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Focal adhesion kinase (FAK) is activated following integrin engagement or stimulation of transmembrane
receptors. Autophosphorylation of FAK on Tyr-397 is a critical event, allowing binding of Src family kinases
and activation of signal transduction pathways. Tissue-specific alternative splicing generates several isoforms
of FAK with different autophosphorylation rates. Despite its importance, the mechanisms of FAK autophos-
phorylation and the basis for differences between isoforms are not known. We addressed these questions using
isoforms of FAK expressed in brain. Autophosphorylation of FAK™, which is identical to that of “standard”
FAK, was intermolecular in transfected cells, although it did not involve the formation of stable multimeric
complexes. Coumermycin-induced dimerization of gyrase B-FAK™ chimeras triggered autophosphorylation of
Tyr-397. This was independent of cell adhesion but required the C terminus of the protein. In contrast, the
elevated autophosphorylation of FAK*%’, the major neuronal splice isoform, was not accounted for by
transphosphorylation. Specifically designed immune precipitate kinase assays confirmed that autophosphor-
ylation of FAK* was intermolecular, whereas autophosphorylation of FAK*%7 or FAK*” was predominantly
intramolecular and insensitive to the inhibitory effects of the N-terminal domain. Our results clarify the
mechanisms of FAK activation and show how alternative splicing can dramatically alter the mechanism of

autophosphorylation of a protein kinase.

The nonreceptor tyrosine kinase focal adhesion kinase
(FAK) plays a key role at focal adhesion sites in promoting
spreading, migration, and transmission of anchorage-depen-
dent antiapoptotic signals (50). The important physiological
role of FAK is demonstrated by the lethality of its null muta-
tion around midgestation, with severe developmental defects
(33). FAK is phosphorylated on tyrosine in response to inte-
grin engagement, G protein-coupled receptor activation, and
growth factor receptor stimulation (20, 57). In cultured cells,
integrin engagement promotes FAK recruitment to focal ad-
hesions and its phosphorylation on multiple tyrosine residues
(26, 46). Tyrosine phosphorylation of FAK results from auto-
phosphorylation and from phosphorylation by other tyrosine
kinases, including Src family kinases (4, 11) and insulin recep-
tor (1). In contrast to many other kinases (see reference 32),
autophosphorylation of FAK does not occur in the activation
loop of the catalytic domain (A-loop), but on a tyrosine located
at position 397, in the linker region between the N-terminal
domain and the catalytic domain.

Autophosphorylation at Tyr-397 is a key event for FAK
biological function, since it creates a high-affinity binding site
for proteins with SH2 domains, including Src family kinases
(c-Src, Fyn) (11) that play a major role in integrin signaling (6).
Following their binding to phospho-Tyr-397, Src family kinases
phosphorylate FAK on other tyrosine residues (4, 5, 48). Phos-
phorylation of Tyr-576 and 577, located in the A-loop, in-
creases FAK activity (4), whereas phosphorylation of Tyr-925
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provides a binding site for the SH2 domain of Grb2, which can
mediate ERK 1/2 activation through the Ras pathway (48).
Phospho-Tyr-397 is also a docking site for phosphatidylinosit-
ide 3'-OH-kinase (8), which activates the antiapoptotic Akt
pathway (53). Thus, the available evidence indicates that FAK
functions essentially as an adapter protein regulated by auto-
phosphorylation that triggers the activation of various signal
transduction pathways.

Alternative RNA splicing results in the formation of several
FAK isoforms, which are highly conserved among vertebrates
(2, 3, 28). The “standard” isoform, here referred to as FAK®, is
devoid of additional exons, whereas FAK molecules expressed
in neurons and also in some other cell types, including astro-
cytes, contain a 3-amino-acid insertion in the C-terminal re-
gion and are referred to as FAK™" (3, 14, 37). (FAK isoform
nomenclature: FAK® refers to the standard isoform without
additional peptides. FAK" corresponds to the presence of
three additional residues inserted after residue 903; FAK®
corresponds to six additional residues inserted after residue
392; FAK’ corresponds to seven additional residues after po-
sition 411 and a frameshift mutation that causes a Thr to Ala
residue substitution. FAK™%7 corresponds to the isoform with
these three insertions. FAK*%72% contains an additional 28
residues immediately N-terminal to box 6. To avoid confusion,
in this report we always use the numbering of residues corre-
sponding to the sequence of rat FAK®, not taking into account
the change in numbering resulting from the presence of addi-
tional exons or additional polypeptides in fusion proteins.)

FAK™%7, the major isoform of FAK expressed in neurons,
contains two additional short peptides (boxes 6 and 7) on
either side of Tyr-397 (3, 15). A minor brain isoform,
FAK*%728 contains an additional 28-residue peptide imme-
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diately C-terminal to box 6 (3). All isoforms undergo auto-
phosphorylation in cells and in vitro and are able to recruit Src
family kinases when Tyr-397 is phosphorylated (3, 55). How-
ever, alternative splicing dramatically alters the autophosphor-
ylation rate: FAK' has the same low autophosphorylation
capacity as FAK®, whereas FAK™" %7 and FAK*%7-?® display an
increased autophosphorylation in transfected cells and in im-
mune precipitate kinase assays (3, 55). Boxes 6 and 7 both
contribute to this enhanced autophosphorylation (55). Inser-
tion of boxes 6 and 7 in chicken FAK replicates the enhanced
autophosphorylation (19). In rodent hippocampus, the auto-
phosphorylation of FAK*®7 is stimulated by several neuro-
transmitters and neuromodulators (13-15, 52), and this iso-
form of FAK may play an important role in neuronal
development and synaptic plasticity (see reference 20 for a
discussion).

Thus, autophosphorylation is a critical aspect of FAK func-
tion and is facilitated by alternative RNA splicing in neurons.
However, in spite of its functional importance, the precise
mechanisms leading to FAK autophosphorylation on Tyr-397
and the basis for the differences between isoforms are not
known. Previous studies with CD2-FAK fusion proteins have
shown that constitutive recruitment of FAK to the plasma
membrane results in its permanent tyrosine phosphorylation
(7), but the mechanism of this effect was not established. In-
terestingly, with mutants of the ATP-binding site, it has been
shown that transphosphorylation of FAK (16) and of CD2-
FAK chimeras is possible (7). Therefore, by analogy with what
is known about the activation of receptor tyrosine kinases (56),
it is generally assumed without further evidence that phosphor-
ylation of FAK on Tyr-397 may result from intermolecular
autophosphorylation (50).

The present study was designed to examine the mechanisms
of autophosphorylation of FAK and to elucidate the basis for
the differences between isoforms. We used the isoforms ex-
pressed in brain, which can be specifically distinguished from
COS-7 endogenous FAK® by their 3-residue C-terminal insert,
which is recognized by specific antibodies. Our results show
that the autophosphorylation of FAK™ on Tyr-397 results from
an intermolecular reaction and that FAK" dimerization is
sufficient to induce Tyr-397 phosphorylation. FAK*%7 has the
additional capacity to undergo intramolecular autophosphor-
ylation and is less sensitive to inhibition by the N-terminal
domain. These results provide mechanistic insights into the
mechanism of FAK activation and explanations for the high
capacity of autophosphorylation of the neuronal isoform.

