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FERM Domain Interaction Promotes FAK Signaling
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From the results of deletion analyses, the FERM domain of FAK has been proposed to inhibit enzymatic
activity and repress FAK signaling. We have identified a sequence in the FERM domain that is important for
FAK signaling in vivo. Point mutations in this sequence had little effect upon catalytic activity in vitro.
However, the mutant exhibits reduced tyrosine phosphorylation and dramatically reduced Src family kinase
binding. Further, the abilities of the mutant to transduce biochemical signals and to promote cell migration
were severely impaired. The results implicate a FERM domain interaction in cell adhesion-dependent activa-
tion of FAK and downstream signaling. We also show that the purified FERM domain of FAK interacts with
full-length FAK in vitro, and mutation of this sequence disrupts the interaction. These findings are discussed
in the context of models of FAK regulation by its FERM domain.

The focal adhesion kinase, FAK, plays a major role in trans-
ducing signals downstream of integrins (40, 47). Upon integrin-
mediated adhesion, FAK becomes tyrosine phosphorylated
and activated. Additional signaling molecules, e.g., Src and
phosphatidylinositol 3-kinase, are recruited into complexes
with FAK, leading to the transduction of biochemical signals
that control important biological processes. Integrin signaling
via FAK regulates cell migration, proliferation, and survival.
FAK-dependent regulation of one or more of these processes
is essential, since fak '~ mice exhibit embryonic lethality (27).
Conversely, enhanced FAK signaling may lead to aberrant cell
proliferation, survival, or migration, which may have patholog-
ical consequences in humans. For example, aberrant FAK sig-
naling may contribute to cancer development and progression
to metastatic disease (40).

FAK contains three major domains, an N-terminal domain,
a central catalytic domain, and a C-terminal domain (40, 47).
The C-terminal domain can be further subdivided into the
focal adhesion targeting (FAT) sequence, comprising the C-
terminal 140 amino acids of the protein, and the region be-
tween the catalytic domain and the FAT sequence. Focal ad-
hesion-associated FAT sequence binding partners have been
identified, and insight into the molecular basis of FAT se-
quence function was recently obtained from crystal and nuclear
magnetic resonance structure analyses (3, 14, 23, 26, 31). The
sequence between the catalytic domain and the FAT sequence
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contains docking sites for SH3 domain-containing proteins and
thus serves as a scaffold for the recruitment of signaling pro-
teins. Several sites of tyrosine phosphorylation play important
regulatory roles in FAK. Within the catalytic domain, two
tyrosine residues in the activation loop, tyrosines 576 and 577,
regulate catalytic activity. The major site of autophosphoryla-
tion, tyrosine 397, lies just N terminal to the catalytic domain
and serves as a binding site for Src family kinases. While details
regarding the function of the catalytic and C-terminal domains
have been eclucidated, fewer studies have examined the func-
tion of the N-terminal domain of FAK.

The N-terminal domain of FAK exhibits homology with
FERM domains, which are structurally conserved domains
found in many proteins (18). FERM domains are present in
structural proteins such as talin and the ezrin-radixin-moesin
(ERM) family of proteins (18; A. H. Chishti, A. C. Kim, S. M.
Marfatia, M. Lutchman, M. Hanspal, H. Jindal, S. C. Liu, P. S.
Low, G. A. Rouleau, N. Mohandas, J. A. Chasis, J. G. Conboy,
P. Gascard, Y. Takakuwa, S. C. Huang, E. J. Benz, Jr., A.
Bretscher, R. G. Fehon, J. F. Gusella, V. Ramesh, F. Solomon,
V. T. Marchesi, S. Tsukita, S. Tsukita, and K. B. Hoover,
Letter, Trends Biochem. Sci. 23:281-282, 1998) as well as in
signaling proteins such as the JAK family of tyrosine kinases
and several tyrosine phosphatases (18; Chishti et al., letter).
FERM domains mediate protein-protein interactions, and two
different paradigms of interaction have been described. First,
FERM domains can mediate intermolecular interactions, usu-
ally allowing docking with the cytoplasmic tails of transmem-
brane proteins. Second, FERM domains function in either
intramolecular or homophilic intermolecular interactions. The
best-characterized FERM domain-mediated interactions are
those of the ERM family of proteins. The ERM proteins bind
via their FERM domains to the cytoplasmic domains of trans-
membrane proteins, e.g., CD44 (32). Other examples of



5354 DUNTY ET AL.

FERM domain-mediated intermolecular interactions include
binding of the talin FERM domain to the 8 subunit of integrins
and the interaction of the FERM domains of JAKSs with the yc
and gp130 subunits of cytokine receptors (4, 25, 60). The
FERM domains of the ERM proteins also bind intramolecu-
larly to a site within the C terminus (32). This interaction
obscures the CD44 binding site within the FERM domain and
an actin binding site in the C-terminal tail. Regulation of this
intramolecular interaction modulates ERM protein-mediated
intermolecular interactions. The FERM domain of JAK3 in-
teracts with the C-terminal catalytic domain, and this interac-
tion is essential for catalytic activity (60).

Like other FERM domains, the FAK FERM domain also
mediates protein-protein interactions. Several binding partners
have been identified, including the cytoplasmic tails of the B1
integrin subunit and growth factor receptors (19, 44, 53). The
FERM domain of FAK also mediates an interaction with the
cytoplasmic tyrosine kinase Etk/Bmx, and interacts weakly with
the FERM domain of ezrin (7, 37). Disruption of the FAK-
growth factor receptor interaction impairs chemotaxis, and
mutants of Etk defective for FAK binding fail to promote cell
motility in CHO cells (7, 53). Thus, several of these FERM
domain-mediated interactions may function in the control of
cell motility.

Several reports have demonstrated that deletion of the N-
terminal domain of FAK can elevate catalytic activity in vitro
(6, 9, 57). A mutant with deletion of part of the N-terminal
domain (residues 1 to 100) exhibited elevated tyrosine phos-
phorylation and binding to Src and Grb2 under serum starva-
tion conditions, whereas wild-type FAK was poorly tyrosine
phosphorylated and did not associate with these binding part-
ners (48). In contrast, this mutant and other mutants with large
N-terminal deletions exhibited a very modest increase in ty-
rosine phosphorylation in adherent cells grown in the presence
of serum (6, 24, 48). A recent report describing another series
of deletion mutants demonstrates that removal of the FERM
domain results in elevated phosphotyrosine levels of FAK in
cells in suspension and enhanced phosphorylation of paxillin
(9). From these observations, it was proposed that the N-
terminal domain of FAK plays an inhibitory role under condi-
tions where FAK activity is suppressed. Further, it was specu-
lated that this might occur via an intramolecular interaction
(17, 49). Indeed, an interaction between the FERM domain
and the catalytic domain was recently demonstrated (9). Ex-
ogenous FERM domain was also shown to impair catalytic
activity of full-length FAK in vitro and FAK signaling in vivo
(9), providing compelling evidence in support of the hypothe-
sis.

We were also interested in examining whether the FAK
FERM domain could mediate intra- or intermolecular inter-
actions. Recombinant FERM domain constructs were utilized
and shown to associate with full-length FAK in vitro. However,
the interaction that we observed appears distinct from the
previously described interaction (9), since both the N-terminal
and catalytic domains of full-length FAK are required for its
interaction with the FERM domain in vitro. A highly con-
served, basic patch on the surface of the FAK FERM domain
was identified by molecular modeling. Mutation of residues in
this basic patch disrupted the ability of the FERM domain to
associate with full-length FAK in vitro. To assess the role of
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the basic patch of the FERM domain in the biochemical and
biological functions of FAK, substitutions were engineered in
full-length FAK. The mutant exhibited near-wild-type catalytic
activity in vitro but was defective for transducing biochemical
and biological signals in vivo. These observations suggest that
the basic patch of the FERM domain is required for the effi-
cient activation of FAK and transmission of downstream sig-
nals.

