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ABSTRACT Expression ofthe Rous sarcoma virusencoded
oncoprotein, pp6O0v, subverts the normal regulation of cell
growth, which results in oncogenic transformation This process
requires the intrinsic protein-tyrosine kinase activity ofpp6O'0t
and is associated with an increase in tyrosine phosphorylation of
a number of cellular proteins, candidate substrates for pp6Ov
We report here the isolation of a cDNA encoding a protein,
ppl25, that is a major phosphotyrosine-containing protein in
untransformed chicken embryo cells and exhibits an increase in
phosphotyrosine in pp6O'w-transformed chicken embryo cells.
ThiscDNA encodes a cytoplasmic protein-tyrosine kinase which,
based upon its predicted amino add sequence and strucre, is
the prototype for an additional family of protein-tyrosine ki-
nases. Immunfluorescence lo tion experiments show that
pp125 is loalize to focal adhesions; hence, we suggest the name
focal adhesion kinase.

Infection of cells with Rous sarcoma virus results in pro-
nounced alterations in cell structure and loss of normal
growth regulation (1-3). Cellular transformation requires the
efficient expression of the Rous sarcoma virus-encoded on-
coprotein, pp6ov-src, a protein-tyrosine kinase (PTK). Alter-
ations in cell morphology and growth regulation require
pp60src kinase activity and are accompanied by an increase in
the tyrosine phosphorylation of a number of cellular proteins
(2). In normal cells, the phosphorylation of proteins on
tyrosine residues by receptor and nonreceptor PTKs appears
to be critical for the transmission of signals initiated by a
variety of growth factors (4, 5). In addition, PTKs appear to
play a central role in lymphocyte activation (6) and in
mediating signaling pathways in nonmitotic cells, such as
adrenal chromaffin cells (7), platelets (8), and neural cells (9).
The importance of PTKs in cellular signaling has led to

research focused upon the identification of the substrates of
these enzymes. Monoclonal antibodies (mAbs) that recog-
nize seven distinct phosphotyrosine (P-Tyr)-containing pro-
teins from pp60vsrc-transformed chicken embryo (CE) cells
have been generated (10) and used to identify and character-
ize these putative pp60v-src targets. One such mAb, 2A7,
recognizes a 125-kDa protein (ppl25) that is one of the major
P-Tyr-containing proteins in untransformed avian and rodent
fibroblasts (ref. 10; S. B. Kanner, B.S.C., and J.T.P., un-
published observations). pp125 exhibits enhanced phosphor-
ylation on tyrosine in pp60v-src-transformed cells (10). Here,
we report the isolation of cDNAs encoding ppl25.§ The
deduced amino acid sequence of pp125 revealed that it is a
cytoplasmic PTK, whose sequence and structural organiza-
tion are unlike those in data bases. Thus, pp125 appears to be
the prototype member of an additional PITK family. Immu-

nofluorescent localization of pp125 suggests that it is present
in cellular focal adhesions, hence we suggest the designation
ppl25FAK (FAK for focal adhesion kinase).

MATERIALS AND METHODS
Protein Characterization and Analysis. Primary CE cells

were prepared and cultured as described (11). Lysates were
prepared in modified RIPA buffer as described (12). For the
preparation of immune complexes, 0.5-1.0 mg of cellular
protein was incubated with 10 pug of protein A-purified mAb
2A7 or a 1:500 dilution of rabbit anti-pp125 serum (BC3) for 1
h at 40C. Immune complexes were recovered by the addition
of 100 ,ul of protein A-Sepharose beads (Pharmacia). For mAb
2A7 immune complexes, protein A-Sepharose beads were
preincubated with 20 ,ug of rabbit anti-mouse IgG (Jackson
ImmunoResearch). Immunoprecipitated proteins were sub-
jected to SDS/PAGE (13) and immunoblotted with either
affinity-purified rabbit P-Tyr antibody (2 ,ug/ml) or a 1:500
dilution of BC3 antiserum as described (10). For in vitro
translation studies, the cDNA clone 23b was subcloned into
pBluescript (Stratagene), transcribed in vitro by using an
mCAPmRNA capping kit (Stratagene), and translated in vitro
by using a rabbit reticulocyte lysate translation system
(Promega) and [35S]methionine (DuPont/NEN). The transla-
tion products were directly analyzed by SDS/PAGE or im-
munoprecipitated prior to SDS/PAGE with specific antise-
rum. The radiolabeled proteins were detected by fluorography
using EN3HANCE (DuPont/NEN). In vitro kinase assays
were carried out by using immune complexes and [y-32P]ATP
(DuPont/NEN) as described (14), and labeled proteins were
subjected to SDS/PAGE. Immunofluorescence localization of
pp125FAK was carried out as described (11, 15).

Isolation of trpE Fusion Proteins and Preparation of Rabbit
Antibodies. The lOa and 34b FAK cDNAs were subcloned
into the pATH procaryotic expression vectors (16). The
resultant constructs encoded fusion proteins containing the
37-kDa amino-terminal fragment of trpE fused to codons
651-1028 and 286-1028, respectively. The trpE-lOa con-
struct contains five unrelated residues between the trpE and
FAK sequences. The expression of the fusion proteins was
induced as described (17). The trpE-lOa fusion protein was
purified by SDS/PAGE and used to prepare polyvalent
antisera (18).