MATERIALS AND METHODS

Materials. Antiserum SL 41 was raised against a synthetic peptide encompass-
ing residues 901 to 911 of FAK™ (52). Anti-phospho-Tyr-397 antibodies were
either affinity-purified SL625857 (55) or commercially available antibodies from
Biosource Inc. (1:2,000 for immunoblotting). These antibodies have been fully
characterized, react specifically with FAK phosphorylated on Tyr-397, and do not
cross-react with the unphosphorylated form or with other phosphorylated resi-
dues of FAK (44, 55). Antibodies reacting specifically with FAK phosphorylated
on Tyr-577 or Tyr-925 were from Biosource Inc. (1:2,000 for immunoblotting).
Anti-FAK polyclonal antibodies directed against residues 2 to 18 (1:250 for
immunoblotting), were from Santa Cruz Biotechnology Inc. (A-17) or produced
by Agro-Bio (La Ferté, Saint Aubin, France). Antiphosphotyrosine monoclonal
antibody 4G10 (1:4,000 for immunoblotting) was from Upstate Biotechnologies
Inc. Anti-vesicular stomatitis virus (VSV) antibodies (1:250 for immunoblotting)
were raised in a rabbit, and antihemagglutinin (HA) mouse monoclonal antibody
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(1:500 for immunoblotting) was from Boehringer. Coumermycin, novobiocin,
and dimethyl sulfoxide were from Sigma, and PP2 [4-amino-5-(chlorophenyl)-7-
(t-butyl)pyrazolol(3,4-d)pyrimidine)] was from Calbiochem.

Subcloning and construction of FAK* mutants and of Gyr-FAK*. In all
experiments, we used rat FAK" (2) or isoforms FAK"®7, FAK"’, and
FAK*%7-8 (3, 55), which have in common a 3-amino-acid insertion (Pro-Trp-
Arg) in the C-terminal region of the protein. The presence of this insertion does
not alter the localization or autophosphorylation of FAK and allows its identi-
fication with specific antibodies without the necessity for peptide tagging (55).
The kinase-dead mutants (K454R) and the autophosphorylation site mutants
(Y397F) were generated with the Quick-Change site-directed mutagenesis kit
(Stratagene). The double mutant (K454R, Y397F) was created by introducing
the fragment containing Y397F in the kinase-dead mutant at the Sphl and Clal
restriction sites.

HA-FAK" was obtained by placing the FAK" sequence 3’ of the HA tag in a
pECE expression vector, with Pvull and Xbal restriction sites. To create VSV-
FAK™, the Sacl site was eliminated from pBlueScript.SK+ (pBS.SK+) (Strat-
agene), and the VSV tag was introduced by Smal and BamHI digestion. A FAK
PCR fragment produced with the primers MF9 (5'-TCTGCAGCATCAGCAG
CC-3") and FAKSTOPMOD1 (5'-TCAACCCGGGCCGTGTCTGCCCTAGC
AT-3"), which contains an Xbal site placed just before the stop codon, was
introduced in pBS.SK+, 5" of the VSV tag by Xbal-PstI digestion. The Sacl-Xbal
fragment was then transferred into FAK* sequence.

For expression in COS-7 cells, the various constructs were placed in pBK-
CMV2, derived from pBK-CMYV (Stratagene) by deletion of an Nhel-Sall frag-
ment corresponding to the bacterial promoter. The chimeric protein Gyr-FAK™
was generated with the 24-kDa N-terminal fragment of the B subunit of bacterial
DNA gyrase (gyrase B) (17), kindly given by M. Farrar. The corresponding
sequence was introduced in an Spel site created in rat FAK™ at the position of
amino acid 18 with the Quick-Change site-directed mutagenesis kit (Stratagene).

C-terminal deletion mutations (841 to 1054, with the numbering of residues in
FAK®) of FAK* and FAK*®7%%, were obtained by transferring the Xbal-Xhol
fragment of rat FAK cDNA (3) from pBS.SK+ into an Spel- and Xhol-digested
pBK-CMV?2 vector. To construct Gyr-FAK™A841-1054, the 1.8-kb Xhol (FAK
2950)-Mlul (vector 463) fragment of Gyr-FAK™ was replaced by a 0.6-kb Xhol-
Miul fragment from FAKA841-1054 bearing a stop codon immediately after the
Xhol site. The 1 to 386 deletion of FAK™ and FAK®7-2® was created through
multiple steps: elimination of the Sacl restriction site in the pBS.SK+ vector;
insertion of the Xbal-EcoRI PCR fragment containing an ATG in a Kozak
sequence identical to that of the natural FAK initiation codon; insertion of the
EcoRI-Xhol fragment from pBK-FAK™ (805 to 2950) or pBK FAK* 728 (805 to
3040); elimination of the SacI-Sphl (linker 1583) fragment; and insertion of the
Xbal-Xhol (linker 2950 or 3040) fragments into Spel- and Xhol-digested (linker
2950) pPBK-CMV2 FAK™. All mutated forms were verified by sequencing.

Cell culture and transfection. COS-7 cells were grown on 100-mm-diameter
culture dishes at 37°C in a humidified atmosphere with 5% CO,. The transfec-
tions were carried out in the presence of polyethyleneimine, as described previ-
ously (55), with a final amount of 8 pg of DNA per dish. For experiments with
Gyr-FAK™, cells were serum starved in Dulbecco’s modified Eagle’s medium
(DMEM) for 18 h the day after transfection and treated with 10 pM coumer-
mycin, 10 uM novobiocin, or vehicle (dimethyl sulfoxide) for the indicated times.
PP2 (10 nM) was applied 20 min before and during coumermycin or novobiocin
treatment. All drugs were diluted in dimethyl sulfoxide and mixed with DMEM
before addition to the culture dishes. Suspended cells were prepared by incu-
bating the cultures in 2 ml of HEPES containing trypsin (2.5 mg/ml) and EDTA
(1 mM; Gibco-BRL). When cells were detached, soybean trypsin inhibitor (Sig-
ma) was added to a final concentration of 0.5 mg/ml in DMEM containing 2%
(wt/vol) bovine serum albumin, and cells were washed once in DMEM-2%
bovine serum albumin. Cells were gently resuspended in DMEM-2% bovine
serum albumin, and 14 ml of the suspension was incubated in 15-ml polypro-
pylene tubes on a shaking platform at 37°C.

Immunoprecipitation and immunoblotting. Cells were used 48 h after trans-
fection. For immunoprecipitation, COS-7 cells were homogenized in modified
radioimmunoprecipitation assay (RIPA) buffer (1% Triton X-100, 0.5% [wt/vol]
deoxycholate, 0.1% [wt/vol] SDS, 50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM
sodium orthovanadate, and complete proteases inhibitors [Boehringer]), as de-
scribed previously (55). The homogenates were precleared with 120 pl of
Sephacryl beads, and immunoprecipitation was carried out with 30 pl of rabbit
antiserum SL41 coupled to protein A-Sepharose, as described previously (38).

For direct immunoblot analysis, cells were lysed in 1% sodium dodecyl sulfate
(SDS) and 1 mM sodium orthovanadate. Immunoblotting after electrophoresis
in a 7% (wt/vol) polyacrylamide gel in the presence of SDS and peroxidase
chemiluminescence detection of antibodies were carried out as described previ-
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FIG. 1. Transphosphorylation of FAK™ Tyr-397 in COS-7 cells. (A) COS-7 cells were transfected with 4 pg of plasmids coding for FAK™,
FAK™ Y397F, FAK" K454R (kinase dead), or empty pBK-CM V2 vector (vector), as indicated. Immunoblotting of cell lysates was carried out with
antibodies recognizing specifically FAK phosphorylated on Tyr-397 (SL625857, blot P-Tyr 397) or independently of its phosphorylation state (A-17,
blot FAK). Results are representative of three independent experiments. (B) COS-7 cells were transfected with 2 pg of plasmid coding for
wild-type FAK™ and increasing amounts of the FAK* K454R/Y397F double mutant. The total amount of DNA was kept constant by the addition
of vector. The phospho-Tyr 397 immunoreactivity (blot P-Tyr-397) of transfected FAK" and the total immunoreactivity of FAK" and FAK*
K454R/Y397F (blot FAK) were quantified from immunoblots by densitometry scanning of autoradiograms and analysis with NIH Image software.
Plotted data are the means of two independent experiments. (C) To determine whether stable complexes comprising several molecules of FAK
were formed in cells, COS-7 cells were cotransfected with HA-FAK™ and FAK"-VSV. After 48 h, cells were lysed, and the lysates were subjected
to immunoprecipitation with anti-HA (IP HA) or anti-VSV (IP VSV) antibodies. The samples were immunoblotted with anti-HA (blot HA) or

anti-VSV (blot VSV) antibodies.

ously (55). Quantification was achieved by computer-assisted densitometry scan-
ning of autoradiograms.