MATERIALS AND METHODS

Cells. Chicken embryo (CE) cells were prepared and maintained as described
previously (38). The RCAS A avian replication-competent retroviral vector en-
coding wild-type FAK and CAKB (Pyk2/CadTK/RAFTK), FAK mutants, and
FAK/CAKB chimeras have been described previously (10, 13, 43, 46). These
constructs contain a C-terminal KT3 tag, which is an 11-amino-acid epitope
derived from simian virus 40 large T antigen (33). Rat-1 cells were cultured in
Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum. HEK 293
cells were maintained in Dulbecco’s modified Eagle’s medium-F12 containing
10% fetal bovine serum. T47D cells were maintained in RPMI 1640 containing
10% fetal bovine serum and 0.2 U of insulin per ml. Cells were transfected by
using Lipofectamine PLUS (Life Technologies, Gaithersburg, Md.). For adhe-
sion experiments, cells were trypsinized, held in suspension, and plated onto
dishes coated with extracellular matrix proteins. CE cells were plated on dishes
coated with fibronectin (50 pg/ml) (13, 50). T47D cells were plated on dishes
coated with collagen I (5 wg/ml). In some experiments, cells were treated with 50
M vanadate for 16 h prior to lysis (46). Motility assays were performed as
described previously, using 40 pg of collagen I per ml as the haptotactic stimulus
(13, 28). A mixed-model test as well as paired and unpaired Student 7 tests were
performed with the SAS (Cary, N.C.) software to identify statistically significant
differences in the average fold change in motility.

Protein analysis. Cells were washed twice with phosphate-buffered saline and
lysed in Triton X-100 lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton
X-100, 10% glycerol) or Tx-RIPA (50 mM Tris [pH 7.3], 150 mM NaCl, 1%
Triton X-100, 0.5% deoxycholate) containing protease and phosphatase inhibi-
tors as described previously (51, 55). Protein concentrations were determined
with the bicinchoninic acid assay (Pierce, Rockford, IIl.). The KT3 monoclonal
antibody (Covance, Princeton, N.J.), FAK phosphorylation site-specific antibod-
ies (Biosource International, Camarillo, Calif.), a Pyk2/CAKB monoclonal anti-
body and the 4G10 phosphotyrosine antibody (Upstate USA Inc., Lake Placid,
N.Y.), and the RC20 phosphotyrosine antibody (BD Biosciences, San Diego,
Calif.) were purchased commercially. The BC4 polyclonal antiserum has been
described previously (41, 50). The Fyn polyclonal antiserum was a generous gift
from André Veillette (Institut de Recherches, Clinique de Montreal), and the
FAK monoclonal antibodies, 2A7 and 4.47, were generous gifts from Tom
Parsons (University of Virginia) and Bill Cance (University of Florida), respec-
tively. Immunoprecipitations and Western blotting were performed as previously
described (13). For coimmunoprecipitations, the immune complexes were
washed with IPW buffer (20 mM Tris [pH 7.4], 10% glycerol, 50 mM NacCl, 0.2%
Triton X-100). For in vitro kinase assays, immune complexes were washed with
IPW buffer, phosphate-buffered saline, and kinase reaction buffer {20 mM
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)] [pH 7.2], 7.5 pM MnCl,, 2.5
pM MgCl,}. The immune complexes were incubated in kinase reaction buffer
containing 10 wCi of [y->*P]JATP, 5 uM cold ATP, and 50 ug of poly(Glu,Tyr)
for the indicated times at room temperature. Kinase reactions were terminated
with the addition of sample buffer and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography. Quanti-
tative analysis was performed with a Storm phosphorimager and ImageQuant
software.

Homology modeling of the FERM domain of FAK. Homology modeling was
performed in the Structural Bioinformatics Core facility at University of North
Carolina, Chapel Hill. The crystal structure of the FERM domain of moesin
(PDB identification, 1E5W) (11) was used as the template for homology mod-
eling of the FERM domain of FAK. The initial alignment of the sequence of
human FAK with the sequence of moesin was made by using the 3D-PSSM fold
recognition program and modified by using the Clustal X multiple-sequence
alignment program (29, 56). The Modeler module of the InsightII molecular
modeling system (Accelrys Inc.) was used to create the model of the N-terminal
domain of FAK. The sequence-structure compatibility of the model was evalu-
ated by using the Verify function of the Profiles-3D module of InsightIl. The
sequence alignment of FAK and moesin was modified in regions of the model
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with low Profiles-3D/Verify scores. A new model was generated by using the new
alignment, and the sequence-structure compatibility of the new model was eval-
uated. This process was repeated until the sequence-structure compatibility score
could not be improved. The first two strands of the FAK FERM domain repeat-
edly received a low self-compatibility score and were deleted from the final
model. The final model, which contains FAK residues 60 to 349, received a
self-compatibility score of 119.9 out of a maximum expected score of 131.9. A
score below 59 would indicate an incorrect structure. For comparison, the X-ray
crystal structure of the FERM domain of moesin was analyzed by using the
Verify function of Profiles-3D. This structure received a self-compatibility score
of 153 out of a maximum expected score of 158. This analysis suggests that this
structure is a reasonably good homology model.

Recombinant proteins. The avian FAK or rat CAKB sequences encoding
residues 1 to 405 were amplified by PCR and subcloned into pGEX-KG in frame
with the glutathione S-transferase (GST) coding sequences (20). All amplified
sequences were analyzed by nucleotide sequencing at the University of North
Carolina, Chapel Hill, Automated DNA Sequencing Facility on a model 377
DNA sequencer (Perkin-Elmer, Applied Biosystems Division) with the ABI
PRISM dye terminator cycle sequencing ready reaction kit with AmpliTaqg DNA
polymerase FS (Perkin-Elmer, Applied Biosystems Division). The GST fusion
proteins were induced as previously described (55). For binding assays, cell
lysates (1 to 2 mg) were precleared with GST (25 pg) immobilized on glutathi-
one-agarose beads (Sigma) for 1 h at 4°C. Precleared lysates were incubated with
GST fusion proteins (25 wg) immobilized on glutathione-agarose beads for 1 h
at 4°C with constant rocking and then washed three times in IPW buffer. Bound
proteins were eluted with Laemmli sample buffer and analyzed by Western
blotting.

To explore direct binding of the recombinant FERM domain to the recombi-
nant catalytic domain, the catalytic domain of FAK (residues 390 to 696) was
amplified by PCR and ligated into a modified pET vector containing an amino-
terminal Hisg tag with a TEV cleavage site. The expression of recombinant
protein in Escherichia coli BL21 cells was induced at an optical density at 600 nm
of 0.6 to 0.7 by the addition of 0.2 mM IPTG (isopropyl-B-p-thiogalactopyrano-
side), and cells were grown for an additional 12 to 16 h at 18°C. The cells were
harvested and frozen at —70°C. Cell pellets were thawed in buffer A (20 mM Tris
[pH 8.0], 200 mM NaCl, 5 mM imidazole, 5 mM B-mercaptoethanol) with the
addition of 0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM
benzamadine, 10 pg of leupeptin per ml, 10 mg of lysozyme per ml, and 1 mg of
DNase per ml and lysed by sonication on ice. After clarification, supernatants
were loaded onto an Ni-chelating column. Following extensive washing, protein
was eluted with buffer A containing 300 mM imidazole. FAK kinase domain-
containing fractions were pooled, and the His, tag was cleaved by incubation with
1 pg of TEV protease per mg of protein overnight at 4°C. The digested protein
was diluted with buffer B (20 mM Tris [pH 8.0], 2 mM NaCl, 5 mM B-mercap-
toethanol) to a final salt concentration of 50 mM NaCl. Protein was loaded onto
a 5 ml Hi-Trap Q column equilibrated in buffer A containing 50 mM NaCl and
eluted with buffer A containing 500 mM NaCl. The kinase domain was concen-
trated and further purified on an S75 size exclusion column previously equili-
brated in buffer C (20 mM Tris [pH 8.0], 100 mM NaCl, 5 mM B-mercaptoetha-
nol). GST-FERM proteins on glutathione beads were incubated with purified
FAK kinase domain in buffer D (20 mM Tris [pH 8.0], 50 mM NaCl, 5 mM
B-mercaptoethanol, 5 mM MgCl,, 1 mM ATP) for 20 min at 25°C. The beads
were washed three times with buffer D (with no MgCl, or ATP), and protein was
eluted with buffer D containing 25 mM glutathione. Duplicate samples were
analyzed by Western blotting with 4G10 and SDS-PAGE followed by Coomassie
blue staining.