Isolation of cDNA Clones and DNA Sequence Analysis. A
Agtll chicken embryocDNA library (Clontech) was screened
with mAb 2A7 as described (15). Additional cDNA clones
were identified by using radiolabeled cDNA lOa to screen a

Abbreviations: PTK, protein-tyrosine kinase; FAK, focal adhesion
kinase; CE, chicken embryo; mAb, monoclonal antibody; P-Tyr,
phosphotyrosine.
*To whom reprint requests should be addressed.
§The nucleotide sequence data reported in this paper have been
deposited in the GenBank data base (accession number M86656).
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AgtlO cDNA library prepared from CE cell RNA (J. Huff and
J.T.P., unpublished work). Phage from positive plaques were
purified by three rounds of plaque purification. The cDNA
inserts were isolated and subcloned into pBluescript. DNA
sequencing was carried out by using the dideoxy sequencing
procedure as described (19). DNA and amino acid sequences
were analyzed by using the sequence analysis software
EUGENE and SAM (MBIR software package of the Baylor
College of Medicine), GCG package of the University of
Wisconsin Genetics Computer Group (20), and FASTA (21).

RESULTS
Identification of cDNA Clones Encoding pp125. A Agtll

library expressing cDNAs prepared from the mRNA from
10-day-old chicken embryos was screened using mAb 2A7
(15), and a single clone containing a 1.6-kilobase-pair cDNA
insert was isolated. This cDNA was used as a probe to isolate
a number of overlapping cDNAs (22), seven of which are
illustrated in Fig. 1. Selected cDNAs were subcloned into
pBluescript, and the nucleotide sequence was determined by
using the strategy diagrammed in Fig. 1. The sequence
assembled from these cDNAs extends 4285 nucleotides and
contains a polyadenylylation signal (23) near the 3' end,
followed closely by 13 consecutive terminal adenosine resi-
dues (Fig. 2). The 5' most cDNA clone, 23b, contains two
methionine codons conforming to the canonical sequence for
initiation of translation (nucleotides 117-123 and 138-144)
(24, 25). The first initiation codon (nucleotides 120-123) is
preceded by three in-frame termination codons and is fol-
lowed by a 1028-codon open reading frame encoding a protein
of predicted molecular mass of 116,455 Da. Northern blot
analysis indicated that the mRNA corresponding to this
cDNA is -4.8 kilobases in length (M.D.S. and J.T.P.,
unpublished observations) and thus may contain an addi-
tional 500 nucleotides of 5' untranslated sequence.
ppl25 is a Distinctive PTK. Comparison of the nucleotide

sequence and the deduced amino acid sequence of the
encoded protein with the National Biomedical Research
Foundation and GenBank data bases revealed that this cDNA
encoded a distinctive PTK (referred to hereafter as FAK for
focal adhesion kinase; see below). The predicted amino acid
sequence ofpp125FAK contains the structural motifs common
to all protein kinases (Figs. 2 and 3), including an ATP-
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binding site (Gly4O4-Xaa-Gly4O6-Xaa-Xaa-Gly4) (26), three
residues that are predicted to interact with the y-phosphate
group ofthe bound ATP molecule (Lys429, Glu446, and Asp539)
(27), and an amino acid postulated to be the catalytic site of
these enzymes (Asp521) (27). In addition, pp125FAK contains
two peptide sequences that are highly conserved among
PTKs and are not found in serine/threonine protein kinases
(Asp521-Ile522-Ala523-Ala524-Arg525-Asn526 and Pro560-Ile561-
Lys562-Trp563-Met564). The isoleucine at residue 522 is un-
usual since leucine is found at the analogous position in all
other PTKs, with the exception of the ltk PTK, which also
contains an isoleucine (28, 29).
Based upon its sequence and structural organization,

pp125FAK represents an additional family of PTKs. The
amino acid sequence of the catalytic domain of pp125FAK is
only 31-41% identical to the catalytic domains of a number
ofPTKs (Fig. 3). This is substantially lower than the identity
observed between members of a P17K family. Analysis of the
hydrophobicity of the protein revealed that pp125FAK does
not contain a transmembrane region (30), and there are not
recognizable sites for acylation at the amino or C termini.
This result is consistent with the observation that pp125FAK
is found in the cytosolic fraction following hypotonic lysis
and differential centrifugation to separate cytoplasm and
membranes (S. B. Kanner and J.T.P., unpublished observa-
tions). Thus, pp125FAK is one of the few PTKs that is neither
a transmembrane receptor nor membrane associated. FAK
contains neither SH2 nor SH3 domains, which are structural
elements involved in protein-protein interactions (31), and,
in fact, does not exhibit significant homology with any known
PTK outside of the catalytic domain. Interestingly, the C-ter-
minal region ofpp125FAK contains two proline-rich stretches,
residues 681-738 and 829-887, where the proline content
exceeds 9%o (Fig. 2). Finally, the overall architecture of
pp125FAK is unique in that the catalytic domain is flanked by
large N-terminal and C-terminal domains.