In vitro kinase assays. For in vitro kinase assays, COS-7 cells were homoge-
nized in ice-cold nondenaturing buffer (20 mM Tris-HCI [pH 7.4], 2 mM EDTA)
and protease inhibitors (Boehringer) in the absence of sodium orthovanadate.
Prior to immunoprecipitation, homogenates were incubated for 10 min with the
catalytic domain of receptor-like protein tyrosine phosphatase B (RPTP-B), a
receptor-like protein tyrosine phosphatase, in fusion with glutathione S-trans-
ferase (GST-RPTP-B; a generous gift of Janine Ragab, INSERM, Toulouse,
France), coupled to glutathione-Sepharose beads. This treatment permitted re-
moval of endogenous phosphate from tyrosine residues. Beads were removed by
centrifugation, and FAK* was immunoprecipitated from the supernatants. Im-
mune precipitate kinase assays were carried out for 5 min at 25°C in 50 pl of
buffer containing 50 mM HEPES (pH 7.4), 10 mM MnCl,, 1 oM ATP, and 5 p.Ci
of [y-*?P]ATP (3,000 Ci/mmol; NEN Life Science Products).

To study the kinase activity of FAK, 50 pg of poly(Glu, Tyr) 4:1 (Sigma) was
added, and samples were incubated for 4 min at 25°C prior to the addition of
ATP. In kinase assays designed to test the inter- or intramolecular nature of FAK
autophosphorylation (cis/trans immunoprecipitate kinase [CITIK] assay; see Re-
sults), the lysate from one 100-mm-diameter culture dish of transfected COS-7
cells was diluted, dispatched in seven tubes, and used for immunoprecipitation
with the same amount of protein A but increasing amounts of serum. The
immune precipitates were further treated for in vitro kinase assays as described
above. Samples were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), 7% (wt/vol) acrylamide or 10% for truncated
forms, and transferred to nitrocellulose. Quantification of 3P incorporation was
achieved by direct measurement of the radioactivity with an Instant Imager
(Packard). The levels of FAK on the membranes were determined by immuno-
blotting.

RESULTS

FAK autophosphorylation occurs in frans in intact cells. To
determine whether phosphorylation of Tyr-397 can be inter-
molecular, COS-7 cells were transfected with wild-type or ki-
nase-dead (FAK' K454R) and autophosphorylation site

point-mutated (FAK™ Y397F) forms of FAK™, alone or in
combination. The phosphorylation of Tyr-397 was measured by
immunoblotting with a phosphorylation state-specific anti-
body, which reacts specifically with FAK phosphorylated on
Tyr-397 (55). As expected, wild-type FAK* was phosphory-
lated on Tyr-397 in adherent COS-7 cells (Fig. 1A, lane 1),
whereas neither mutated form transfected alone was phos-
phorylated (Fig. 1A, lanes 2, 3). In contrast, when the two
mutated forms of FAK™ were transfected together, a signifi-
cant phosphorylation of FAK" K454R on Tyr-397 was ob-
served (Fig. 1A, lane 4). No transphosphorylation of FAK™
K454R by FAK™ Y397F was observed in suspended cells (data
not shown) demonstrating that the intermolecular phosphory-
lation observed in transiently transfected cells corresponded to
the normal, adhesion-dependent mechanism of phosphoryla-
tion of FAK.

To determine the contribution of an intermolecular mecha-
nism in the autophosphorylation of wild-type FAK, we trans-
fected COS-7 cells with FAK" and increasing amounts of the
FAK" Y397F/K454R double mutant (Fig. 1B). We observed a
dose-dependent inhibition of FAK* phosphorylation on Tyr-
397, as expected if the double mutant was competing in the
intermolecular autophosphorylation reaction.

If FAK autophosphorylation occurs as an intermolecular
reaction in intact cells, it could result from the oligomerization
of two or more FAK molecules by themselves or in combina-
tion with other proteins. To test whether complexes containing
several molecules of FAK could exist, we cotransfected COS-7
cells with two differently tagged FAK™ molecules (HA-FAK™
and FAK"-VSV) and examined whether they coimmunopre-
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FIG. 2. Coumermycin-induced dimerization enhances phosphorylation of gyrase B-FAK™ fusion proteins (Gyr-FAK™) on Tyr-397. (A) Sche-
matic representation of the gyrase B-inducible dimerization system (17) applied to FAK™". The positions of the dimerization domain of the B
subunit of bacterial gyrase (gyrase B), the central catalytic domain of FAK" (kinase), and Tyr-397 are indicated. Addition of coumermycin, a
divalent ligand of gyrase B, leads to the formation of Gyr-FAK"* homodimers. Novobiocin, a monovalent molecule also able to bind to gyrase B,
is unable to induce its dimerization and was used as a negative control. (B) COS-7 cells transfected with Gyr-FAK"* were treated for 15 min with
dimethyl sulfoxide (DMSO, vehicle), 10 M novobiocin, or 10 uM coumermycin. Cell lysates were analyzed directly by immunoblotting with an
antibody reacting with all isoforms of FAK (A-17, blot FAK). The apparent molecular weights of endogenous FAK® and Gyr-FAK" were
approximately 125,000 and 150,000, respectively. Phosphorylation of Tyr-397 was assessed with specific antibodies (SL625857, blot P-Tyr 397).
(C) Time course of coumermycin-induced phosphorylation of Tyr-397. COS-7 cells transfected with Gyr-FAK™ were incubated in the presence of
10 pM coumermycin for the indicated times. Gyr-FAK" immune precipitates were subjected to immunoblotting with anti-phospho-Tyr-397
(SL625857, blot P-Tyr 397) or anti-FAK (A17, blot FAK). Results are representative of three independent experiments. (D) The effects of
coumermycin treatment on Gyr-FAK™ were examined in attached or suspended transfected COS-7 cells. After incubation in the presence of 10
..M novobiocin or coumermyecin, the cells were lysed in RIPA buffer. An aliquot of the lysate was used for immunoblotting with antibodies specific
for phospho-Tyr 397 (Biosource, blot P-Tyr 397), and the total amount of Gyr-FAK" was determined by immunoblotting with an antibody reacting
with FAK independently of its level of phosphorylation (A-17, blot FAK). Gyr-FAK™ Tyr-397 phosphorylation was: novobiocin/attached, 7 = 1;
coumermycin/attached, 75 = 10; novobiocin/suspended, 3 * 1; coumermycin/suspended, 94 = 5 (arbitrary units, mean * standard error of the
mean of three independent experiments) (analysis of variance: P < 0.05).

cipitated. Neither anti-HA nor anti-VSV immunoprecipitation
pulled down the other tagged molecule (Fig. 1C). As a control,
we verified that p130-Cas, a protein known to be associated
with FAK (27), coimmunoprecipitated with FAK™ in the same
experimental conditions (data not shown). Other approaches
attempted to detect possible stable intermolecular interactions
between FAK domains (coimmunoprecipitation experiments
with truncated mutants of FAK and yeast two-hybrid assays)
were also negative (data not shown). Altogether, these results
show that FAK autophosphorylation occurs as an intermolec-
ular reaction in intact cells but that FAK molecules do not
form stable complexes.

