establish PIP5KIγ and its product PI(4,5)P2
as upstream activators of FAK in FAs and suggest they play
important roles in FA maturation, cell attachment and spreading.

DISCUSSION

All non-receptor tyrosine kinases (NRTKs) utilize remarkably
similar concepts to switch kinase activity off. In all known cases,
regulatory domains N-terminal to the tyrosine kinase domain
bind the kinase to induce autoinhibition and in many cases this se-
questers regulatory phosphorylation sites. Also initial activation
steps often follow similar principles. For Src, Abl and Syk family
tyrosine kinases, activation is initiated by activator binding to
their regulatory domains, which induces release of the regulatory
domain from the kinase resulting in activation. In the case of FAK,
autoinhibition is achieved as for other NRTKs, by the regulatory
FERM domain docking onto the kinase domain (21). It was
widely assumed that also activation would follow the canonical
path of ligand induced release of the FERM domain. This was
partially based on studies showing that FAK undergoes large
conformational changes in FAs (31). Here we show that with
respect to the activating PI(4,5)P2 ligand the situation is different
for FAK. FAK is in many ways an outsider among NRTKs, in that
it is localized to a highly dense and clustered environment (FAs)

where it has been proposed not only to act as an active kinase
but also as a scaffolding protein. Our data indicate that PI(4,5)P2
induced activation of FAK follows concepts distinct from other
NRTKs that are adapted to a highly crowded environment and
allow concerted scaffolding and catalytic function.

Our findings support a rather complex model of sequential
FAK activation presented in Fig. 8. Firstly, we establish PI(4,5)P2,
generated in FAs by PIP5KIγ, as an important signaling mes-
senger upstream of FAK activation. We had previously shown
that acidic phospholipids, including PI(4,5)P2, bind FAK (31),
however, the phospholipid specificity was not established. Here
we show that addition of the 5-phosphate in PI(4,5)P2 confers
full binding affinity (Fig. 1B) and that PIP5KIγ is an upstream
activator of FAK in HeLa cells (Fig. 7). It has been a long-
standing question in the field how integrin signaling links to FAK
activation. Since integrin signaling specifically results in PIP5KIγ
recruitment and local PI(4,5)P2 production (34, 35), we propose
that the path of the integrin-FAK signaling link leads via PIP5KIγ
and generation of PI(4,5)P2 (Fig. 8, left). However, FAK signaling
is highly complex and the exact upstream signaling events likely
vary in different tissue contexts. In platelets, for example, FAK
signaling does not depend on PIPKIγ (39). We note that PI(4,5)P2
in general is not as tightly regulated as for example PI(3,4,5)P3
levels, however, the property of the FAK-PI(4,5)P2 interaction
appears well suited to the characteristics of PI(4,5)P2 levels in
the cell and its localized generation. The avidity effect we observe
with increased PI(4,5)P2 density (Fig. 1E) will prevent responding
to basal PI(4,5)P2 levels (average estimates in the cell are 1%
of total lipid), but allows a sharp and specific response to highly
localized PI(4,5)P2 production in FAs by PIP5KIγ. On the other
hand, Legate et al. (34) propose that bulk PI(4,5)P2 can partially
substitute for local PI(4,5)P2 production, which may explain dif-
ferential effects of PIP5KIγ depletion in different cell types (39).
We note that lipid involvement in FAK activation fits well with
super resolution optical microscopy studies showing that FAK in
FAs resides in close proximity to the cell membrane (40).