Verification That the FAK cDNA Encodes ppl25. Since the
initial FAK cDNA was isolated using a single mAb to ppl25,
further evidence confirming the identity of ppl25 and the
FAK gene product was required. A rabbit antiserum (desig-
nated BC3) was generated against a bacterially expressed
trpE fusion protein containing the 377 amino acids C-terminal
to the kinase domain (residues 651-1028). BC3 and mAb 2A7
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FIG. 1. cDNAs and nucleotide sequencing strategy. The FAK cDNA is illustrated as a line with the positions of the predicted initiation and
termination codons indicated. Also shown are the positions of a number of restriction sites used for subcloning, including the sites recognized
by EcoRI (R), Sma I (S), Kpn I (K), Xho 11 (X), HindIII (H), Nru I (N), Pst I (P), Cla I (C), and Aha H (A). The heavy line above the cDNA
denotes the predicted translation product, ppl25FAK, with the catalytic domain of the protein kinase denoted by an open box. The structures
of seven partial cDNAs that were isolated are also shown. The arrows beneath each cDNA indicate regions that have been sequenced.
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1: ATGTGCTGGGCTAAAGAATATGACAGATACCTAGCATCTAGCAAAACCATGGGCAGCAGCTTGATGGAAAC
72: TTGAATCATACACCAAGTTCAAGTGCAAAGACGCACCTCGGTACTGGGATGGAGCGTTCCCCGGGGGCCATG
1: MetGluArgSerProGlyAlaMet

144: GAGCGAGTCCTAAAGGTTTTTCACTACTTTGAAAACAGCAGCGAGCCAACGACGTGGGCCAGCATTATCCGG
9: GluArgValLeuLysValPhHisTyrPheGluAsnSerSerGluProThrThrTrpAlaSerIleIleArg

216: CATGGAGATGCTACTGATGTTCGAGGCATAATACAGAAGATTGTGGACTGTCACAAAGTGAAAAATGTGGCC
33: HisGlyAspAlaThrAspValArgGlyIleIleGlnLysIleValAspCysHisLysvalLysAsnValAla

288: TGCTATGGGTTGCGACTCAGTCATCTGCAGTCTGAGGAGGTTCACTGGCTGCACCTGGACATGGGGGTATCC
57: CysTyrGlyLeuArgLeuSerHisLeuGlnSerGluGluValHisTrpLeuHisLeuAspMetGlyValSer

360: AATGTGAGAGAGAAATTTGAACTAGCACATCCTCCAGAAGAATGGAAATATGAACTGAGAATTCGGTACCTG
81: AsnValArgGluLysPheGluLeuAlaHisProProGluGluTrpLysTyrGluLeuArgIleArgTyrLeu

432: CCCAAAGGATTTCTAAACCAGTTCACTGAGGACAAACCAACTTTAAATTTTTTCTATCAGCAGGTGAAAAAT
105: ProLysGlyPheLeuAsnGlnPheThrGluASpLysProThirLeuAsnPhePheTyrGlnGlnValLysAsn
504: GACTATATGTTAGAAATAGCAGATCAAGTGGACCAGGAAATTGCTTTGAAACTAGGTTGCCTTGAAATCAGG
129: AspTyrMetLeuGluIleAlaAspGlnValAspGlnGluIleAlaLeuLysLeuGlyCysLeuGluIleArg
576: AGATCCTACGGAGAGATGAGAGGCAATGCATTAGAGAAGAAATCCAACTATGAAGTGCTAGAAAAAGATGTC
153: ArgSerTyrGlyGluMetArgGlyAsnAlaLeuGluLysLysSerAsnTyrGluValLeuGluLysAspVal
648: GGTTTAAGACGATTTTTTCCGAAGAGTTTGCTAGATTCAGTGAAGGCCAAAACACTACGAAAATTAATCCAA
177: GlyLeuArgArgPhePheProLysSerLeuLeuAspSerValLysAlaLysThrLeuArgLysLeuIleGln
720: CAGACATTTCGACAATTTGCCAACCTCAACAGAGAAGAAAGTATTTTGAAATTCTTTGAGATCCTCTCTCCA
201: GlnThrPheArgGlnPheAlaAsnLeuAsnArgGluGluSerIleLeuLysPhePheGluIleLeuSerPro
792:
225:

864:
2 4 9:

936:
273:

1008:
297:

1080:
32 1:

1152:
345:

1224:
369:

1296:
393:

1368:
417:

1440:
4 4 1:

1 512:
465:

1 584:
489:

1656:
51 3:

1728:
537:

1800:
561:

1872:
585:

1944:
609:

2016:
633:

GTGTACAGATTTGACAAGGAATGCTTCAAGTGTGCCCTTGGTTCAAGCTGGATTATTTCAGTGGAGCTGGCA
ValTyrArgPheAspLysGluCysPheLysCysAlaLeuGlySerSerTrpIleIleSerValGluLeuAla
ATTGGCCCAGAGGAAGGAATCAGCTACCTTACAGACAAGGGTGCAAATCCAACTCACCTGGCAGATTTTAAT
IleGlyProGluGluGlyIleSerTyrLeuThrAspLysGlyAlaAsnProThrHisLeuAlaAspPheAsn
CAAGTACAAACTATTCAGTATTCAAACAGTGAAGACAAGGACAGAAAAGGGATGTTGCAACTGAAGATAGCT
GlnValGlnThrIleGlnTyrSerAsnSerGluAspLysAspArgLysGlyMetLeuGlnLeuLysIleAla
GGTGCACCTGAGCCTCTGACAGTGACAGCACCATCCTTAACCATTGCAGAGAATATGGCTGACTTGATAGAC
GlyAlaProGluProLeuThrValThrAlaProSerLeuTthrIleAlaGluAsnMetAlaAspLeuIleAsp
GGATACTGCCGACTGGTGAATGGAGCCACGCAATCTTTTATTATCAGGCCACAGAAAGAAGGTGAAAGAGCT
GlyTyrCysArgLeuValAsnGlyAlaThrGlnSerPheIleIleArgProGlnLysGluGlyGluArgAla
TTACCATCAATACCAAAGCTGGCCAACAATGAGAAGCAAGGAGTAAGGTCGCACACAGTCTCTGTATCAGAA
LeuProSerIleProLysLeuAlaAsnAsnGluLysGlnGlyValArgSerHisThrValSerValSerGlu
ACAGATGACTATGCAGAGATAATAGATGAAGAAGATACTTATACAATGCCATCAACCAGAGATTA AAATT