Induced dimerization of Gyr-FAK™ fusion proteins strongly
increases Tyr-397 phosphorylation in intact cells. The results
reported above confirm and extend previous reports (7, 16)

and indicate that FAK autophosphorylation occurs as an in-
termolecular reaction in cells. To determine whether bringing
together two molecules of FAK is sufficient to induce phos-
phorylation of Tyr-397, we used the procedure described by
Farrar et al. (17), in which fusion of the protein of interest to
the N-terminal domain of the B subunit of bacterial DNA
gyrase (gyrase B) allows its drug-induced dimerization in intact
cells, as depicted in Fig. 2A. Coumermycin, a small, divalent,
cell-permeating molecule, binds two gyrase B moieties and
induces the dimerization of the fusion protein. The use of
novobiocin, a related monovalent molecule that binds to the
same site but is unable to induce dimerization, provides an
optimal control condition ensuring that coumermycin effects
are due to its ability to promote dimerization. Gyr-FAK™ mol-
ecules migrated as a 150-kDa band and were easily distin-
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FIG. 3. Dimerization-induced phosphorylation of Tyr-397 in Gyr-FAK" is independent of Src family kinases. COS-7 cells transfected with
Gyr-FAK™ were treated for 15 min with 10 .M novobiocin or 10 M coumermycin. A specific Src family kinase inhibitor, PP2 (10 uM), or vehicle
(dimethyl sulfoxide, DMSO) was added 20 min prior to coumermycin or novobiocin. (A) Gyr-FAK" was immunoprecipitated with antibodies
specific for FAK™, and its total phosphorylation was assessed with anti-phospho-Tyr antibodies (IP-FAK™ blot P-Tyr). and with antibodies reacting
with FAK independently of its state of phosphorylation (IP-FAK™" blot FAK). (B) Total lysates from the same cells were immunoblotted with
antibodies specific for phospho-Tyr-397, phospho-Tyr-577, phospho-Tyr-925, or total FAK. Results are representative of at least three experiments.

guished from endogenous FAK, which has an apparent molec-
ular mass of ~125 kDa (Fig. 2B, lanes 1 to 3).

With this chimeric protein, we were able to test the effects of
dimerization on FAK™ phosphorylation independently of any
other stimulus. Phosphorylation of Tyr-397 was measured with
a specific antibody (Fig. 2B, lanes 4 to 6). Treatment of trans-
fected COS-7 cells with coumermycin markedly increased the
phosphorylation of Gyr-FAK™ on Tyr-397 (Fig. 2B, lane 6). In
contrast, novobiocin did not alter Gyr-FAK™ phosphorylation
(Fig. 2B, lane 5), demonstrating that the effects of coumermy-
cin were due to drug-induced dimerization. Neither coumer-
mycin nor novobiocin altered the total levels of Gyr-FAK™"
(Fig. 2B, lanes 1 to 3) or the phosphorylation of endogenous
FAK"® (Fig. 2B, lanes 4 to 6). The increase in the phospho-Tyr-
397 signal of Gyr-FAK™ observed at 15 min was stable at later
time points (Fig. 2C). These results demonstrate that drug-
induced dimerization of FAK" markedly and specifically stim-
ulates its phosphorylation on Tyr-397.

Coumermycin-induced phosphorylation of Gyr-FAK™ on
Tyr-397 is independent of cell attachment and of Src family
kinases but requires the C-terminal region of the protein.
FAK phosphorylation is strongly dependent on cell attachment
and, more precisely, on the integrin-mediated adhesion of cells
to the extracellular matrix (50, 51). We examined the role of
cell attachment in the dimerization-induced autophosphoryla-
tion of Gyr-FAK™. As described above, coumermycin induced
a robust phosphorylation of Gyr-FAK™ on Tyr-397 in attached
cells (Fig. 2D, lane 2). In suspended cells, although phosphor-
ylation of endogenous FAK was undetectable (Fig. 2D, lanes 3
and 4), coumermycin stimulated phosphorylation of Gyr-
FAK™ on Tyr-397 to the same levels as in attached cells (Fig.
2D, lane 4). These results demonstrate that drug-induced
dimerization of Gyr-FAK™ increases its phosphorylation on
Tyr-397 by a mechanism that bypasses the normal requirement
for cell attachment.

Autophosphorylation of FAK on Tyr-397 allows the recruit-
ment of Src family kinases and, thus, phosphorylation of sev-
eral other tyrosine residues in the FAK sequence (4, 5, 47, 48).
Src family kinases appear to be critical for full phosphorylation
of Tyr-397 in response to integrin engagement, presumably

through an amplification mechanism involving phosphoryla-
tion of the activation loop residues (42). We examined the role
of Src family kinases in coumermycin-induced activation of
Gyr-FAK™ with PP2, an inhibitor of these enzymes (25, 45).

We immunoprecipitated Gyr-FAK™ with antibodies specific
for the FAK" isoform, which do not react with the FAK°
isoform endogenously expressed in COS-7 cells (14), and mea-
sured its total tyrosine phosphorylation with anti-phospho-Tyr
antibodies (Fig. 3A). The overall tyrosine phosphorylation of
Gyr-FAK™ was increased by coumermycin compared to novo-
biocin (Fig. 3A, lanes 1, 2). Although PP2 markedly decreased
the total tyrosine phosphorylation of Gyr-FAK™" in both novo-
biocin- and coumermycin-treated cells, a residual stimulatory
effect of coumermycin was still present (Fig. 3A, lanes 3, 4).

To determine precisely the contribution of Src family ki-
nases, we examined simultaneously the phosphorylation levels
of Tyr-397, the autophosphorylation site, and of two residues
phosphorylated by Src, Tyr-577 in the activation loop and Tyr-
925 in the C-terminal focal adhesion targeting (FAT) domain
(Fig. 3B). Although coumermycin markedly increased the
phosphorylation of Tyr-397, it had no effect on phosphoryla-
tion of Tyr-577 and Tyr-925 (Fig. 3B, lanes 1, 2). In the pres-
ence of PP2, coumermycin-induced phosphorylation of Tyr-
397 was unaltered, whereas phosphorylation of both Tyr-577
and Tyr-925 was dramatically decreased (Fig. 3B, lanes 3, 4).
These results are important because they demonstrate that
induced dimerization of Gyr-FAK™ promotes its phosphory-
lation on Tyr-397 independently of Src family kinases. In ad-
dition, they suggest that, although Gyr-FAK" is phosphory-
lated by Src family kinases as well as endogenous FAK in the
absence of coumermycin (data not shown), the formation of a
stable Gyr-FAK™ dimer in the presence of coumermycin pre-
vents access of phospho-Tyr-397 to Src family kinases.

The C-terminal region of FAK encompasses a focal adhe-
sion targeting domain (FAT) that is necessary and sufficient for
targeting the protein to focal adhesions (29). Because of the
critical role of its C terminus in FAK activation (51), we ex-
amined the consequences of the 841 to 1054 deletion on
coumermycin-induced phosphorylation of Gyr-FAK™ (Fig. 4).
Since coumermycin-induced phosphorylation of Gyr-FAK™
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FIG. 4. Dimerization-induced autophosphorylation of Gyr-FAK*
requires its C-terminal region. COS-7 cells were transfected with Gyr-
FAK™ or Gyr-FAK"A841-1054 and incubated for 15 min in the pres-
ence of novobiocin or coumermycin. Cells were lysed, and phosphor-
ylation of Tyr-397 and the total amount of FAK were determined by
immunoblotting with specific antibodies. Note that endogenous FAK
was not apparent in total FAK immunoblotting at the short exposure
time used to allow comparison of Gyr-FAK" and Gyr-FAK"A841-
1054 levels. Results are representative of at least three experiments.

occurred independently of cell adhesion, we expected that it
would not be altered by the C-terminal deletion.