Molecular biology. FAK mutants were engineered by using pBluescript-FAK
as a template (41). Oligonucleotides were designed to substitute alanine residues
for the amino acids targeted for mutagenesis, and the mutations were created by
using the QuikChange mutagenesis kit (Stratagene, La Jolla Calif.). Mutants
were analyzed by sequence analysis to verify the intended point mutations and
that no unintended mutations were present. The N-terminal domains of the
mutants (residues 1 to 405) were amplified and subcloned into pGEX-KG as
described above. For transient expression of the N-terminal domain of FAK in
mammalian cells, residues 1 to 405 were amplified and subcloned into pcDNA3.
For expression in CE cells, the mutant full-length FAK ¢cDNAs were subcloned
into RCAS A.

Immunofluorescence. Cells were fixed in 3% formaldehyde and permeabilized
with 0.4% Triton X-100. FAK was detected by using BC4 and a rhodamine-
conjugated anti-rabbit antibody as previously described (8, 42). Cells were visu-
alized by using a Leitz Orthoplan fluorescence microscope, and images captured
with a Hamamatsu digital camera and Metamorph imaging software (Universal
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Imaging Corporation, West Chester, Pa.). Images were taken with identical
exposure times.

RESULTS

The FAK FERM domain binds FAK in vitro. Since FERM
domains of other proteins mediate intramolecular interactions,
the possibility that the FERM domain of FAK exhibited FAK
binding activity was explored. A GST fusion protein containing
the N-terminal domain of FAK (including the entire FERM
domain), immobilized to glutathione-agarose beads, was incu-
bated with lysates of CE cells overexpressing wild-type,
epitope-tagged FAK. Bound proteins were analyzed by West-
ern blotting with the KT3 monoclonal antibody, which recog-
nizes the tag. FAK bound to the GST-FAK N-terminal domain
fusion protein but not to GST alone (Fig. 1A). Since CAKB/
Pyk2/CadTK/RAFTK exhibits extensive sequence similarity to
FAK, the N-terminal domain of CAKR was also examined for
its ability to bind FAK. The CAKB N-terminal domain also
associated with FAK in vitro, although less FAK bound to the
N terminus of CAKR than to the N terminus of FAK (Fig. 1A).
The ability of the N termini of FAK and CAKP to bind to
CAKp was also examined by incubating GST-FAK N terminus
and GST-CAKB N terminus fusion proteins, immobilized on
glutathione-agarose beads, with lysate from CE cells express-
ing exogenous, epitope-tagged CAKP. Although CAKB was
efficiently expressed in CE cells, neither the N-terminal do-
main of FAK nor that of CAKB bound to CAKB (Fig. 1A).
Thus, the N terminus of FAK and, to a lesser extent the N
terminus of CAKR, associate with exogenously expressed FAK
in vitro but not with CAKR.

To further corroborate these findings, the ability of GST
fusion proteins containing the N terminus of FAK or CAKB to
associate with endogenous FAK and CAKR was examined.
Fusion proteins immobilized on glutathione-agarose beads
were incubated with lysates of CE cells or Rat-1 cells, and
bound FAK was detected by Western blotting. The N-terminal
domain of FAK associated with endogenous FAK in vitro (Fig.
1B). The N-terminal domain of CAKP bound very weakly to
endogenous FAK and was not detectable in the exposure
shown. No binding to GST alone was detected. Further, equal
amounts of each GST fusion protein were used in the analysis
(Fig. 1D). CAKP is not expressed endogenously in CE cells,
and thus the interaction of the N-terminal domains of FAK
and CAKP with endogenous CAKB was examined by using
lysates of Rat-1 cells. Similar to the results with exogenously
expressed CAKB, endogenous CAKR failed to associate with
the N-terminal domain of either FAK or CAKR in vitro (Fig.
1C). These findings demonstrate that the N terminus of FAK,
and to a lesser extent the N terminus of CAKR, is capable of
associating directly or indirectly with FAK in vitro but that
these N-terminal domains are not capable of associating with
CAKB.

To further validate the observed interaction of the FERM
domain with full-length FAK, the FERM domain was sub-
cloned into pcDNA3 for transient expression in mammalian
cells. Full-length FAK and the FERM domain were coex-
pressed in HEK 293 cells, and FAK was immunoprecipitated
with monoclonal antibody 2A7, which recognizes the C-termi-
nal domain of FAK. Coimmunoprecipitating FERM domain
was detected by using monoclonal antibody 4.47, which recog-
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FIG. 1. The N-terminal domain of FAK associates with FAK in vitro. (A) Epitope-tagged FAK (lanes 1 to 4) or CAKB (lanes 5 to 8) was
expressed in CE cells. Cell lysates (1 mg) were precleared with GST bound to glutathione beads and then incubated with 25 wg of GST,
GST-N-FAK, or GST-N-CAKR. Bound proteins were detected by Western blotting with KT3. Cell lysate (25 pg) was analyzed directly by Western
blotting as a control (lanes 1 and 5). (B) Rat-1 cells (lanes 1 to 4) or CE cells (lanes 5 to 8) were lysed, precleared with GST, and then incubated
with GST, GST-N-FAK, or GST-N-CAKR. Endogenous FAK bound to the beads was detected by Western blotting with BC4. Lysate (25 g) was
directly blotted as a control (lanes 1 and 5). (C) The blot in panel B was stripped and reprobed with a CAKB monoclonal antibody to examine
endogenous CAKP binding to the GST fusion proteins. Note that CE cells express no endogenous CAK, and these samples were excluded from
the analysis. (D) A fraction of the products from the GST pulldowns performed on Rat-1 cell lysates (B and C) were analyzed by SDS-PAGE and
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nizes the N-terminal domain. The results show coimmunopre-
cipitation of the FERM domain with full-length FAK, al-
though the stoichiometry of association was quite low (Fig. 1E,
lane 9). A reduced amount of the FERM domain was coim-
munoprecipitated with 4.47 in the absence of exogenously ex-
pressed FAK, reflecting association of the FERM domain with
endogenous FAK (Fig. 1E, lane 8). Control immunoprecipita-
tions nonspecifically trapped very small amounts of the FERM
domain (Fig. 1E, lanes 4 to 6). These results demonstrate that
the FERM domain of FAK can associate with full-length FAK
in vivo, albeit with low stoichiometry.