ThrAspAspTyrAlaGlulleIleAspGluGluAspThrTyrThrMetProSerThrArgAspTy luIle

CAAAGGGAGAGAATTGAACTGGGGCGCTGCATTGGTGAAGGACAGTTTGGAGATGTGCACCAAGGAATTTAC
GlnArgGluArgI leGluLeuGlyArgCysI leGlyGluGlyGlnPheGlyAspValHisGlnGlyI leTyr

ATGAGTCCGGAAAATCCAGCTATGGCTGTAGCAATCAAAACATGTAAAAACTGCACCTCAGACAGCGTTAGA
MetSerProGluAsnProAlaMetAlaValAlaIleLysThIrCysLysAsnCysThrSerAspSerValArg
GAAAAGTTCCTACAAGAAGCCTTAACAATGCGTCAGTTTG.ATCATCCTCACATTGTGAAGCTCATTGGAGTT
GluLysPheLeuGlnGluAlaLeuThrMetArgGlnPheAspHisProHisIleValLysLeuIleGlyVal
ATTACAGAAAACCCAGTGTGGATAATCATGGAGCTCTGTACACTTGGAGAGTTGAGATCGTTTCTGCAAGTA
IleThrGluAsnProValTrpIleIleMetGluLeuCysThrLeuGlyGluLeuArgSerPheLeuGlnVal

kGAAAATTCAGCTTGGACCTGGCCTCCCTCATCCTCTACGCTTACCAGCTTAGCACAGCACTTGCTTACCTA
krgLysPheSerLeuAspLeuAlaSerLeuI leLeuTyrAlaTyrGlnLeuSerThrAlaLeuAlaTYrLeu
GAGAGCAAAAGATTTGTACATAGAGATATTGCTGCTAGGAAC0TGCTGGTATCTGCcACTGACTGTGTGAA
GluSerLysArgPheValHisArgAspIleAlaAlaArgAsnValLeuValSerAlaThrAspCysValLys
TTGGGTGACTTTGGCTTATCCCGATACATGGAAGACAGTACTTACTATAAAGCTTCCAAAGGAAAGTTACCT
LeuGlyAspPheGlyLeuSerArgTyrMetGluAspSerThrTyrTyrLysAlaSerLysGlyLysLeuPro

ATCAAATGGATGGCTCC.AGAGTCAATCAACTTCCGACGGTTTACCTCAGCAAGCGATGTGTGGATGTTTGGT
IleLysTrpMetAlaProGluSerIleAsnPheArgArgPheThrSerAlaSerAspValTrpMetPheGly
GTGTGTATGTGGGAGATCCTGATGCATGGGGTAAAGCCCTTCCAGGGAGTGAAAAATAATGATGTTATTGGT
ValCysMetTrpGluIleLeuMetHisGlyValLysProPheGlnGlyValLysAsnAsnAsppValIleGly

OGGATTGAGAACGGTGAGCGGCTCCCCATGCCTCCGAACTGCCCTCCCACCCTCTACAGCCTTATGACCAA
ArgIleGluAsnGlyGluArgLeuProMetProProAsnCysProProThrLeuTyrSerLeuMetThrLys

TGCTGGGCATACGACCCTAGTAGACGACCCAGGTTTACTGAACTTAAAGCACAACT GTACAATACTGGAG

CysTrpAlaTyrAspProSerArgArgProArgPheThrGluLeuLysAlaGlnLe erThrIleLeuGlu

Proc. Natl. Acad. Sci. USA 89 (1992)

2088: GAGGAGAAGCTGCAGCAAGAGGAACGAATGAGAATGGAATCCAGGCGACAAGTCACAGTATCCTGGGACTCA
657: GluGluLysLeuGlnGlnGluGluArgMetArqMetGluSerArgArgGlnValThrValSerTrpAspSer
2160: GGAGGATCAGATGAAGCTCCTCCCAAGCCCAGCAGGCCTGGTTACCCCAGCCCAAGGTCCAGTGAAGGGTTT
681: GlyGlySerAspGluAlaProProLysProSerArgProGlyTyrProSerProArgserSerGluGlyPhe
2232: TATCCGAGTCCTCAGCATATGGTACAGCCAAATCACTACCAGGTATCTGGCTACTCTGGTTCTCATGGGATA
705: TyrProSerProGlnHisMetValGlnProAsnHisTyrGlnValSerGlyTyrSerGlySerHisGlyIle

2304: CCAGCCATGGCAGGCAGCATTTATCCTGGGCAAGCTTCTCTCTTGGATCAAACAGATTCCTGGAACCATCGA
729: ProAlaMetAlaGlySerIleTyrProGlyGlnAlaSerLeuLeuAspGlnThrAspSerTrpAsnHisArg

2376: CCTCAGGAAGTATCAGCATGGCAGCCAAACATGGAGGATTCGGGCACTTTGGATGTACGAGGAATGGGGCAG
753: ProGlnGluValSerAlaTrpGlnProAsnMetGluAspSerGlyThrLeuAspValArgGlyMetGlyGln

2448: GTTCTGCCCACACATCTCATGGAGGAGAGGTTAATAAGACAACAGCAAGAGATGGAAGAAGATCAACGCTGG
777: ValLeuProThrHisLeuMetGluGluArgLeuIleArgGlnGlnGlnGluMetGluGluAspGlnArgTrp