Contrary to that prediction, the effects of coumermycin on
Gyr-FAK" A841-1054 were dramatically reduced (Fig. 4, lanes
3, 4) compared to full-length Gyr-FAK™ (Fig. 5, lanes 1, 2),
although the two proteins were expressed at similar levels in
transfected COS-7 cells. No further increase in Gyr-
FAK™ A841-1054 Tyr-397 phosphorylation was observed when
coumermycin was applied for longer durations, up to 60 min
(data not shown). The dramatic reduction of autophosphory-
lation of Gyr-FAK*A841-1054 was not due to a deficient ki-
nase activity, since the full-length and truncated forms of Gyr-
FAK™ had similar activities in vitro; the autophosphorylation
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activities of Gyr-FAK" and Gyr-FAK'A841-1054 were, re-
spectively, 205 = 25 and 230 + 20 (arbitrary units, mean =*
standard error of the mean, n = 3). These observations reveal
that the efficient phosphorylation of Gyr-FAK™* on Tyr-397 in
response to induced dimerization in intact cells requires the
presence of its C-terminal region.

Alternative splicing alters FAK autophosphorylation mech-
anism in transfected cells. The neuronal splice variants of
FAK that include boxes 6 and 7 (see Fig. 5A) have a dramat-
ically increased autophosphorylation in immune precipitate
kinase assays and in transfected cells (3, 55). Since the exper-
iments with Gyr-FAK™ revealed the importance of the C-
terminal region of FAK for dimerization-induced autophos-
phorylation, we compared the role of this region in the
autophosphorylation of FAK* and FAK*®7*® with truncated
forms of either isoform (Fig. 5B). In transfected COS-7 cells,
FAK™ A841-1054 was not phosphorylated on Tyr-397 (Fig. 5B),
confirming the importance of the C-terminal region of FAK™
for its autophosphorylation in intact cells. In contrast, the
C-terminal truncation did not alter the phosphorylation of
FAK" %728 on Tyr-397 (Fig. 5B).

We verified that the C-terminal truncation did not alter the
ability of FAK™ to autophosphorylate in immune precipitate
kinase assays the autophosphorylation activity (arbitrary units,
mean = standard error of the mean, n = 4) was 363 = 39 for
FAK™ and 398 =+ 52 for FAK"A841-1054. The truncation did
not alter the ability of either of these kinases to phosphorylate
an exogenous substrate, poly(Glu,Tyr), in immune precipitate
kinase assays; the phosphorylation activity (arbitrary units,
mean = standard error of the mean, n = 3) was 1,665 = 179 for
FAK™ and 1,651 * 204 for FAK" A841-1054. Thus, the differ-
ent sensitivities of FAK isoforms to C-terminal truncation ob-
served in transfected cells did not result from an alteration of

c FAK FAKer 01O e
+ +6,
Blot : FAK P-Tyr-397
Wild type + - - - |+ - - -
Y397F| - + - + | - + - +
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FIG. 5. Differences in autophosphorylation between FAK splice isoforms in transfected cells. (A) The positions of the N-terminal FERM/JEF
domain, the catalytic domain (Tyr kinase), the focal adhesion targeting (FAT) domain, and the peptides (boxes 28, 6, 7, and 3) coded by
alternatively spliced exons are indicated. Tyr-397 is the autophosphorylation site. (B) Deletion of the C-terminal region (A841-1054) abolished
autophosphorylation of FAK" in transfected COS-7 cells, whereas it did not alter the autophosphorylation of FAK*®7?%, The level of phosphor-
ylation of Tyr-397 in intact cells was measured by immunoblotting with specific antibodies for phospho-Tyr-397 (blot P-Tyr-397). The total amount
of FAK was measured with antibodies reacting with FAK independently of its state of phosphorylation (blot FAK). (C) Transphosphorylation in
intact cells did not fully restore the increased autophosphorylation of FAK*®7. COS-7 cells were transfected with 4 g of plasmids coding for the
wild-type, Y397F, or K454R forms of FAK" or FAK™"6,7, as indicated. Empty pBK-CMV2 vector was added when necessary to keep the total
amount of transfected DNA constant. Cells were lysed on the culture dish. Immunoblotting was carried out with antibodies recognizing FAK
phosphorylated on Tyr-397 (SL625857, blot P-Tyr 397) or independently of its phosphorylation state (A-17, blot FAK). Results are representative

of three independent experiments which gave similar results.
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the intrinsic kinase activity but more likely from a modification
of the mechanism of autophosphorylation.

Since FAK*%7 is the most abundant isoform expressed in
neurons and has the same autophosphorylation characteristics
as FAK %728 (3), further studies on the mechanism of auto-
phosphorylation were carried out with FAK*%”. To determine
whether FAK™®7 was able to undergo transautophosphoryla-
tion in intact cells, we used the approach described above for
FAK" (see Fig. 1). We transiently expressed wild-type and
K454R and Y397F mutants of FAK"%7, alone and in combi-
nation (Fig. 5C, lanes 5 to 8). For comparison, the same ex-
periment was carried out in parallel with FAK™ (Fig. 5C, lanes
1 to 4). Although FAK"®7 Y397F was able to transphospho-
rylate FAK" %7 K454R (Fig. 5C, lane 8), this transphosphory-
lation did not reproduce the strong autophosphorylation ob-
served with wild-type FAK*%7 (Fig. 5C, compare lanes 5 and
8). These results suggest that although FAK*®7 can undergo
intermolecular phosphorylation on Tyr-397, this mechanism
does not account for the increased level of autophosphoryla-
tion observed in intact cells.

Alternative splicing alters FAK autophosphorylation mech-
anism in vitro. The experiments reported above provide strong
evidence that FAK™ autophosphorylation is an intermolecular
reaction in intact cells. Since the markedly increased autophos-
phorylation of FAK*®7 appears to be independent of its C-
terminal region, which is necessary for dimerization-induced
autophosphorylation and is not reproduced by transphospho-
rylation in transfected cells (see above), we hypothesized that
it might result from an intramolecular mechanism. To test this
hypothesis, we investigated directly the inter- or intramolecular
nature of the autophosphorylation reaction of FAK" and
FAK™*%7 in vitro.

Intermolecular autophosphorylation reactions are depen-
dent on the kinase concentration, whereas intramolecular re-
actions are not. FAK autophosphorylation is usually measured
in immune precipitate kinase assays, in which binding to anti-
bodies may mimic the interaction of FAK with focal adhesion
proteins. Since we have shown that FAK does not immuno-
precipitate as oligomers (see Fig. 1C), it can be hypothesized
that divalent antibodies artificially promote intermolecular
phosphorylation. We designed simple experimental conditions
to test this hypothesis and to study the mechanism of FAK
autophosphorylation in immune precipitate kinase assays (re-
ferred to as CITIK assays).

For CITIK assays, constant amounts of FAK were subjected
to immunoprecipitation with increasing amounts of antiserum,
with a fixed amount of protein A-Sepharose in a large excess in
binding capacity, and an in vitro autophosphorylation reaction
was carried out in the immune precipitate in the presence of
[y->*P]ATP. The principle of the assays is schematically illus-
trated in Fig. 6A and B. As the amount of serum is increased,
two phases can be distinguished. With small amounts of serum,
the available sites are saturated by the antigen and the
amounts of precipitated FAK increase linearly with the
amount of antibody. Above a certain threshold of serum, all
the available antigen is precipitated, and further increasing the
antibody level results in an excess of available binding sites for
FAK, of which an increasing proportion are unoccupied. Study
of the rate of phosphorylation in this second phase allows us to
distinguish trans and cis mechanisms of autophosphorylation:

MECHANISMS OF FAK AUTOPHOSPHORYLATION 7737

intermolecular reactions, whose rate depends on the kinase
concentration, will diminish when the amount of serum is in-
creased above this threshold, since the probability that two
molecules of FAK are close enough to transphosphorylate
(i.e., presumably on the same immunoglobulin molecule) will
decrease (Fig. 6A); in contrast, intramolecular reactions,
whose rate is independent of the kinase concentration, will
reach a plateau corresponding to the maximal amount of im-
munoprecipitated kinase (Fig. 6B). (In this model, the phos-
phorylation rate is proportional to the number of antibodies to
which two molecules of FAK are bound. Assuming high affin-
ities of antibodies for FAK, when the total number of antibod-
ies [N4p] is greater than the number of antigens [N,g], i.e.,
FAK, the probability that the two sites of one antibody mole-
cule are occupied varies as (N,o/Nag)®. Thus, when N,z >
N g, the phosphorylation rate varies as a function of 1/N 5>
when phosphorylation is intermolecular, whereas it is constant
when it is intramolecular.)