The central region of FAK containing the catalytic domain
is required for N-terminal domain binding. The observation
that the N termini of FAK and CAKR can associate with FAK,
but not with CAKp, allowed the use of chimeric FAK/CAKpB
molecules to map the region of FAK that interacts with the
N-terminal domain (Fig. 2A) (10). GST-FAK N terminus fu-
sion protein immobilized on glutathione-agarose beads was
incubated with lysates of CE cells expressing various FAK/
CAKSB chimeric proteins. The association of the chimeras with
the N terminus of FAK was determined by Western blotting
with KT3 (Fig. 2B and C). The central region of FAK, which
contains the catalytic domain, was the principal determinant of
the ability to bind the N-terminal domain of FAK. Whereas
chimeras containing the FAK catalytic domain, FFF (Fig. 2B,
lanes 3 and 4), and CFC (Fig. 2B, lanes 7 and 8), associated
with the N termini of FAK and CAKR in vitro, chimeras
containing the catalytic domain of CAKB, CCC (Fig. 2B, lanes
11 and 12) and FCF (Fig. 2B, lanes 15 and 16) did not bind to
the N-terminal domain of FAK or CAKR. These data implicate
the central region of FAK in the interaction with the FAK
FERM domain. As the central regions swapped between chi-
meras are comprised of the catalytic domain with small N- and
C-terminal extensions, the most likely site of interaction is
within the catalytic domain. However, additional analysis sug-
gested that the N-terminal domain of FAK may modulate this
interaction, since chimeras containing both the FAK N-termi-
nal domain and the FAK catalytic domain bound more effi-
ciently to the GST-FAK N terminus fusion protein than chi-
meras containing the N-terminal domain of CAKpB (Fig. 2C).
CFC (Fig. 2C, lane 6) and CFF (Fig. 2C, lane 8) exhibited
weaker binding to the FAK FERM domain than the analogous
chimeras containing the N terminus of FAK, FFC (Fig. 2C,
lane 4) and FFF (Fig. 2C, lane 2). Further, a mutant with a
large N-terminal deletion, dl51-377, associated very poorly
with the FERM domain of FAK (Fig. 2D). Thus, both the
catalytic and N-terminal domains of FAK are required to as-
sociate with the FAK FERM domain in vitro. This observation
is distinct from a previous report of an interaction between the
FERM domain and catalytic domain of FAK (9).

A number of FAK mutants were expressed in CE cells and
characterized for their ability to associate with the N-terminal
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domain of FAK in vitro. The major autophosphorylation site
of FAK, tyrosine 397, is dispensable for the interaction with
the N-terminal domain of FAK, since the 397F FAK mutant
bound to the N-terminal domain (Fig. 2E). Catalytic activity of
FAK was also not required for association with the FAK N-
terminal domain in vitro, since two catalytically defective mu-
tants of FAK, K454 M and D564A, associated with the N-
terminal domain (Fig. 2E and data not shown). Thus, neither
catalytic activity nor phosphorylation of FAK at its major au-
tophosphorylation site was required for the interaction with
the FAK N terminus in vitro.

Homology modeling of the FERM domain of FAK. Based
upon sequence analysis, a FERM domain was identified within
the N-terminal domain of FAK (18). To gain insight into the
function of the N-terminal domain, a molecular model of the
FERM domain was created by using the InsightIl homology
modeling program. The structures of several FERM domains
were used as templates for homology modeling, and the best
model was produced by using the crystal structure of moesin as
a template (11). Residues flanking the FERM domain could
not be modeled, since the secondary structures of these regions
were predicted to be neither a-helices nor B-strands.

FERM domains contain three lobes, F1, F2, and F3 (also
referred to as the A, B, and C subdomains) (21, 36). The F1
subdomain resembles ubiquitin in its structure, the F2 subdo-
main has a protein fold similar to that of acyl coenzyme A
(acyl-CoA) binding protein, and the F3 subdomain is similar in
structure to PH/PTB/EVH1 domains (11, 21, 36). The first two
strands of the ubiquitin-like domain of the FAK FERM do-
main could not be accurately modeled and were therefore
omitted from the final structure (Fig. 3A).

Identification of N-terminal domain residues critical for
FAK binding. One of the striking features of the FAK FERM
model was a large patch of basic residues on the surface at the
tip of the F2 subdomain (Fig. 3B, top). Analysis of the X-ray
crystal structure of the FAK FERM domain (D. F. J. Cec-
carelli, H. K. Song, F. Poy, M. D. Schaller, and M. J. Eck,
unpublished data) verified that this basic patch was solvent
exposed. These residues are highly conserved in FAK (Fig. 3B,
middle) and are also conserved between FAK and CAK (Fig.
3B, bottom). As CAKP exhibits partial binding activity, such a
conserved region may form part of the interaction site. There-
fore, this region was considered a candidate for the FAK bind-
ing site within the FERM domain of FAK. To explore the role
of these residues in FAK binding, alanine substitutions were
made for several basic residues. Two mutants, one with alanine
substitutions for K’ and K'' (KK) and one with alanine
substitutions for K*'°, K*'® and R**' (KAKTLR), were cre-
ated. These mutants were engineered into the GST-FAK N-
terminal domain fusion protein construct, expressed, and
tested for their ability to associate with FAK in vitro. Wild-type
FAK and several other FERM domain mutants efficiently as-

Coomassie blue staining to demonstrate that equal amounts of each fusion protein was used in the analysis. (E) The FAK N-terminal domain was
transiently coexpressed with full-length FAK in 293 cells. Expression of each was determined by Western blotting of 25 pg of lysate with
monoclonal antibody 4.47 (lanes 1 to 3). Full-length FAK was immunoprecipitated (IP) with monoclonal antibody 2A7, and the immunoprecipi-
tated FAK and coimmunoprecipitating N-terminal domain were detected by Western blotting with monoclonal antibody 4.47 (lanes 7 to 9). As a
specificity control for coimmunoprecipitation, mock precipitations with protein G alone were also performed (lanes 4 to 6). Numbers on the left

are molecular weights in thousands.
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FIG. 2. Association of the FERM domain with FAK/CAKP chimeras and FAK mutants. (A) Schematic illustration of FAK/CAKP chimeras
utilized in this analysis. (B) Lysates of cells expressing the chimeras FFF (lanes 1 to 4), CFC (lanes 5 to 8), CCC (lanes 9 to 12), and FCF (lanes
13 to 16) were incubated with GST (lanes 2, 6, 10, and 14), GST-N-FAK (lanes 3, 7, 11, and 15), or GST-N-CAKB (lanes 4, 8, 12, and 16)
immobilized to glutathione-agarose beads. Chimeric proteins that bound to the GST fusion proteins were detected by Western blotting with KT3.
Lysate was directly analyzed as a control (lanes 1, 5, 9, and 13). (C) Lysates of cells expressing the chimeras FFF (lanes 1 and 2), FFC (lanes 3
and 4) CFC (lanes 5 and 6), and CFF (lanes 7 and 8) were incubated with GST-N-FAK (lanes 2, 4, 6, and 8) immobilized to glutathione-agarose
beads, and bound protein was detected by Western blotting with KT3. Lysate was directly analyzed as a control (lanes 1, 3, 5, and 7). (D) Lysates
of untransfected CE cells (lane 4) or cells expressing wild-type FAK (lanes 5) or the FAK mutant dI51-377 (lane 6) were incubated with
GST-N-FAK, and bound FAK was detected by Western blotting with the BC4 polyclonal antiserum. Lysates were directly analyzed as a control
(lanes 1 to 3). (E) Lysates of CE cells expressing FAK (lanes 1 to 3), FAKY397F (lanes 4 and 5), or FAKK454M (lanes 6 and 7) were incubated
with GST-N-FAK, and bound FAK was detected by Western blotting with KT3. Lysates were directly analyzed by Western blotting as a control
(lanes 1, 4, and 6). As a negative control for FAK binding, GST was used.

sociated with FAK in vitro (Fig. 4A and data not shown). In
contrast, KK exhibited reduced binding relative to the wild-
type FERM domain, and KAKTLR was devoid of binding
activity (Fig. 4A). Comparable amounts of fusion proteins
were used in these experiments (Fig. 4B). To further explore
this interaction, the KAKTLR FERM domain variant was co-
expressed with wild-type FAK in HEK 293 cells. The wild-type
FERM domain coimmunoprecipitated with full-length FAK
(Fig. 4C, lane 1). In contrast, the interaction of the FERM
domain containing the KAKTLR mutation with full-length
FAK was dramatically reduced (Fig. 4C, lane 2). These find-
ings suggest that conserved basic residues on the surface of the

F2 subdomain of the FAK FERM domain are important for
the interaction with full-length FAK.