We make the novel observation that PI(4,5)P2 induces FAK
clustering (Fig. 3, S4, 8 step1). Together with findings showing
FAK autophosphorylation to occur in trans (23), this suggests
FAK colocalization as an important mechanism promoting FAK
trans-autophosphorylation, similar to what is proposed for re-
ceptor tyrosine kinases (41). Further, since FAK oligomers are
multivalent PI(4,5)P2 binders, clustering likely explains the avid-
ity effect we observe (Fig. 1E), although we can not rule out
multiple PI(4,5)P2 binding sites on a single FAK molecule. Clus-
tering together with observed conformational changes raises the
possibility that PI(4,5)P2 binding occurs in a cooperative mode.
Indeed, our vesicle pulldown data fits well with a cooperative
model, indicating positive cooperativity with a Hills coefficient
close to 2 (Fig.S1B). FAK clusters with soluble PI(4,5)P2 appear
globular in shape (Fig. 3B) and we note that 2D averaged images
suggest that FAK molecules are circularly arranged with less
density at the center and an opening at one side of the circle.
The size of FAK clusters on lipid vesicles appears more extended.
Possibly, in the case of FAK clustering on a 2D membrane, the
circular FAK arrangement seen with soluble PI(4,5)P2 is opened,
allowing further propagation of FAK clusters along the mem-
brane. It is currently unclear how FAK clustering is mediated,
but since we observe clustering with soluble PI(4,5)P2 below its
CMC concentration, direct protein-protein interactions between
FAK molecules are likely involved. A potential site is the con-
served W266 and a neighboring pocket involving L327, which are
involved in lattice contacts in almost all FAK crystals containing
the FERM domain. However, understanding details on clustering
interfaces will require extensive future structural analysis of FAK
clusters.
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As suggested from the multiple binding partners of FAK,
the clustering also underlines the importance of the scaffolding
function of FAK and suggests that FAK may play an important
role in FA architecture. Consistent with this notion we observe
that PIP5KIγ knockdown results in smaller FAs (Fig. S8C) and
weaker cell adhesion (Fig. 7E), although this effect is not nec-
essarily FAK related, since PI(4,5)P2 affects several other focal
adhesion proteins, such as talin. A role of FAK in FA maturation
and adhesion strength would seem to contradict early studies that
implicated FAK in FA turnover (8, 10). However, it is becoming
clear that adhesion dynamics is highly complex and more recent
studies find an important role for FAK in increasing adhesion
strength (42), particularly in response to rigid substrates and
increased tension forces (13).

As mentioned earlier, we are suggesting that in FAK clusters
the FERM and kinase domains are not dissociated and therefore
the FERM F2/kinase C lobe interface is intact. We base this on
the facts that, firstly, PI(4,5)P2 does not increase ATP turnover
(Fig. 2D, S3C, S3D), and secondly, the FRET level of CYFAKwt
in the presence of PI(4,5)P2 does not decrease to the level of
CYFAK in the open conformation (Fig. 4C, S5D). This raises
the question how autophosphorylation can occur efficiently in
a state where steady-state kinetics is inhibited. As described by
Grant and Adams, in kinase-substrate complexes and in scenarios
where the enzyme/substrate ratio is close to 1 - both are the case
here – phosphorylation rates are not determined by steady-state
kinetics, but rather by pre-steady-state kinetics (43); reviewed in
(44). In such conditions, each enzyme only has to phosphorylate
one substrate and can then stay attached to the substrate (off-rate
is irrelevant). Accordingly, we propose that in PI(4,5)P2 induced
clusters, FAK molecules arrange in ideal position to phosphory-
late their neighboring FAK molecule on the linker Y397 site.