We used CITIK assays to compare the mechanism of auto-
phosphorylation of FAK* and FAK*%’. Immunoprecipitation
was carried out with fixed amounts of COS-7 lysates and pro-
tein A-Sepharose and increasing amounts of an antiserum that
specifically recognized FAK™ and FAK™®” but did not react
with COS-7 cell endogenous FAK® (14). For each immunopre-
cipitation condition, a phosphorylation reaction was carried
out in the presence of [y->’P]ATP, and the phosphorylated
proteins were separated by SDS-PAGE and transferred to
nitrocellulose, allowing both immunoblotting to determine the
total amount of FAK precipitated (Fig. 6C) and quantitative
measurement of incorporated **P with an Instant Imager (Fig.
6D).

As expected, the quantity of immunoprecipitated FAK in-
creased progressively with the amount of antiserum and
reached a plateau corresponding to complete immunoprecipi-
tation at about 200 pl of antiserum (Fig. 6C). The differences
between the phosphorylation of FAK™ and FAK™®” were
readily apparent and statistically significant above this thresh-
old of 200 wul (Fig. 6D): in the case of FAK™, the amount of **P
incorporated decreased progressively, as expected for an inter-
molecular autophosphorylation, whereas in the case of
FAK™*%7  incorporation of **P reached a plateau and did not
decrease with increasing amounts of antibodies, showing that
autophosphorylation was an intramolecular reaction.

Several control experiments were carried out to validate this
conclusion. First, in both cases, the results obtained by immu-
noblotting for phospho-Tyr-397 were similar to those obtained
by measurement of **P incorporation, although they could not
be quantified as accurately (data not shown). Second, we ver-
ified that the apparent intramolecular phosphorylation of
FAK™*%7 was not due to its ability to form stable multiprotein
complexes containing several molecules of FAK*%7. To do so,
experiments similar to those described for FAK* in Fig. 1C
were carried out with FAK™%7, with identical results (data not
shown). Finally, we used a completely different approach, in
which constant amounts of either FAK™ or FAK"%7 were
immunoprecipitated with fixed amounts of antiserum but in
the presence of increasing amounts of the FAK" Y397F/
K454R double mutant, resulting in dilution of the active kinase
in the immune precipitate. These experiments also supported
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FIG. 6. Different mechanisms of autophosphorylation of FAK™ and FAK™”. (A and B) Principle of the CITIK assay. Equal amounts of lysates
from COS-7 cells transfected with FAK are immunoprecipitated in the presence of increasing amounts of antiserum and constant amounts of
protein A-Sepharose. Autophosphorylation assays are carried out in the immune precipitates, and the results are expected to be affected by the
reaction mechanism as follows. For small amounts of antiserum, the quantity of specific antibodies against FAK is limiting, and all the available
binding sites are expected to be occupied, as schematically indicated by two molecules of FAK per immunoglobulin (Ig). In these conditions,
autophosphorylation increases with the amount of antiserum, reflecting the increasing amount of immunoprecipitated FAK, regardless of the cis
or trans mechanism (ascending part of the curve). When the quantity of serum is further increased, the number of FAK-specific binding sites
becomes greater than the number of FAK molecules, and an increasing proportion of immunoglobulin is expected to bind only one molecule of
FAK or none. In these conditions, the frans and cis mechanisms of autophosphorylation can be clearly distinguished: intermolecular autophos-
phorylation will diminish with increasing the amount of serum, since the probability that two FAK molecules will be bound to the same
immunoglobulin will decrease (A); intramolecular autophosphorylation is independent of immunoglobulin G-mediated interactions and will reach
a plateau corresponding to the total amount of FAK (B). CITIK assays were carried out for FAK* and FAK "7 as described in the text. Reaction
products were separated by SDS-PAGE, transferred to nitrocellulose, and analyzed by immunoblotting (C), and incorporated **P was quantified
with an Instant Imager (D). The total amount of immunoprecipitated FAK, estimated by immunoblotting with FAK antibodies, was maximal with
approximately 200 ul of antiserum and remained constant with higher amounts of antiserum (C). The amount of **P incorporated was plotted as
a function of the amount of antiserum for the two FAK isoforms (D). Results are expressed as percent of maximum to correct for the higher activity
of FAK"®7 compared to FAK™. Results are means * standard error of the mean of three independent experiments. Statistical analysis was done
with two-way analysis of variance. The results show a significant difference between FAK*%7 and FAK™ for the relevant portion of the curve,
supporting the hypothesis that phosphorylation is intramolecular in the case of FAK*®7 and intermolecular in the case of FAK*.

the contribution of an intramolecular mechanism of autophos-
phorylation for FAK"%” and not for FAK™ (data not shown).

Altogether, our results provide strong evidence that al-
though FAK*%7, like FAK™, is able to undergo intermolecular
autophosphorylation, it possess a unique ability to undergo
intramolecular phosphorylation. This distinctive capacity of
FAK™*%7 is likely to account for its increased autophosphory-
lation in cells and in vitro.

Box 7 is sufficient to allow intramolecular autophosphory-

lation of FAK. One simple hypothesis to account for the ability
of the FAK neuronal isoform to undergo intramolecular phos-
phorylation is that the extra length of peptide chain generated
by alternative splicing allows Tyr-397 to reach and/or to be
correctly positioned in the active site of the same molecule.
This hypothesis predicts a critical role for the 7-residue peptide
(box 7) which is inserted at position 412, between Tyr-397 and
the catalytic domain that starts around residue 422. Accord-
ingly, we have shown previously that the presence of box 7
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FIG. 7. Autophosphorylation mechanism of FAK is altered by the presence of box 7 but not by N-terminal truncation. (A) The presence of box
7 is sufficient for intramolecular phosphorylation of Tyr-397. The CITIK assay was carried out with FAK"” as described in the legend to Fig. 6.
The results indicate that phosphorylation was intramolecular. (B) Deletion of the N-terminal FERM/JEF domain does not alter the autophos-
phorylation mechanism of FAK". The CITIK assay was carried out with a truncated form of FAK" (A1-386). The results indicate that
autophosphorylation is intermolecular. In both cases, data are means * standard error of the mean of three independent experiments.

alone is sufficient to markedly increase the autophosphoryla-
tion of FAK (55). To test whether the presence of this peptide
was also sufficient to alter the mechanism of autophosphory-
lation, we carried out a CITIK assay with FAK*7, an isoform
of FAK which contains only box 7 (Fig. 7A). The results were
similar to those obtained with FAK*®’, demonstrating that
FAK"'” could undergo intramolecular phosphorylation (Fig.
7A).

Alternative splicing alleviates the inhibitory effects of the
FAK N-terminal domain on autophosphorylation. The N-ter-
minal domain of FAK displays significant sequence similarity
with the band 4.1 domain (21, 22), now referred to as the 4.1
ezrin, radixin, moesin (FERM) domain (10) or JAK, ERM,
FAK (JEF) domain (21). Deletion of this domain or part of it
has been reported to increase tyrosine phosphorylation and
autophosphorylation activity (7, 49), indicating that the N-
terminal FERM/JEF domain of FAK may have an inhibitory
effect on FAK activity.

We examined the effects of removal of the N-terminal do-
main (1 to 386) on the autophosphorylation of FAK™ in im-
mune precipitates and its ability to phosphorylate an exoge-
nous substrate, poly(Glu, Tyr). The N-terminal truncation
dramatically increased both the autophosphorylation of FAK™

and its kinase activity towards poly(Glu, Tyr) (Fig. 8A). How-
ever, in spite of its very strong effect on autophosphorylation,
the truncation did not allow intramolecular phosphorylation,
as judged by the CITIK assay (Fig. 7B). This demonstrates that
the N-terminal domain exerts its inhibitory effect on intermo-
lecular phosphorylation of Tyr-397 and is not responsible for
the inability of FAK to undergo intramolecular phosphoryla-
tion.