To further explore the interaction between the FERM and
catalytic domains, each was expressed as recombinant protein
in E. coli. The purified catalytic domain was incubated with
GST fusion proteins immobilized on beads in the presence of
Mg** and ATP, allowing autophosphorylation of the catalytic
domain and transphosphorylation of the FERM domain. After
washing, proteins were eluted with free glutathione, and the
presence of the catalytic domain was detected by blotting with
a phosphotyrosine antibody (Fig. 4D, top panel). Although this
interaction was very weak (i.e., not detected in the Coomassie
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FIG. 3. Model of the FERM domain of FAK. (A) The backbone of the model of the FERM domain of FAK is shown. This model contains
FAK residues 60 to 349. The ubiquitin-like subdomain (F1), acyl-CoA binding protein (BP)-like subdomain (F2) and PH/PTB/EVH-like
subdomain (F3) are indicated. (B) The surface of the model of the FERM domain is shown. In the top panel, electrostatic potential is indicated
colorimetrically, with red indicating negative potential and blue indicating positive potential. In the middle panel, the surface of the FERM domain
is shown with residues that are identical from Drosophila to human (green) and highly conserved residues (black) indicated. In the bottom panel,
the surface of the FERM domain is shown with residues that are identical between FAK and CAKP in yellow. The circled region indicates a highly

conserved basic patch at the tip of the F2 subdomain.

blue-stained gel), the catalytic domain associated directly with
the FERM domain of FAK in vitro (Fig. 4D, lanes 2 and 3).
The catalytic domain failed to associate with the GST alone
(Fig. 4D, lanes 8 and 9) or with other control GST fusion
proteins (data not shown). Surprisingly, the catalytic domain
associated with the KAKTLR mutant of FAK (Fig. 4D, lanes
5 and 6). Similar amounts of GST-N-FAK (lanes 1 to 3),
GST-KAKTLR (lanes 4 to 6), and GST (lanes 7 to 9) were
used in this analysis (Fig. 4D, bottom). These findings demon-
strate the direct interaction of the FAK FERM domain with
the FAK catalytic domain in vitro, presumably reflecting the
recently described FERM-catalytic domain interaction (9).
However, the basic patch at the tip of the F2 subdomain is not
required for this direct interaction.

The FERM domain-mediated interaction modulates FAK
phosphorylation. In order to assess the consequences of dis-
rupting the interaction mediated by the basic patch of the

FERM domain of FAK, the KAKTLR mutant was selected for
further characterization. The mutant was subcloned into the
RCAS A retroviral vector and expressed in CE cells. KAKTLR
could be expressed in CE cells to similar levels as wild-type
FAK and was correctly localized to focal adhesions (Fig. SA
and B). Overexpression of FAK had little effect on the levels of
cellular tyrosine phosphorylation, except that the exogenously
expressed FAK protein now appeared as the major tyrosine-
phosphorylated protein in the cell (Fig. 5B, top panel) (45, 46).
Similarly, overexpression of KAKTLR had no effect on the
phosphotyrosine levels of cellular proteins; however, tyrosine
phosphorylation of KAKTLR was apparently reduced relative
to that of wild-type FAK (Fig. 5B). To verify this observation,
exogenously expressed wild-type FAK and KAKTLR were im-
munoprecipitated and Western blotted with a phosphotyrosine
antibody. KAKTLR exhibited reduced levels of phosphoty-
rosine relative to wild-type FAK (Fig. 5C). The blot was
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FERM domain with the KAKTLR mutation (lane 2) was transiently coexpressed with full-length, wild-type FAK in HEK 293 cells. FAK was
immunoprecipitated with 2A7, and the immune complexes were analyzed by Western blotting with 4.47 (top panel). Lysates were blotted with 4.47
to verify equal expression of the FERM domains (bottom panel). Numbers on the left are molecular weights in thousands. (D) Purified
recombinant catalytic domain of FAK was incubated with GST-N-FAK (lanes 2 and 3), GST-KAKTLR (lanes 5 and 6), or GST (lanes 8 and 9)
immobilized on glutathione beads in the presence of Mg and ATP. After washing and elution with free glutathione, samples were analyzed by
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FIG. 5. KAKTLR is defective for tyrosine phosphorylation in vivo. (A) CE cells (top panel) and CE cells overexpressing wild-type FAK (middle
panel) or the KAKTLR mutant (bottom panel) were fixed and stained with the BC4 polyclonal FAK antibody. (B) Upper panel, 25 pg of cell lysate
from control transfected CE cells (lane 1) or FAK (lane 2)- or KAKTLR (lane 3)-expressing CE cells was analyzed by Western blotting for
phosphotyrosine (pTyr). The positions of molecular weight markers (in thousands) are indicated on the left. Lower panel, the blot was stripped
and reprobed for FAK. (C) FAK was immunoprecipitated from lysates of CE cells containing empty vector (lane 1) or expressing FAK (lane 2)
or KAKTLR (lane 3). Immune complexes were Western blotted for phosphotyrosine (top panel) and then stripped and reprobed for FAK (bottom
panel). (D) Twenty-five micrograms of cell lysate from control transfected CE cells (lane 1) or FAK (lane 2)- or KAKTLR (lane 3)-expressing CE
cells was analyzed by Western blotting with phospho-specific antibodies recognizing FAK when phosphorylated on Y397, Y576, Y577, or Y861,
as indicated. Lysate was also blotted for FAK to demonstrate equal expression of protein (bottom panel).

stripped and reprobed to verify that equal levels of exog-
enously expressed FAK proteins were recovered. To deter-
mine whether KAKTLR was defective for phosphorylation at
specific tyrosine residues, cell lysates were analyzed by West-
ern blotting with phospho-specific antibodies recognizing
phosphorylated Y397 (PY397), Y576 (PY576), and Y577
(PY577). Phosphorylation of KAKTLR at each of these sites
was reduced relative to that of wild-type FAK (Fig. 5D, lanes
2 and 3). In contrast to these results, similar levels of phos-
phorylation of tyrosine residue 861 were seen in the wild-type
and mutant FAK proteins. A FAK Western blot verified that
equal amounts of wild-type FAK and KAKTLR were present
in the lysates (Fig. 5D, bottom). These results demonstrate that
the mutation disrupting the FERM domain-mediated interac-
tion leads to reduced tyrosine phosphorylation of FAK, includ-

ing key regulatory sites of phosphorylation at tyrosines 397,
576, and 577.

To further characterize KAKTLR, tyrosine phosphorylation
in response to cell adhesion to fibronectin was examined. CE
cells expressing wild-type FAK or the KAKTLR mutant were
trypsinized, held in suspension for 45 min, and then plated on
fibronectin for the various times. FAK and KAKTLR were
immunoprecipitated and analyzed by Western blotting for
phosphotyrosine. The phosphotyrosine content of both wild-
type FAK and KAKTLR was reduced when cells were held in
suspension and increased upon cell adhesion to fibronectin
(Fig. 6A). However, the level of tyrosine phosphorylation of
KAKTLR was reduced relative to that of wild-type FAK. Ty-
rosine phosphorylation was further analyzed by using the
PY397 phospho-specific antibody. When the cells were held in
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FIG. 6. KAKTLR is defective for adhesion dependent tyrosine
phosphorylation. CE cells expressing wild-type FAK (lanes 1 to 5) or
KAKTLR (lanes 6 to 10) were held in suspension or plated onto
fibronectin for the indicated times. Tyrosine phosphorylation in sub-
confluent cells in culture was also examined (lanes 1 and 6). FAK or
KAKTLR was immunoprecipitated and analyzed by Western blotting
for phosphotyrosine (pTyr) (panel A, top panel). Tyrosine phosphor-
ylation at position 397 was examined by Western blotting of whole cell
lysates with PY397 (panel B, top panel). As a loading control, these
blots were stripped and reprobed with BC4 (bottom panels).

suspension, phosphorylation of tyrosine 397 in FAK and
KAKTLR was dramatically reduced (Fig. 6B). Upon adhesion
to fibronectin, both become phosphorylated at tyrosine 397.
However, the level of phosphorylation at tyrosine 397 in KAK-
TLR was reduced relative to that in wild-type FAK following
adhesion to fibronectin. Differences in phosphotyrosine levels
were not due to differences in expression or recovery of wild-
type and mutant FAK by immunoprecipitation (Fig. 6). These
results demonstrate that the KAKTLR mutation, which inhib-
its the ability of the FERM domain to interact with FAK in
vitro, also impairs tyrosine phosphorylation of FAK in vivo in
response to a physiological stimulus.