2520: CTTGAGAAAGAGGAACGATTCCTGGTAATGAAACCTGATGTGCGGCTCTCCAGAGGCAGCATTGAACGGGAG
801: LeuGluLysGluGluArgPheLeuValMetLysProAspValArgLeuSerArgGlySerIleGluArgGlu

2592: GACGGAGGTCTCCAGGGCCCAGCTGGTAACCAGCACATATATCAGCCTGTGGGTAAACCAGATCATGCCGCT
825: AspGlyGlyLeuGlnGlyProAlaGlyAsnGlnHisIleTyrGlnProValGlyLysProAspHisAlaAla

2664: CCACCAAAGAAGCCCCCTCGCCCTGGAGCCCCCCACTTGGGCAGCCTCGCGAGCCTGAACACCCCCGTGGAC
849: ProProLysLysProProArgProGlyAlaProHisLeuGlySerLeuAlaSerLeuAsnSerProValAsp

2736: AGCTACAACGAAGGCGTGAAGATCAAGCCACAGGAAATCAGCCCTCCTCCTACGGCCAACCTGGACCGCTCC
873: SerTyrAsnGluGlyValLysileLysProGlnGluIleSerProProProThrAlaAsnLeuAspArgSer

2808: AATGACAAAGTCTATGAGAATGTAACCGGGCTGGTGAAAGCTGTCATAGAGATGTCCAGTAAAATACAGCCA
897: AsnAspLysValTyrGluAsnValThrGlyLeuValLysAlaValIleGluMetSerSerLysIleGlnPro

2880: GCTCCGCCAGAGGAGTACGTGCCCATGGTAAAGGAGGTTGGCTTGGCGCTGAGAACCTTGCTAGCAACAGTG
921: AlaProProGluGluTyrValProMetValLysGluValGlyLeuAlaLeuArgThrLeuLeuAlaThrVal

2952: GATGAGTCGCTGCCAGTGCTTCCTGCAAGCACCCACAGAGAGATTGAGATGGCCCAGAAACTGCTGAACTCT
945: AspGluSerLeuProValLeuProAlaSerThrHisArgGluIleGluMetAlaGlnLysLeuLeuAsnSer

3024: GACCTGGCTGAGCTCATTAACAAGATGAAGCTGGCCCAGCAGTACGTCATGACCAGCCTGCAGCAGGAGTAC
969: AspLeuAlaGluLeuIleAsnLysMetLysLeuAlaGlnGlnTyrValMetThrSerLeulnGOlnGluTyr

3096: AAGAAGCAAATGCTGACGGCTGCTCACGCTCTGGCTGTGGATGCCAAGAACTTGCTGGATGTCATCGATCAA
993: LysLysGlnMetLeuThrAlaAlaHisAlaLeuAlaValAspAlaLysAsnLeuLeuAspValleAspGln

3168: GCCAGACTGAAAATGATCAGCCAGTCCAGGCCCACTAAGCACCGAGGGAAGGTTTCATCTGTCTGTTGTAG
1017: AlaArgLeuLysMetIleSerGlnSerArgProHis***
3240: AATTCTGCTTGCGAAAGGATTAGTTCACCTTCCACCAGCAGTGAGGATTAACCCAGTGTGGTCCTGGCTTTC
3312: CAGCGCCTCTTGCTTCAGCAGCCCTGACTGACAGCTGTTGGTTCTCTCCCGTTACAAAAGGTTAACCATGTT
3384: TTTTTATCACAAAGCCAAGCTAACCATGTTTTTTTATCACAAAGCCAAGCTGGCCTGGGATTCAGAAAGTGG
3456: CATTAGCACCAGATGAAGTTTGTACAGAAGTCCTTGGGAAATGCTGGCTTTGGAGCACAGTTTGTTCCATCG
3528: CATCGGCCACGCTCAGCCCAGAGCTGCGGTGGAGTTTCGGAGCCAGAACTGTTGGAGCAGCGGAGCAGAGCG
3600: AGATATTGTGAAGTGAAGAATTCTGGGAAACCTCAGGCTGAGAATTCTTGCCCACAGTATATGAACTATCCA
3672: GACTGGAATTTTTTTTATTAGAACACTTACGTCGCAATATC.TAATCACAATTTACAGAGAAAGAAAATAAA
3744: AAGCTATATTTTCAAGACGTCAGTCATTTCGAGACAAACTPAAGCCCTCTTCATCTTCCTGCCTTTTACCTT
3816: TATGTGAATGTGTGACGCCTTTGGTTGGAACTAGCTGTAGGACACAACGGAAAACTCTCTTCTTTTTCACCA
3888: GAATAACGTGCCAGTTCTTTTGTAGCAATGTTGTTTTCCTTGGAAGCGAAAATGCTGCTTTGTACCAGAGCA
3960: ACTCAGAGCTGCACTTGAGTCCTGTAACCATTCATGCCCCCCGTTTTTATATAATTTATAAAGACAGATTAA
4032: AGCCATGTTGAATATTTTAAACCCCCTGTAGTTAACTAACCCATCCTTTTGTCTGTCTTGCCTGGGAGGAGT
4104: TACAGTAGAGCAGTGTAATTAGATTTTCCTTGGTTTTCCAATTATGCCATCTGTTCTGTTCTAATAAAAAAC
4176: ACACTCCCTTTTTGCTGTTGAGGGATATAAATTATTCTCAGGAAGAATATAATGAACTGTACAGTTACTTTG
4248: ACCTATTAAAAAGGTGTTACCAGTGAAAAAAAAAAAAA