As reported previously (3, 55), the presence of peptide boxes
coded by alternative exons around Tyr-397 increased its auto-
phosphorylation, whereas it had little effect on the ability of
FAK to phosphorylate poly(Glu, Tyr) (Fig. 8). Remarkably,
however, the presence of these peptides altered the conse-
quences of the removal of the FERM/JEF N-terminal domain:
truncation of the FERM domain of FAK*%7# did not signif-
icantly enhance its autophosphorylation (Fig. 8B). In contrast,
the same deletion increased its ability to phosphorylate poly-
(Glu, Tyr) to the same extent as truncated FAK" (Fig. 8B).
These results indicate that the presence of additional peptides
around Tyr-397 markedly diminishes the inhibitory effects of
the N-terminal domain on FAK autophosphorylation but does
not allow access to exogenous substrates. Thus, our results
show that alternative splicing dramatically alters the ability of
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FIG. 8. Effects of deletion of the N-terminal FERM/JEF domain
on autophosphorylation of FAK isoforms and their ability to phos-
phorylate an exogenous substrate. Wild-type (wt) FAK™, its N-termi-
nally truncated form (FAK"A1-386) (left panel), and wild-type (wt)
FAK*%728 and its truncated form (FAK*%7?A1-386) (right panel)
were expressed in COS-7 cells, dephosphorylated in vitro, and immu-
noprecipitated, and their autophosphorylation was assayed in the pres-
ence of [y-*P]ATP (Autophos). In the same conditions, the ability of
each immunoprecipitated isoform of FAK to phosphorylate an exog-
enous substrate, poly(Glu, Tyr), was examined. The amount of radio-
activity incorporated into FAK or poly(Glu, Tyr) was measured with
an Instant Imager after SDS-PAGE, and the counts per minute were
normalized to the total amount of immunoprecipitated FAK, mea-
sured by immunoblotting. The autophosphorylation of FAK*%7-2% was
higher than that of FAK™ (O; P < 0.01, two-tailed Student’s 7 test).
N-terminal truncation increased the ability of FAK" to autophospho-
rylate (+; P < 0.005, two-tailed Student’s ¢ test), whereas it did not
significantly alter the autophosphorylation of FAK*%7?® (left panel).
In contrast, N-terminal truncation dramatically increased the ability of
both isoforms to phosphorylate poly(Glu, Tyr) (*, P < 0.05, two-tailed
Student’s ¢ test). Values are means = standard error of the mean for
four (autophosphorylation) or three [phosphorylation of poly(Glu,
Tyr)] experiments.

FAK to undergo autophosphorylation by two distinct mecha-
nisms: by allowing intramolecular autophosphorylation and by
alleviating the inhibitory effect of the N-terminal FERM/JEF
domain.

DISCUSSION

Autophosphorylation of FAK on Tyr-397 plays a critical role
in its functional activation in response to various stimuli (see
references 20 and 50 for reviews). In contrast to many other
tyrosine kinases (32), autophosphorylation of FAK takes place
not in the A-loop, but on a linker region between the N-
terminal FERM/JEF domain and the central kinase domain.

The present study clarifies the mechanism of FAK autophos-
phorylation and demonstrates that this mechanism differs
markedly between alternatively spliced isoforms. Our results
with Tyr-397—Phe and kinase-dead mutants show that FAK™*
undergoes intermolecular phosphorylation in intact cells. Since
FAK™" and FAK® (the isoform without additional alternatively
spliced exons) have similar autophosphorylation properties
(3), the results reported here with FAK™ can be generalized to
the FAK® isoform. The observation that increasing amounts of
FAK" double mutant (Y397F, K454R) decreased the phos-
phorylation on Tyr-397 of cotransfected FAK™ strongly sug-
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gests that intermolecular phosphorylation is the major mech-
anism of autophosphorylation in intact cells. However, we were
unable to isolate protein complexes containing several mole-
cules of FAK, indicating that, in spite of its ability to bind
various proteins of focal adhesions and signaling molecules,
FAK does not form stable complexes with itself.

Interestingly, it has been reported that PYK2, a tyrosine
kinase related to FAK (=~45% overall sequence identity), was
able to transphosphorylate FAK on Tyr-397 in transfected
cells, although the converse reaction did not occur (36). In that
study, FAK and PYK2 did not coimmunoprecipitate (36). The
fact that FAK molecules do not form stable homo-oligomers
may have functional importance, allowing separation of the
polypeptide chains once they are autophosphorylated and their
action on other FAK molecules, a condition that seems to be
a prerequisite for amplification by Src family kinases (see be-
low).

Since autophosphorylation of FAK appears to be intermo-
lecular in intact cells, we examined whether bringing two mol-
ecules of FAK into close proximity was sufficient to induce its
autophosphorylation. To do so, we used fusion proteins of
FAK" with gyrase B, which dimerizes in the presence of
coumermycin (17). This system has been used successfully to
induce the dimerization of protein kinases (17, 35, 39) and
other types of proteins (34, 43) in intact cells. Treatment of
transfected cells with coumermycin was sufficient to increase
tyrosine phosphorylation of Gyr-FAK™. Tyrosine phosphory-
lation occurred on Tyr-397, as demonstrated by immunoblot-
ting with a specific antibody. Importantly, PP2, a Src family
kinase inhibitor (25), had no effect on phosphorylation of Tyr-
397 in response to coumermycin, demonstrating that dimeriza-
tion-induced autophosphorylation of FAK is independent of
these kinases.

Coumermycin-induced dimerization of Gyr-FAK™ did not
trigger the phosphorylation of Tyr-577 or Tyr-925, presumably
because Src family kinases could not access the autophospho-
rylated Tyr-397 in stable Gyr-FAK™ dimers. This observation
underscores the importance of the reversibility of the interac-
tions between FAK molecules, discussed above. Dimerization-
induced autophosphorylation of Gyr-FAK™ was independent
of cell adhesion, showing that dimerization of FAK induces its
autophosphorylation independently of any other stimulus.
However, we found that deletion of the C-terminal region of
Gyr-FAK™ (residues 841 to 1054) dramatically decreased the
level of coumermycin-induced autophosphorylation. This un-
expected finding was not accounted for by an alteration of
intrinsic kinase activity. It also seems unlikely that the phos-
phorylation deficit was due to an increased sensitivity to ty-
rosine phosphatases, since C-terminal deletions have been re-
ported to provide resistance to dephosphorylation (51).

The C-terminal region of FAK contains binding sites for
talin (9), paxillin (30, 54), Graf (31), and Hic-5 (18). It also
encompasses the FAT sequence (29), which mediates targeting
of FAK to focal adhesions, at least in part through its interac-
tion with the focal adhesion proteins talin and paxillin (12, 30).
One possible explanation for the effects of the C-terminal
deletion on coumermycin’s ability to induce Gyr-FAK™" auto-
phosphorylation is the loss of such protein-protein interac-
tions. These interactions could facilitate the effects of coumer-
mycin by locally enriching the concentration of Gyr-FAK™, for
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example, in the vicinity of the membrane and/or cytoskeletal
elements. Additional experiments will be required to deter-
mine whether any of these proteins exerts a more specific effect
on FAK activation in intact cells.

When we examined the role of the C-terminal region in the
phosphorylation of Tyr-397 of wild-type FAK in intact cells, we
disclosed a dramatic difference between splicing isoforms, al-
though this deletion had no effect on the intrinsic kinase ac-
tivity of FAK in immune precipitate kinase assays. In trans-
fected COS-7 cells, the C-terminal deletion prevented Tyr-397
phosphorylation in FAK®, whereas it had no effect on
FAK" %728 The lack of effect of the C-terminal deletion on
isoforms with boxes 6 and 7 strongly suggested that the pres-
ence of additional peptide sequences surrounding Tyr-397 al-
tered the mechanism of autophosphorylation. In addition, al-
though FAK*®7 was able to undergo intermolecular
phosphorylation in intact cells, the cotransfection of Y397F
and kinase-dead mutants of FAK™®7 did not restore the high
level of autophosphorylation of wild-type FAK"®”. This ob-
servation also pointed at a possible difference in the autophos-
phorylation mechanism.