The FERM domain-mediated interaction is dispensable for
catalytic activity. Since KAKTLR exhibits reduced tyrosine
phosphorylation in vivo, and given the precedent that the
FERM domain-catalytic domain interaction is critical for cat-
alytic activity of JAK3 (60), it seemed possible that the
KAKTLR mutant would exhibit a catalytic defect. This possi-
bility was examined by incubating FAK immune complexes in

MoL. CELL. BIOL.

an in vitro kinase assay with poly(Glu,Tyr) as an exogenous
substrate. Under these conditions, wild-type FAK and the
KAKTLR mutant catalyzed phosphorylation of the exogenous
substrate. There was comparable catalytic activity of the KAK-
TLR mutant relative to the wild type as measured in this assay
(Fig. 7A). Quantification of five independent experiments by
phosphorimager analysis revealed an approximately 20% re-
duction in the catalytic activity of the mutant (Fig. 7B). West-
ern blotting of the immune complexes revealed that equal
amounts of wild-type FAK and KAKTLR were immunopre-
cipitated (Fig. 7A, bottom). Therefore, the mutation disrupting
the FERM domain-mediated interaction had very little effect
upon kinase activity in vitro.

Perturbation of the FERM domain-mediated interaction
disrupts binding of Src family kinases. The KAKTLR mutant
exhibits a defect in in vivo phosphorylation of tyrosine 397, a
phosphorylation site that regulates binding to several SH2 do-
main-containing proteins, including Src family kinases. To ex-
plore the effect of the KAKTLR mutation upon association
with Src kinases, wild-type or mutant FAK proteins were ex-
pressed in CE cells and association with Fyn was examined.
Endogenous Fyn was immunoprecipitated from cell lysates,
and coimmunoprecipitated FAK was examined by Western
blotting. Wild-type FAK was readily coimmunoprecipitated
with Fyn (Fig. 7C, top panel, lane 2). In contrast, KAKTLR
exhibited very weak binding to Fyn (Fig. 7C, top panel, lane 3).
Equal amounts of Fyn were immunoprecipitated from each of
the lysates (Fig. 7C, middle panel), and comparable levels of
wild-type and mutant FAK were expressed (Fig. 7C, bottom
panel). Reduced association of the KAKTLR mutation with
Fyn was also observed in cells that adhered to fibronectin for
20 min prior to lysis (Fig. 7D). These results demonstrate that
the interaction mediated by the basic patch of the F2 subdo-
main of the FERM domain is required for the efficient phos-
phorylation of FAK at tyrosine 397 and the subsequent binding
of Src family kinases.

Disruption of the FERM domain interaction impairs signal-
ing in vivo. Since KAKTLR exhibited reduced tyrosine phos-
phorylation in vivo and tyrosine phosphorylation plays an im-
portant regulatory role in FAK signaling, the ability of the
mutant to transmit biochemical signals in vivo was explored.
Whereas overexpression of FAK in CE cells has little effect
upon tyrosine phosphorylation of focal adhesion-associated
proteins, inhibition of cellular phosphatases by treatment with
vanadate induces a dramatic increase in tyrosine phosphoryla-
tion of focal adhesion-associated proteins in FAK-overexpress-
ing cells (45, 46). To explore transmission of downstream sig-
nals in this system, CE cells overexpressing wild-type FAK or
KAKTLR were treated with vanadate, and cellular phospho-
tyrosine levels were examined by Western blotting. Vanadate
treatment had little effect on phosphotyrosine levels in mock-
transfected cells but induced a dramatic increase in tyrosine
phosphorylation in FAK-overexpressing cells (Fig. 8A, lanes 3
and 4). In contrast, vanadate treatment of KAKTLR-overex-
pressing cells had little effect on cellular phosphotyrosine levels
(lanes 5 and 6), similar to the effect observed in mock-trans-
fected cells. To examine tyrosine phosphorylation of a specific
substrate, paxillin was immunoprecipitated from these lysates,
and tyrosine phosphorylation was examined by Western blot-
ting. Whereas vanadate treatment of FAK-overexpressing cells
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FIG. 7. KAKTLR is catalytically active but is defective for Fyn binding. (A) Endogenous FAK (lanes 1 and 2) and exogenously expressed
wild-type FAK (lanes 3 and 4) or KAKTLR (lanes 5 and 6) were immunoprecipitated from CE cell lysates, and the immune complexes were
incubated in an in vitro kinase assay with poly(Glu,Tyr) for 5 or 10 min (top panel). A fraction of each immune complex was also blotted for FAK
to verify equal recovery of wild-type FAK (lane 2) and KAKTLR (lane 3) (bottom panel). (B) The results from five experiments were quantified
by phosphorimager analysis. Phosphorylation of substrate following 5 min incubation with FAK was arbitrarily set as 1. The error bars indicate
standard errors. (C) CE lysates containing empty vector (lanes 1) or expressing FAK (lanes 2) or KAKTLR (lanes 3) were used for immuno-
precipitations (IP) with a Fyn polyclonal antiserum. The immune complexes were blotted with BC4 to detect coimmunoprecipitated FAK (top
panel), and then the blot was stripped and reprobed for Fyn (middle panel) to demonstrate equal recovery of Fyn in the immunoprecipitations.
Expression of wild-type and mutant FAK was compared by blotting 25 g of cell lysate with BC4 (bottom panel). (D) Fyn was immunoprecipitated
from lysates of FAK (lanes 1)- or KAKTLR (lanes 2)-overexpressing cells following adhesion to fibronectin-coated plates for 20 min. Immune
complexes were analyzed by Western blotting with BC4 (top panel), and the blots were stripped and reprobed for Fyn (middle panel). Expression
of wild-type and mutant FAK was compared by blotting 25 g of cell lysate with BC4 (bottom panel).

dramatically increased tyrosine phosphorylation of paxillin
(Fig. 8B, lane 4), vanadate treatment of KAKTLR-expressing
cells failed to induce an increase in tyrosine phosphorylation of
paxillin (Fig. 8B, lane 6). Equal amounts of paxillin were im-
munoprecipitated for this analysis (Fig. 8B, bottom). These
results demonstrate that disruption of the FERM domain in-
teraction impairs the ability of FAK to transmit biochemical
signals in vivo.