FIG. 2. Nucleotide sequence of FAK. The nucleotide sequence
of FAK and the deduced amino acid sequence of pp125FAK are
shown. The catalytic domain of the PTK is indicated by a box.
Residues that are highly conserved among protein kinases are
denoted by asterisks, and residues diagnostic for PTKs are indi-
cated with filled circles. Nucleotides 2543-2548 (indicated by an
overline) were present in cDNA 23b but not in cDNAs 10a or
19/34b. We presume that this sequence difference is due to allelic
variation; however, the extent of such a variation is presently
unknown. The polyadenylylation signal near the 3' end of the
cDNA is underlined; the translational stop codon is also
underlined.

each immunoprecipitated a 125-kDa P-Tyr-containing protein
from normal (Fig. 4A) and pp60src-transformed CE cells (ref.
10; B.S.C. and J.T.P., unpublished observations). Further-
more, the 125-kDa protein in the mAb 2A7 immune complex
was recognized by BC3 in a Western blot (Fig. 4B). There-
fore, the protein encoded by the FAK cDNA is immunolog-
ically indistinguishable from ppl25. mAb 2A7 and BC3
immune complexes also contained several proteins of ap-
proximate molecular mass of41-43 kDa that were recognized
in a BC3 Western blot (Fig. 4B), but that did not contain
P-Tyr (Fig. 4A). At least one of these proteins appears to be
translated from an alternatively spliced transcript that en-
codes the C-terminal, noncatalytic fragment of pp125FAK
(M.D.S., C.A.B., and J.T.P., unpublished observations).

Additional verification that the FAK cDNA encodes a
125-kDa protein was obtained by expressing the cDNA in
vitro. The cDNA clone 23b was transcribed in vitro and
translated in a reticulocyte lysate. Analysis of the translation
products revealed a protein of 125 kDa, as well as a number
of smaller, less prominent proteins, which presumably arose
by initiation of translation at internal methionine residues.
These proteins were immunoprecipitated by the rabbit anti-
serum BC3 and by mAb 2A7, but not by preimmune serum
or a control mAb (Fig. 4C).

pp125FAK Exhibits Intrinsic Tyrosine Kinase Activity. To
confirm the PTK activity of pp125FAK, a fragment of FAK
was expressed as a trpE fusion protein in Escherichia coli
(Fig. 5). Upon induction of the fusion protein, P-Tyr was
detected on bacterial proteins by immunoblotting with P-Tyr
antibodies (Fig. 5A). No P-Tyr was evident in control lysates
from bacteria expressing the trpE vector alone. Furthermore,
protein kinase activity was observed in vitro in immune
complexes containing the fusion protein (Fig. 5B). The 115-
kDa protein is the full-length trpE fusion protein, and the
other proteins are presumably breakdown products. PTK
activity was also observed in immune complexes containing
pp125FAK from CE cells. Phospho amino acid analysis of in
vitro labeled pp125FAK revealed only labeled P-Tyr. In ad-
dition, pp125FAK immune complexes catalyzed the efficient
phosphorylation of the exogenous substrate poly(Glu-Tyr)
(M.D.S. and J.T.P., unpublished observations).
pp125FAK Localizes to Sites of Focal Adhesion. Immuno-

staining of CE cells with the mAb 2A7 revealed a character-
istic staining pattern, reminiscent of the staining patterns
observed with antibodies to components of cellular focal
adhesions (32). To confirm the presence of pp125FAK in focal
adhesions, double-label immunofluorescence was carried out
to compare the distribution of pp125FAK and a known com-
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FIG. 3. Comparison of PTK catalytic domains. The deduced
amino acid sequence of the catalytic domain of pp125FAK is shown
in comparison to the catalytic domains of a number of other PTKs.
Identical residues are indicated by dashes. The kinase insert domain
of the platelet-derived growth factor receptor (PDGFR) is not shown
and is located at the site of the star in the platelet-derived growth
factor receptor sequence. Asterisks and filled circles denote amino
acids highly conserved among PTKs (see Fig. 2). The number in
parentheses is the percentage of residues that are identical to
pp125FAK. EGFR, epidermal growth factor receptor; Ins-R, insulin
receptor; met, hepatocyte growth factor receptor; fer and fps,
nonreceptor PTKs.

ponent of focal adhesions, tensin (33). CE cells grown on
fibronectin-coated coverslips (Fig. 6) were coimmunostained
with mAb 2A7 and rabbit anti-tensin (ref. 33; a gift of L. B.
Chen). As shown in Fig. 6, both antibodies yielded a virtually
identical pattern of immunofluorescence, staining predomi-
nantly cellular focal adhesions. Furthermore, immunostaining
with antibodies to other components of cellular focal adhe-
sions (e.g., vinculin and talin) yielded similar results (R. R.
Vines, M.D.S., and J.T.P., unpublished observations). Since
mAb 2A7 recognizes both pp125FAK and 41- to 43-kDa poly-
peptides, cells infected with an avian retrovirus containing the
pp125FAK coding region and overexpressing pp125FAK approx-
imately 8- to 10-fold were immunostained with mAb 2A7. The
increased staining of focal adhesions observed in these cells
(data not shown) is consistent with pp125FAK being a normal
component of CE cell focal adhesions.