In the closed conformation observed in the FK-FAK crystal
structure (21) it does, however, appear unlikely that autophos-
phorylation would occur efficiently, in particular with the Y397
autophosphorylation site in the linker sandwiched between the
FERM-F1 and the kinase N-lobe. In fact, our FRET data suggest
that FAK in PI(4,5)P2 clusters does not adopt a fully closed con-
formation (Fig. 4B, S5D). Although we only have circumstantial
evidence, we propose that PI(4,5)P2 induced domain opening
occurs at the FERM F1/linker/kinase N-lobe linkage. We base
this on: i) PI(4,5)P2 does induce domain opening (Fig. 4, S5D),
ii) PI(4,5)P2 does not induce FERM/kinase dissociation (Fig.2D,
S3D, 4B-C, S5D) and domain association is controlled by the
FERM F2/kinase C-lobe interface (Fig.S2, (21)). Any opening
at the FERM F1/linker/kinase N-lobe site will expose the linker
for efficient autophosphorylation (Fig. 8, step 2). A recent study
by Ritt et al. (45) finds that modifying the linker length greatly
affects Y397 autophosphorylation without having a large effect
on catalytic activity. This illustrates that, similar to what we find
for PI(4,5)P2, autophosphorylation and catalytic activity can be
decoupled, and that linker conformation has an important effect
on autophosphorylation efficiency. An intriguing question is how
binding of PI(4,5)P2 to the distal basic patch on the FERM
F2 lobe could affect the FERM F1/linker/kinase N-lobe inter-
face. Our studies support a scenario where neutralization of the
KAKTLRK region by PI(4,5)P2 binding results in partial desta-
bilization of the FERM F2 lobe (Fig. 5C-E, S7), allowing higher
mobility at the FERM F2/kinase C-lobe interface, which through
increased domain movement or the allosteric coupling we observe
(Fig. S6) affects the kinase N-lobe linkage to the linker and
FERM F1 lobe. We note that, since neither KAKTLRK mutation
nor head group binding alone induce enhanced autophospho-
rylation (Fig.2A-C), it appears that, although necessary, charge
neutralization is not sufficient and likely other parts of the lipid,
such as triglyceride parts or acyl chains, are involved in clustering
and/or promoting conformational changes. Therefore, our MD

simulations with mainly charge based PI(4,5)P2 interactions ap-
pear not to capture the full effect of PI(4,5)P2, but rather an initial
charge neutralization of PI(4,5)P2 phosphates binding to the basic
KAKTLRK residues. We do currently not understand how other
parts of the PI(4,5)P2 lipid are involved in FAK conformational
changes and clustering.

Once FAK is autophosphorylated, Src is recruited via its SH2
and SH3 domains (Fig. 8, step 3). Our data presented in Fig. 6
show that PI(4,5)P2, in addition to mediating FAK autophospho-
rylation, also enhances Src phosphorylation of Y576 in the acti-
vation loop of FAK. Our data indicates that this is achieved by a
combined effect of increased recruitment through autophospho-
rylation and easier access to Y576 due to conformational changes.
Using our FRET sensor, we show that Src mediated phosphory-
lation of the FAK activation loop results in full dissociation of the
FERM domain (Fig. 4C, Fig. 8, step 4), fully consistent with the
observed structural incompatibility of FERM inhibition and Y576
phosphorylation (21). Therefore, PI(4,5)P2, via promoting auto-
and Src-phosphorylation, can trigger full FAK activation. How-
ever, clearly additional FAK activators are likely to be important,
perhaps depending on the cellular setting. Cytoplasmic portions
of several growth factor receptors have been reported to activate
FAK (28-30) and for some of them direct mechanisms have
been proposed that involve the KAKTLRK region of FAK (28,
29). Phosphorylated tails of the c-Met receptor are reported to
interact with the KAKTLRK region resulting in phosphorylation
of Y194 in FAK (46). Intriguingly, Y194 is completely buried
within the FERM F2 lobe, indicating that perhaps phospho-
Met tail interactions could induce similar destabilization of the
FERM F2 lobe as we describe for PI(4,5)P2 (Fig. 5C-E, S7), hence
exposing Y194 for phosphorylation. However, details of growth
factor mediated FAK activation remain to be determined, in
particular whether they also involve PI(4,5)P2. Interestingly, EGF
stimulated cell migration was reported to depend on PIP5KIγ,
indicating an important role for PI(4,5)P2 generation in the case
of EGFR signaling (47). On the other hand, using similar FRET
sensors to the ones in our study, Ritt et al. (45) demonstrate
that FAK can be conformationally activated by increased pH,
which could be a route for cancer cells to activate FAK ligand
independent. Yet another signal involved in FAK activation could
be tension forces generated by actomyosin contraction, since FAK
was described as a force sensor (12, 13). The different routes
resulting in FAK activation might be active depending on the
cellular context. The mechanism we propose is likely restricted
to situations where basal PI(4,5)P2 concentrations are limiting
FAK signaling and activation can therefore be triggered by local
PI(4,5)P2 production.