To examine the importance of the FERM domain-mediated
interaction in mediating biological functions controlled by
FAK, the ability of KAKTLR to promote cell motility was

examined. T47D/tva cells, a derivative of the T47D breast
cancer cell line that is susceptible to infection with avian ret-
roviral vectors, were used for this analysis (13). T47D/tva cells
were infected with the empty RCAS A vector or with RCAS A
containing the wild-type FAK or KAKTLR cDNA. Expression
levels of FAK and KAKTLR were comparable, as determined
by Western blotting (Fig. 9A). Regulation of tyrosine phos-
phorylation of FAK in T47D cells following cell adhesion to
collagen was examined. Cells were held in suspension or plated
onto collagen-coated plates for 45 min prior to lysis. Tyrosine
phosphorylation at the major autophosphorylation site was
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FIG. 8. KAKTLR is defective for signaling in vivo. (A) Lysates of CE cells expressing empty RCAS A (lanes 1 and 2), FAK (lanes 3 and 4),
or KAKTLR (lanes 5 and 6) were analyzed by Western blotting for phosphotyrosine (pTyr). Prior to lysis, cells were either left untreated or treated
with 50 pM vanadate (VO,) for 16 h. (B) Endogenous paxillin was immunoprecipitated from lysates of control cells (lanes 1 and 2) or cells
expressing FAK (lanes 3 and 4) or KAKTLR (lanes 5 and 6) treated as for panel A. Tyrosine phosphorylation was examined by Western blotting
(top). The blot was stripped and reprobed with a monoclonal antibody recognizing paxillin (bottom).

measured by Western blotting with PY397, and the amount of
FAK in each lysate was determined by stripping and reprobing
with a FAK polyclonal antiserum. Phosphorylation of endog-
enous FAK precipitously declined upon detachment and incu-
bation in suspension. Replating on collagen restored phos-
phorylation at tyrosine 397 (Fig. 9A, top panel). In cells
expressing exogenous FAK, the level of FAK was increased
and, concomitantly, phosphorylation of tyrosine 397 was in-
creased (Fig. 9A, lanes 4 to 6). As in control cells, phosphor-
ylation declined when FAK-overexpressing cells were held in
suspension, and tyrosine 397 became phosphorylated upon ad-
hesion to collagen. Despite similar expression levels of wild-
type FAK and KAKTLR, the level of phosphorylation at ty-
rosine 397 on KAKTLR was similar to the amount of
phosphotyrosine detected on endogenous FAK (Fig. 9A, lanes
7t0 9). These results demonstrate that the KAKTLR mutation
produces defects in adhesion-dependent phosphorylation in
human epithelial cells, in addition to avian fibroblasts. To
measure motility, cells were suspended in serum-free medium
and placed in the upper chamber of a transwell. Cell migration
in response to a haptotactic stimulus, i.e., collagen applied to
the underside of the transwell membrane, was examined (Fig.
9B). Overexpression of FAK resulted in a statistically signifi-
cant 1.8-fold increase in the number of migrating cells com-
pared to control cells. Overexpression of KAKTLR also in-
creased the motility of T47D/tva cells. However, the mutant

was defective for promoting cell motility, increasing migration
by only 1.2-fold relative to the motility of control cells, which
was not statistically significant. This result demonstrates that
the interaction mediated by the FERM domain of FAK is not
only required for biochemical signaling but is also required for
the control of biological responses by FAK.

DISCUSSION

The N-terminal region of FAK contains a FERM domain, a
module that mediates protein-protein interactions. Like other
FERM domains, the FAK FERM domain mediates interac-
tions with several proteins, including transmembrane proteins
(e.g., the platelet-derived growth factor receptor) and cytosolic
proteins (e.g., Etk) (7, 53). An intramolecular FERM domain-
mediated interaction has also been proposed as a mechanism
for regulation of FAK activity (9, 17, 49). We have observed
that the FAK FERM domain can associate with full-length
FAK in vitro. Point mutations within the FERM domain that
disrupt this interaction have been identified and shown to
impair FAK signaling in vivo. This contrasts with previous
findings that suggest a negative regulatory role for the FERM
domain. Whereas studies to date have relied upon FERM
domain deletion mutants, this is the first study using FERM
domain point mutations. One caveat of mutational analysis is
loss of function due to inadvertent indirect effects such as
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FIG. 9. KAKTLR is defective for promoting motility in T47D cells.
T47D/tva cells were infected with empty RCAS A (mock) or RCAS A
vectors engineered to express wild-type FAK or KAKTLR. (A) Con-
trol cells (lanes 1 to 3) or FAK (lanes 4 to 6)- or KAKTLR (lanes 7 to
9)-expressing cells growing in culture (lanes 1, 4, and 7), held in
suspension (lanes 2, 5, and 8) or plated onto collagen for 45 min (lanes
3, 6, and 9) were lysed, and phosphorylation of FAK at tyrosine 397
was examined by Western blotting with PY397 (top). The blot was
stripped and reprobed with BC4 as a loading control (bottom).
(B) T47D/tva cells infected with empty RCAS A or expressing FAK or
KAKTLR were assessed for haptotactic motility in response to colla-
gen L. The average fold change in motility for nine experiments, each
performed in triplicate, is shown. Error bars denote standard errors. *,
the difference in motility between FAK- and mock-expressing cells was
statistically significant (P < 0.05). The difference in motility between
KAKTLR- and mock-expressing cells was not statistically significant.

misfolding. Several observations demonstrate that this is not
the case in this study. Analysis of the recombinant wild-type
and mutant FERM domains by circular dichroism suggests the
mutant domain is folded similarly to the wild-type domain
(data not shown). Further, similar catalytic activities and lo-
calization to focal adhesions demonstrate that the catalytic and
FAT domains of the mutant and wild-type proteins are cor-
rectly folded and function comparably. The results of this study
reveal a potentially important role of the FERM domain in cell
adhesion-dependent activation of FAK signaling, a function
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that was not readily apparent from the analysis of N-terminal
deletion mutants.

The observed interaction between the FERM domain and
full-length FAK appears to be distinct from another reported
interaction between the FERM domain and FAK (9). In that
published report, the FERM domain was found to be able to
interact with the catalytic domain of FAK in vitro. This con-
trasts with the interaction that we have observed, in which both
the FERM domain and catalytic domain of full-length FAK
are required to associate with the recombinant FAK FERM
domain in vitro. The interaction of the FAK FERM and cat-
alytic domains is presumed to be direct (9). We have partially
addressed whether our observed interaction is direct or indi-
rect by using recombinant fragments of FAK. A direct inter-
action between the recombinant FERM domain and recombi-
nant catalytic domain of FAK was observed, although the
interaction was weak. Interestingly, the mutations that abolish
the interaction of recombinant FERM domain with full-length
FAK in vitro (the KAKTLR mutant) have no effect on the
interaction of the purified FERM domain with purified cata-
lytic domain. It therefore appears that multiple FERM do-
main-mediated interactions may be involved in FAK regula-
tion. The first is the direct FERM domain-catalytic domain
interaction described by Cooper et al. (9), and the second is the
intermolecular FERM domain—full-length FAK interaction,
which we speculate is indirect. The former interaction inhibits
FAK activity and signaling (9). The latter interaction may be
required for FAK activation, since mutation of the basic patch
that mediates the interaction impairs phosphorylation of FAK
at tyrosine 397, recruitment of Src family kinases, tyrosine
phosphorylation of downstream substrates, and stimulation of
cell migration. One model consistent with these data is that the
FERM domain negatively regulates FAK via interaction with
the catalytic domain in the absence of stimulus (Fig. 10A).
Interactions mediated by the basic patch of the FERM domain
might alleviate the inhibitory interaction of the FERM domain
with the catalytic domain, resulting in FAK activation follow-
ing cell adhesion (Fig. 10B). We have considered the possibility
that the KAKTLR mutant might have dominant negative prop-
erties. This is unlikely, as the mutant does not drastically im-
pair tyrosine phosphorylation of paxillin, nor does it inhibit
motility. This contrasts with results observed with FRNK, a
potent dominant negative mutant of FAK (16, 39).

One intriguing but surprising observation was that the N-
terminal domains of FAK and CAKR could interact with full-
length FAK but not with full-length CAK. This is presumably
due to differences in sequence between FAK and CAKR.
There are precedents for differential interactions of proteins
with FAK and CAK@. For example, FIP200 binds both FAK
and CAKR, but the molecular mechanisms of interaction with
each are different. The C-terminal domain of FIP200 mediates
binding to the catalytic domain of CAKP (1, 58). The interac-
tion with FAK is more complex, as there are multiple sites of
interaction. The C-terminal domain of FIP200 binds to the
N-terminal domain of FAK, not the catalytic domain (1). In
addition, both the N-terminal and middle domains of FIP200
mediate the interaction with the catalytic domain of FAK (1).
The significance of differential FAK and CAKB FERM do-
main interactions is not yet clear, but they could be relevant to
differential responses of the kinases to different stimuli.
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FIG. 10. Model of FAK Regulation. (A) In its inactive state, the FERM domain is believed to interact with the catalytic domain to repress
activity. (B) Upon activation, this interaction may be disrupted. The basic patch in the F2 subdomain of the FERM domain (asterisk) is required
for optimal activation and is perhaps involved in relieving FERM domain-mediated repression of kinase activity.