DISCUSSION
Previous analysis has shown that pp125FAK contains P-Tyr in
normal CE cells and is phosphorylated on tyrosine to a higher
stoichiometry in pp60src-transformed CE cells (10). In light of
the fact that the FAK cDNA encodes a PTK, we suggest two
mechanisms to account for its phosphorylation on tyrosine in
CE cells. First, pp125FAK may autophosphorylate on tyrosine,
which is generally indicative that the PTK has been activated,
and second, it may be phosphorylated by a second PTK,
presumably at a regulatory site within pp125FAK. The eleva-
tion in the P-Tyr content of pp125FAK in pp0v-src.-transformed
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FIG. Verification that FAK encodes ppl25. Arabbit antiserum

(BC3) was generated against a bacterially expressed trpE fusion

protein that contained residues 651-1028 of pp125FAK. CE cells were

lysed in modified RIPA buffer (12) and immunoprecipitated with BC3

(lanes 1) and mAb 2A7 (lanes 2). The immune complexes were

subjected to SDS/PAGE, transferred to nitrocellulose, and immu-

noblotted with a rabbit anti-P-Tyr antibody (A) or with BC3 (B). The

positions of prestained molecular weight standards-105,000, 71,000

and 44,000-are indicated. (C) The cDNA clone 23b was subcloned

into pBluescript, transcribed, and translated in vitro. The translation

products were directly analyzed by SDS/PAGE (lanes 1 and 2) or

immunoprecipitated prior to SDS/PAGE (lanes 3 and 4). Lane 1,

unprogrammed lysate; lanes 2-4, lysate programmed with FAK

mRNA. Immune complexes were isolated using control mAb 2B12

(lane 3) or mAb 2A7 (lane 4).

CE cells may be a consequence of (i) increased autophospho-

rylation due to activation of pp125FAK by some undefined

mechanism, (ii) activation of an endogenous PTK by ppOv-src,
which subsequently phosphorylates pp125FAK, and/or (ii)

direct phosphorylation of pp125FAK by pp6vsrc. Since the

enzymatic activity of several PTKs and their association with

other proteins can be regulated by phosphorylation on tyrosine
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FIG. 5. PTK activity of pp125FAK. (A) A trpE fusion protein
containing residues 286-1028 of pp125FAK (designated trpE-34b)
(lane 1) or the trpE vector alone (lane 3) was expressed in E. coli. The
cells were lysed in sample buffer, and proteins containing P-Tyr were
visualized by SDS/PAGE followed by immunoblotting with an
anti-P-Tyr antibody. Also shown is a lysate from uninduced cells
(lane 2). The positions of prestained molecular weight standards-
105,000 and 71,000-are indicated. (B) The in vitro PTK activity of
trpE (lane 1) or trpE-34b (lane 2) was also examined. Bacteria were
lysed by sonication in modified RIPA buffer (12) and the proteins
were immunoprecipitated by using antiserum BC3.

- c: ri

M

f e-
al
nss

1 n s -:R
?,: C .FIR

s-c

Proc. Natl. Acad. Sci. USA 89 (1992) 5195



Proc. Nati. Acad. Sci. USA 89 (1992)

FIG. 6. Coimmunostaining ofppl25 and tensin in CE cells. CE cells were grown overnight on fibronectin-coated coverslips (5 jig/cm2), fixed
with paraformaldehyde, permeabilized, and immunostained with a mixture ofmAb 2A7 (10 jig/ml) and rabbit anti-tensin serum (1:60 dilution).
After incubation with primary antibodies, the coverslips were incubated with goat anti-mouse IgG, followed by incubation with a mixture of
Texas Red-conjugated donkey anti-rabbit IgG (5 jg/ml) and fluorescein isothiocyanate-conjugated donkey anti-goat IgG (5 jg/ml). (A) Pattern
of mAb 2A7 staining. (B) Pattern of rabbit anti-tensin staining. The arrowheads denote representative areas of coincident immunostaining. No
immunostaining of focal adhesions was observed when irrelevant mAbs or nonimmune rabbit serum was used. Furthermore, omission of the
primary antibody (either mAb 2A7 or anti-tensin rabbit sera) yielded no significant staining of cells.

(5), we speculate that the tyrosine phosphorylation of
ppl25FAK may regulate ppl25FAK activity.
The first clues to the function ofthe FAK kinase come from

three types of experiments. First, in immunofluorescence
experiments, mAb 2A7 stains structures resembling focal
adhesions (Fig. 6). Second, crosslinking of cell surface inte-
grins with antibodies or plating cells on a substrate coated
with the integrin ligand, fibronectin, results in an increase in
the amount of P-Tyr in proteins of 120-130 kDa (34, 35), at
least part ofwhich is due to an elevation in the P-Tyr content
of pp125FAK (L. J. Kornberg and R. L. Juliano, personal
communication; J. L. Guan and R. 0. Hynes, personal com-
munication; M.D.S. and J.T.P., unpublished results). Third,
the activation of normal platelets in vitro results in an
increase of P-Tyr on a number of proteins, including
PP125FAK (ref. 8; L. Lipfert, B. Haimovich, M.D.S., B.S.C.,
J.T.P., and J. S. Brugge, unpublished results). Phosphory-
lation ofppl25FAK is abrogated in platelets from patients with
Glanzmann thrombasthenia, a disease associated with a
defect in the platelet integrin gpIlb/IIIa (L. Lipfert, B.
Haimovich, M.D.S., B.S.C., J.T.P., and J. S. Brugge, un-
published results). These preliminary observations raise the
intriguing possibility that ppl25FAK function may be linked to
integrin function. We hypothesize that pp125FAK may be a
component of a signal transduction pathway and may be
responsible for the transmission of a signal from the cell
surface integrins into the cell. Alternatively, pp125FAK may
be responsible for phosphorylating the components of focal
adhesions [for example, tensin (33), paxillin (36), or talin (37)]
and regulating the interactions of integrins with the cytoskel-
eton and/or with the extracellular matrix.
We thank S. J. Parsons, M. J. Weber, D. Flynn, A. Bouton, J.