To address the intra- or intermolecular mechanism of auto-
phosphorylation of FAK isoforms, we used a modified version
of the immune precipitate kinase assays, referred to as the
CITIK assay. This procedure has the advantage that it mimics
to some extent the conditions in which FAK undergoes auto-
phosphorylation in intact cells, since binding to antibodies is
likely to mimic binding to cytoskeletal and/or membrane pro-
teins. Moreover, CITIK assays allow us to address the mech-
anism of the reaction in the conditions of the widely used
immune precipitate kinase assays. The results indicated that
autophosphorylation of FAK™ was predominantly intermolec-
ular, whereas autophosphorylation of FAK™%7 was intramo-
lecular. It should be emphasized that FAK"®7 is able to un-
dergo intermolecular phosphorylation on Tyr-397, as shown by
transphosphorylation of Y397F and kinase-dead mutants in
transfected cells (see above), as well as in vitro (data not
shown). However, this isoform has the additional ability to
undergo intramolecular phosphorylation, a process that seems
predominant. The ability to undergo intramolecular phosphor-
ylation accounts for the lack of sensitivity of FAK*%” to C-
terminal truncation, which was shown to dramatically reduce
dimerization-induced autophosphorylation.

Our results provide important clues about the possible
mechanisms of FAK autophosphorylation. A simple hypothe-
sis explaining the ability of FAK*%7 to undergo cis autophos-
phorylation is that the presence of additional residues on ei-
ther sides of Tyr-397 provides additional length and flexibility
to the peptide chain, allowing it access to the catalytic site. This
hypothesis would predict that the peptide (box 7) located be-
tween Tyr-397 and the catalytic site plays a major role in
allowing intramolecular autophosphorylation. Interestingly,
the presence of box 7 alone has a greater effect on autophos-
phorylation than box 6 alone (located between Tyr-397 and the
N-terminal side of FAK) (55). The CITIK assay results show-
ing that the presence of box 7 is sufficient to allow intramolec-
ular phosphorylation support this hypothesis.

Other mechanisms are also likely to be involved in the con-
trol of FAK autophosphorylation. The present study, confirm-
ing previous suggestions (7, 49), demonstrates that the N-
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terminal FERM/JEF domain of FAK inhibits its ability to
autophosphorylate as well as its ability to phosphorylate an
exogenous substrate. Since deletion of the FERM/JEF domain
of FAK™ did not alter the mechanism of autophosphorylation
itself, which was still intermolecular, it can be concluded that
the N-terminal domain hinders intermolecular autophosphor-
ylation. The N-terminal domain may prevent the correct posi-
tioning of the two molecules and/or the access of Tyr-397 from
one peptide chain to the active site of the other peptide chain.
The presence of alternatively spliced peptides flanking Tyr-397
alleviated the inhibitory effects of the FERM/JEF domain on
autophosphorylation, whereas it did not prevent the inhibition
exerted by this domain on the phosphorylation of poly(Glu,
Tyr). A possible explanation of these effects (diagrammed in
Fig. 9) is that alternative splicing allows the positioning of
Tyr-397 in the active site of the same molecule, in a position
that is insensitive to the effects of the N-terminal domain.

Previous observations and the results of the present study
support a model for FAK activation in which recruitment of
this kinase to focal adhesions and its interaction with other
proteins at these sites induce its transautophosphorylation
when integrins are engaged. This clustering step, dependent on
cell adhesion, is likely to be the one mimicked by coumermy-
cin-induced dimerization of Gyr-FAK™ molecules. Thus,
transphosphorylation of FAK may result from a mere increase
in its local concentration or involve more directed interactions
with specific proteins. It does not implicate stable dimers or
oligomers of FAK, but rather transient interactions between
multiple FAK molecules.

This model accounts well for the role of Src family kinases in
FAK activation (40). Phosphorylation of FAK by Src is greatly
enhanced by its binding to phospho-Tyr-397 (47). In turn,
phosphorylation of A-loop residues Tyr-576 and Tyr-577 by Src
increases FAK kinase activity (4) and may thus enhance fur-
ther phosphorylation of Tyr-397 (40). Our data support a
model in which autophosphorylation of Tyr-397 would be the
starting point resulting from a transient intermolecular inter-
action between FAK molecules. Src could then be involved in
a positive feed-back loop, as suggested previously (40), in
which autophosphorylated FAK recruits Src, which phosphor-
ylates Tyr-576 and -577 in the A-loop, increasing FAK catalytic
activity and its ability to transphosphorylate additional mole-
cules of FAK. It is noteworthy that such a model implies that
interactions between FAK molecules are dynamic and revers-
ible, in keeping with the lack of stable complexes found in the
present study. Interestingly, the Src inhibitor PP2 had no effect
on coumermycin-induced phosphorylation of Tyr-397 in Gyr-
FAK™. This is consistent with the fact that coumermycin-
bound dimers of Gyr-FAK" are stable and do not allow the
amplification mechanism mediated by Src.

In contrast to FAK® or FAK™, the major neuronal isoform
FAK™*%7 is able to undergo intramolecular phosphorylation of
Tyr-397, a property that accounts to a large extent for its
increased autophosphorylation. The specific features of
FAK™*%7 suggest that its regulation in neurons involves mech-
anisms different from integrin-mediated clustering, which may
include relief of inhibitory influences on the cis-autophospho-
rylation reaction and/or control of protein tyrosine phospha-
tases. Thus, our results illustrate how alternative RNA splicing,
a common process particularly frequent in neurons (23), has
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FIG. 9. Schematic representation of FAK autophosphorylation mechanisms and differences between isoforms, based on the results of the
present study. (A) FAK™" (as well as FAK®, which has the same low autophosphorylation) is in a poorly active state in basal conditions, presumably
due to inhibition by the N-terminal domain. The FERM/JEF domain is indicated here as a trilobate structure, on the basis of the recently
determined structure of several ERM domains (24, 41). The C-terminal region, including the FAT domain, is necessary for phosphorylation in
intact cells. Cell attachment or artificial dimerization (as shown in the present study) promotes intermolecular phosphorylation of Tyr-397.
(B) Deletion of the FERM/JEF domain of FAK" increases intermolecular autophosphorylation in vitro by removing the inhibitory effect of the
N-terminal FERM/JEF and facilitating the access of substrates to the active site [arrow, poly(Glu, Tyr)]. (C) The neuronal isoform, FAK%7 (as
well as FAK*%728 which has the same high autophosphorylation), has an increased autophosphorylation because of its ability to undergo
intramolecular phosphorylation. The presence of box 7 is sufficient to allow intramolecular phosphorylation, presumably by allowing access of
Tyr-397 to the active site located on the same peptide chain. However, in FAK*®7, the N-terminal FERM/JEF domain still hampers the access
of external substrates. (D) The deletion of the FERM/JEF domain has little effect on FAK™®7 autophosphorylation but increases the accessibility
of substrates to the active site [arrow, poly(Glu, Tyr)]. Whereas the C-terminal FAT domain is essential for the attachment- or artificial
dimerization-induced autophosphorylation of FAK™, this does not appear to be the case for FAK*%7. This is symbolized by the ordered open

position of the C terminus in A and B and its loosely closed position in C and D.

dramatic consequences on the properties of a ubiquitous and
important protein kinase: the presence of short peptides on
either side of the autophosphorylated tyrosine enhances the
rate of autophosphorylation by switching it from an intermo-
lecular to an intramolecular reaction.
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