To gain insight into the function of the FERM domain of
FAK, a molecular model was generated. The molecular model
has been useful in identifying highly conserved residues on the
surface of the FAK FERM domain that may participate in
protein-protein interactions. A basic patch at the tip of the
acyl-CoA binding protein-like subdomain (F2) of the FAK
FERM domain mediates an interaction with full-length FAK
in vitro, as demonstrated by the KAKTLR mutant. Interest-
ingly, two diverse lines of investigation suggest that a similar
region of the merlin FERM domain may also mediate protein-
protein interactions. First, a point mutation in merlin associ-
ated with the development of neurofibromatosis type 2 resides
at the tip of the F2 subdomain (52). Second, mutation of the
highly conserved “blue box” in Drosophila merlin, which is
located at the tip of the F2 subdomain, abolishes function of
the protein (30). These mutations are predicted to have no
consequence for structure but rather to disrupt a protein-pro-
tein interaction(s) important for merlin function. These obser-
vations suggest that the tip of the F2 subdomain mediates
protein-protein interactions in multiple FERM domains, al-
though the molecular bases for these interactions may not be
conserved. This finding may be significant, since other interac-
tions with FERM domains have been localized to other regions
of the domain, either to the convex surface of the domain
across multiple subdomains or to the interface of the F1 and
F3 domains (15, 22, 36).

Another interesting observation was that the KAKTLR mu-
tant exhibited a defect in phosphorylation of tyrosine residues
397,576, and 577 (Fig. 5) yet demonstrated levels of phosphor-
ylation at tyrosine 861 that were equivalent to those for wild-
type FAK. Other studies have also shown that phosphoryla-
tions of different tyrosine residues of FAK are differentially

regulated. For example, stimulation of MCF-7 cells with
heregulin (59), of HUVEC cells with vascular endothelial
growth factor (2), and of NMuMG cells with transforming
growth factor B (35) promotes phosphorylation of tyrosine 861
in FAK with little effect on the phosphorylation of other ty-
rosine residues. Further, phosphorylation of tyrosine 861 was
dramatically reduced in confluent NMuMG cells, whereas
phosphorylation of tyrosine 397 was unaffected by cell density
(35). Conversely, in several prostate cancer cell lines, phos-
phorylation of tyrosine 397 was cell adhesion dependent,
whereas phosphorylation of tyrosine 861 was independent of
cell adhesion (54). Thus, there are a number of precedents in
which tyrosine 861 phosphorylation is regulated differently
than other FAK tyrosine residues. Despite differential regula-
tion, tyrosine phosphorylation of 861 in response to all of these
stimuli is Src dependent (2, 12, 54, 59). It is perhaps surprising
that the KAKTLR mutant is defective for Src kinase binding
and phosphorylation of some Src-dependent phosphorylation
sites (Y576 and Y577) but is fully competent for phosphory-
lation of another Src-dependent phosphorylation site (Y861).
While recruitment of Src into a complex with FAK can pro-
mote phosphorylation of tyrosine residues within FAK (42,
48), several reports have demonstrated that Src-dependent
phosphorylation of FAK can occur without assembly of the
FAK-Src complex (5, 34). The tyrosine phosphorylation pat-
tern of the KAKTLR mutant could indicate that phosphory-
lation of certain sites on FAK by Src may be more dependent
upon formation of the FAK-Src complex than phosphorylation
of others, a hypothesis that has not been completely tested.
The properties of the KAKTLR mutant are different from
the reported properties of other N-terminal FAK mutants,
which to date have been those with large deletions. The results
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of these previous studies suggest that the N-terminal FERM
domain may inhibit the catalytic activity and signaling capacity
of FAK. Three mutants, dIN82 (with a deletion extending to
serine 333), d11-386, and A375, exhibit dramatically elevated
catalytic activity in vitro (6, 9, 57). A fourth mutant, dI51-377,
exhibited only a modest increase in kinase activity in vitro (24).
A number of mutants have also been characterized for their
signaling abilities in vivo. One mutant, A1-100, was heavily
phosphorylated on tyrosine and associated with Src and Grb2
in adherent, serum-starved cells, in contrast to wild-type FAK,
which was modestly phosphorylated and did not associate with
Src or Grb2 under these conditions (48). A second mutant,
A375, exhibited elevated phosphotyrosine levels in cells in sus-
pension (9). In contrast, two other mutants, d151-377 and dl1-
361, exhibited cell adhesion-dependent tyrosine phosphoryla-
tion similar to that of wild-type FAK (50). The A1-100 mutant
exhibited an elevation in levels of phosphotyrosine following
adhesion to fibronectin but associated with similar amounts of
Src and Grb2 as wild-type FAK (48). In serum-containing
medium or following adhesion to fibronectin, dIN82, d151-377,
and dI1-361 exhibited phosphotyrosine levels similar to those
of wild-type FAK (6, 50), whereas A375 exhibited some in-
crease in tyrosine phosphorylation under the same conditions
(9). Furthermore, in vanadate-treated fibroblasts, d151-377 and
dl1-361 promoted tyrosine phosphorylation of paxillin to the
same level as wild-type FAK (50). In contrast, transient ex-
pression of A375 in 293 cells induces tyrosine phosphorylation
of paxillin to higher levels than wild-type FAK (9). Clearly, the
role of the FAK N terminus in the regulation of signaling is
complex and remains to be fully elucidated. Some results sug-
gest that the N terminus impairs catalytic activity in vitro and
is necessary for suppression of FAK phosphorylation and sig-
naling under some conditions. However, under conditions
where FAK is active, removal of the N-terminal domain does
not have as dramatic effect upon FAK phosphorylation or
signaling. The KAKTLR mutant differs from these deletion
mutants in several ways. First, it exhibits wild-type levels of
catalytic activity in vitro. Thus, the inhibitory function of the N
terminus, which is apparently relieved by deletion of N-termi-
nal fragments, appears to be intact in this mutant. Second, this
mutant is defective for adhesion-dependent tyrosine phosphor-
ylation and downstream signaling, demonstrating a role for the
F2 subdomain in activation of the full-length FAK protein in
vivo.

Previous hypotheses have speculated that the FERM do-
main of FAK may regulate signaling via several distinct mech-
anisms. One proposed mechanism involves an intramolecular
inhibitory interaction involving the FERM domain of FAK (9,
17, 49, 57). A second mechanism involves the interaction of
inhibitory molecules, e.g., FIP200 (58). The interaction of
FIP200 with FAK is particularly complex, with three different
binding sites on FIP200 interacting with at least two distinct
binding sites on FAK (1). At least in part, the ability of FIP200
to repress the catalytic activity of FAK may depend upon the
interaction of its C-terminal domain with the N-terminal do-
main of FAK; however, the major mode of inhibition is appar-
ently mediated via interaction of the middle and N-terminal
domains of FIP200 with the catalytic domain of FAK (1). Our
present results suggest that a FERM domain-mediated inter-
action is also required for the activation of FAK signaling
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following cell adhesion. These findings suggest that certain
FERM domain-mediated interactions function in inhibition of
FAK signaling, whereas another FERM domain-mediated in-
teraction is required for activation. One of the most intriguing
aspects of the interaction mediated via the basic patch of the
F2 subdomain of the FERM domain is the attenuation of
signaling upon disruption of the interaction. This observation
suggests that the F2 subdomain of FAK may be an effective
target for therapeutic intervention in FAK signaling. Pharma-
cological disruption of this interaction might reduce phosphor-
ylation of FAK and Src binding in vivo and impair aberrant cell
motility or survival induced by FAK under pathological con-
ditions.
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