Huff, T. Jamieson, and H. Wu for helpful comments and for
discussions during the course of this work. This work was supported
by a fellowship from the National Cancer Institute of Canada to
M.D.S., National Institutes ofHealth Grants CA29243 and CA40042,
and American Cancer Society Grant MV430K. This paper is dedi-
cated to the memory of Betty Jane Creasy, whose contributions to
our work and love of life sustained us all.
1. Jove, R. & Hanafusa, S. (1987) Annu. Rev. Cell Biol. 3, 31-56.
2. Parsons, J. T. & Weber, M. J. (1989) Curr. Top. Microbiol. Immu-

nol. 147, 79-127.
3. Cooper, J. A. (1990) in Peptides and Phosphorylation, ed. Kemp,

B. E. (CRC, Boca Raton, FL), pp. 85-113.
4. Ullrich, A. & Schlessinger, J. (1990) Cell 61, 203-212.
5. Cantley, L. C., Auger, K. R., Carpenter, C., Duckworth, B.,

Graziani, A., Kapeller, R. & Soltoff, S. (1991) Cell 64, 281-302.
6. Klausner, R. D. & Samelson, L. E. (1991) Cell 64, 875-878.

7. Ely, C. M., Oddie, K. M., Litz, J. S., Rossomando, A. J., Kanner,
S. B., Sturgill, T. W. & Parsons, S. J. (1990) J. Cell Biol. 110,
731-742.

8. Shattil, S. J. & Brugge, J. S. (1992) Curr. Opin. Cell Biol. 3,
869-879.

9. Qu, Z., Moritz, E. & Huganir, R. L. (1990) Neuron 4, 367-378.
10. Kanner, S. B., Reynolds, A. B., Vines, R. R. & Parsons, J. T.

(1990) Proc. Natl. Acad. Sci. USA 87, 3328-3332.
11. Reynolds, A. B., Roesel, D. J., Kanner, S. B. & Parsons, J. T.

(1989) Mol. Cell. Biol. 9, 629-638.
12. Kanner, S. B., Reynolds, A. B. & Parsons, J. T. (1989) J. Immunol.

Methods 120, 115-124.
13. Laemmli, U. K. (1970) Nature (London) 227, 680-685.
14. Bryant, D. L. & Parsons, J. T. (1984) Mol. Cell. Biol. 4, 862-866.
15. Wu, H., Reynolds, A. B., Kanner, S. B., Vines, R. R. & Parsons,

J. T. (1991) Mol. Cell. Biol. 11, 5113-5124.
16. Koerner, T. J., Hill, J. E., Myers, A. M. & Tzagoloff, A. (1991)

Methods Enzymol. 194, 477-490.
17. Sadowski, I. & Pawson, T. (1987) Oncogene 1, 181-191.
18. Harlow, E. & Lane, D. (1988) Antibodies: A Laboratory Manual

(Cold Spring Harbor Lab., Cold Spring Harbor, NY).
19. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Nati. Acad.

Sci. USA 74, 5463-5467.
20. Devereux, J., Haeberli, P. & Smithies, 0. (1984) Nucleic Acids Res.

12, 387-395.
21. Pearson, W. R. & Lippman, D. J. (1988) Proc. Natl. Acad. Sci.

USA 85, 2444-2448.
22. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY).

23. Wilusz, J., Pettine, S. M. & Shenk, T. (1989) Nucleic Acids Res. 17,
3899-3908.

24. Kozak, M. (1986) Cell 44, 283-292.
25. Kozak, M. (1987) Nucleic Acids Res. 15, 8125-8130.
26. Hanks, S. K., Quinn, A. M. & Hunter, T. (1988) Science 241,

42-52.
27. Knighton, D. R., Zheng, J., Eyck, L. F., Ashford, V. A., Xuong,

N.-H., Taylor, S. S. & Sowadski, J. M. (1991) Science 253, 407-
414.

28. Ben-Neriah, Y. & Bauskin, A. R. (1988) Nature (London) 333,
672-676.

29. Bernards, A. & de la Monte, S. M. (1990) EMBO J. 9, 2279-2287.
30. Kyte, J. & Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132.
31. Pawson, T. & Koch, C. A. (1991) Science 252, 668-674.
32. Burnidge, K., Fath, K., Kelly, T., Nuckolls, G. & Turner, C. (1988)

Annu. Rev. Cell Biol. 4, 487-525.
33. Davis, S., Lu, M. L., Lo, S. H., Lin, S., Butler, J. A., Druker,

B. J., Roberts, T. M., An, Q. & Chen, L. B. (1991) Science 252,
712-715.

34. Kornberg, L. J., Earp, H. S., Turner, C. E., Prockop, C. & Juliano,
R. L. (1991) Proc. Natl. Acad. Sci. USA 88, 8392-8396.

35. Cuan, J. L., Trevithick, J. E. & Hynes, R. 0. (1991) Cell Regul. 2,
951-964.

36. Turner, C. E., Glenney, J. R. & Burridge, K. (1990) J. Cell Biol.
111, 1059-1068.

37. DeClue, J. E. & Martin, G. S. (1987) Mol. Cell. Biol. 7, 371-378.

51% Cell Biology: Schaller et al.