In conclusion, the combination of our experimental approach
with computational simulations has allowed us to propose a
complex and detailed multistep activation mechanism for FAK.
We propose that PI(4,5)P2 activates FAK via a combination of
clustering and conformational changes which promote efficient
autophosphorylation, Src recruitment, and in turn full activation
by Src phosphorylation. Our findings fit well with observations
from numerous cell biology studies that have described FAK
signaling at the cell membrane in a highly crowded environment
with dual catalytic and scaffolding functions. Our insights into
the allosteric regulation and intramolecular communication of
FAK could have major implications for the development of new
classes of allosteric cancer therapeutics targeting FAK regulatory
mechanisms that affect both, catalytic and scaffolding functions
of FAK.

Methods
For methods on structure solution, MD simulations, docking of P(4,5)P2, cell
biology and more details of methods below, see supplementary information.

Vesicle pulldowns
Lipid vesicles were prepared by mixing dissolved phospholipids (Avanti

Polar Lipids) to obtain 6% (mol/mol) phosphoinositide in PC (or as indicated).
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Solvent was removed on a rotary evaporator, lipid films were hydrated
with 20mM HEPES pH7.5, 150mM NaCl and 1mM TCEP and sonicated until
resuspended. Vesicle pulldowns were performed with 2 µM FAK proteins
and a serial dilution of vesicles. After 2 hours incubation, vesicles were
centrifuged for 30 min at 16,100 x g at 4°C. Supernatants were collected and
pelleted vesicles washed and resuspended. Protein in pellet and supernatant
were quantified by Bradford method (Biorad).

Kinase activity assays
Autophosphorylation reaction mixtures were split in 3 equal volumes

after taking the t=0 sample and buffer (Hepes buffered saline, pH7.5), PC
or PI(4,5)P2 vesicles (20 µM on outer leaflet) was added, incubated for 20
min and reactions started by addition of ATP/MgCl. Autophosphorylation
was monitored by western blotting using an anti-pY397 antibody and col-
orimetric staining with 4CN. Alternatively, autophosphorylation levels were
measured by ELISA using a PY20 antibody conjugated with HRP and develop-
ment with TMB. An enzyme-coupled assay using poly(E4Y) as substrate was
employed to determine ATP turnover as described in (21). Plotted in Fig. 2D
are negative slopes of NADH depletion. Lipid concentrations are at 100 µM
C8-lipids or 1.5 mM lipid vesicles (only PC or 6% (mol/mol) PI(4,5)P2, equaling
45 µM PI(4,5)P2 per leaflet). Src phosphorylation of Y576 was monitored by
western blot. To prevent confounding results due to low levels of Y576 au-
tophosphorylation, auto- and Src-phosphorylation reactions were performed
in 2 separate steps. Initially FAK was allowed to autophosphorylate for 2 min.

Autophosphorylation was stopped with the specific FAK inhibitor TAE226
and Src phosphorylation started by adding Src. Blots were developed using
an anti-pY576 antibody and colorimetric staining with 4CN.

Electron microscopy
Proteins were prepared in presence of 200 µM C8-PC, C8-PI(4,5)P2 or

polymerized PC liposomes containing 0% or 5% PI(4,5)P2 PolyPIPosomes.
Samples were negatively stained on carbon-coated grids with UrAc and
imaged using a Tecnai G2 Spirit electron microscope operated at 120 kV and
a Slow Scan CCD or TemCam-F416 4k 4k pixel camera.

FRET measurements
FRET measurements were performed using a CFP excitation wavelength

of 410nm and recording emissions at 475nm (CFP) and 525nm (Citrine) and
relative FRET levels were obtained by the 525nm/475nm emission ratio.
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