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We have cloned a novel tyrosine kinase that is widely expressed in humnan tissues
using degenerate oligonucleotide primers. The cDNA clone was subsequently found to be
the human homologue of the recently cloned chicken focal adhesion associated kinase
(pp!?5FAK). The homology between the chicken and human sequences is 95% at the
amino acid level. By RT-PCR we have detected hFAK in human tonsillar T and B cells,
several human lymphoid cell lines, a neuroblastoma cell line and HeLa cells. By Northern
blot analysis we show that hFAK is expressed in all organs tested with the highest
abundance in brain and the least in heart and skeletal muscle. An additional transcript of
ca. 3.3 kb, encoding an N-terminally truncated form of hFAK, was observed only in brain.

© 1993 Academic Press, Inc.

Tyrosine phosphorylation of proteins is believed to play an important role in the
signal transduction pathways regulating cell differentiation and proliferation [1]. Protein
tyrosine kinases can be divided into two classes: (1) the receptor tyrosine kinases (RTK)
that span the membrane and (2) the cytosolic tyrosine kinases. RTKs have an extracellular
ligand-binding domain separated from the catalytic domain by a hydrophobic
transmembrane region. A number of RTKSs bind soluble growth and differentiation factors
such as nerve growth factor (NGF) and epidermal growth factor (EGF) {2,3]. Cytosolic
tyrosine kinases lack a transmembrane domain. They were often identified as cellular
homologues of retroviral oncogenes like the members of the src¢ subfamily [4]. Some

tyrosine kinases are expressed in various forms that in some cases show a differential

*Sequence data from this article have been deposited with the EMBL/GenBank Data
Libraries under Accession No. LO5186.

*To whom correspondence should be addressed.

Abbreviations: I in nucleotide sequences, Inosine; M in nucleotide sequences, A or C; R in
nucleotide sequences, A or G; S in nucleotide sequences C or G; W in nucleotide
sequences A or T; Y in nucleotide sequences C or T; PCR, polymerase chain reaction;
PTK, protein tyrosine kinase; RT-PCR, reverse transcription PCR; RACE, rapid
amplification of cDNA ends.

0006-291X/93  $4.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved. 140



Voi. 190, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

tissue distribution. The c-src oncogene for example, is differentially spliced generating an
alternative form that is most highly expressed in the brain [5,6]. Alternative splicing may
be in this case a mechanism to serve a special function of src in the brain. The RTK trkB is
expressed in mouse brain as a full-length receptor that has PTK activity and as a C-
terminally truncated form that lacks the kinase activity [7]. A role for such truncated
receptors could be the regulation of activity via the formation of a heterodimer between
truncated and non-truncated receptors [8]. The PDGFP receptor is also expressed in two
alternative forms. In embryonic stem cells the most abundant PDGFf receptor mRNA
encodes an N-terminally truncated protein that is believed to be a constitutively active
RTK[9].

In this study we report the isolation and molecular characterization of a novel
protein tyrosine kinase. This PTK seems to be expressed in alternative forms that may
encode N-terminally as well as C-terminally truncated molecules. Subsequentially it was
found that the novel kinase has high homology to the recently published chicken focal
adhesion kinase which co-localizes with the focal adhesion protein tensin {10]. We
therefore name this kinase hFAK. We show that hFAK is expressed in lymphoid cell lines,
different human tissues but most abundantly in brain. There, we detected, in addition to
the mRNA of 4.3 kb detected in other tissues, a transcript of 3.3 kb which lacks the first 1
kb of 5' sequence when compared to the chicken sequence.

MATERIALS AND METHODS

RNA preparation

Total RNA was prepared from several cell lines according to the method described
[11]. Poly(A) RNA was purified from total RNA using the Poly(A)Quick mRNA isolation
kit (Stratagene).

in PCR DNA £ riy

kingses

Degenerate primers were designed to hybridize to the highly conserved region
FVHRDLAAR- - -/ 53 aa /- - -DVWSFGV in the catalytic domain of tyrosine kinases
(upstream primer: 5' TTY GTI CAY MGI GAY YTI GCI ACI MGI AA 3'; downstream
primer: 5' AYI CCI ARI SWC CAI AYR TC 3'). Ten g total tonsillar B cell RNA was
converted into cDNA by Mu-MLV reverse transcriptase (Life Technologies) using the
downstream primer. 4% of the cDNA was combined with 18 ul of the PCR mixture.
Amplification was done through 35 PCR cycles with 37 °C annealing temperature. The
PCR products were analysed by electrophoresis in 2.5 % agarose gels. DNA
corresponding to a 200 bp fragment was eluted and reamplified by 30 more cycles of PCR
with the same primers. The reamplified material was subcloned into Bluescribe plasmid
(pBS*, Stratagene) and the nucleotide sequences of 50 recombinant clones were
determined.
Rapid Amplificati cDN. ACE

PCR-based amplification of 3' terminal portions of cDNA sequences specific for
hFAK was performed according to Frohman [12]. A set of target-specific primers was
used. After the first round of PCR a second round of PCR was carried out with nested
primers. Amplified material was separated by agarose gel electrophoresis, recovered and
subcloned into pBS vector (Stratagene) for sequence analysis.
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truction a reenin NA librgr.

A cDNA library was constructed in A uniZAPII (Stratagene). RNA was extracted
from purified human tonsillar B cells. Starting with 0.5 mg total RNA a poly (A)-rich
fraction was prepared. cDNA synthesis was performed using Stratagene's cDNA synthesis
kit according to the manufacturer's instructions. The primary library represented 2 x 106
independent clones. This library was screened using the PCR-generated PTK2 fragment as

a probe.
Hybridization probes

For Northern blots, isolated DNA fragments of cloned cDNA were multiprime-
labelled using reagents from Stratagenc. For screening of libraries, PCR-generated DNA
fragments were uniformly labelled as described [13]. Briefly, about 20 ng of DNA was
heated to 95 °C for 3 min in a total volume of S0 pl of a reaction mixture containing
restriction buffer #2 (Life Technologies), 25 pmoles each of the specific primers used for
amplification of the DNA fragment, 0.5 mM each of dCTP, dGTP, dTTP and 50 pCi [a
32p].dATP (Amersham). After heating, the reaction mixture was chilled on ice and 6 units
of DNA polymerase (Klenow fragment; Stratagene) were added. The reaction was carried
out at 45 °C for 10 min and stopped by addition of EDTA to 20 mM final concentration.
Labelled DNA fragments were purified through a spun column [14].

Norther ridization

A human "Multiple Tissue Northern” blot (Clontech) containing 2 pg of poly(A)*
RNA per lane was hybridized under stringent conditions with probes derived from
different regions of the human cDNA clone.

Sequence analysis
The cDNAs and PCR fragments were subcloned into pBS vector (pBS*,

Stratagene) and sequenced by the dideoxy chain termination method [15,16] using T7
DNA polymerase and specific oligonucleotides. Sequences were assembled with the
Staden-Plus software (supplied by Amersham) on a personal computer. The analysis was
performed with programs from the university of Wisconsin, Genetic Computer Group.

RESULTS AND DISCUSSION

Isolation of cDNA clones encoding PTKs
The catalytic domain of PTKs contains sequence motifs that are highly conserved

among the protein tyrosine kinases [17]. We used a PCR approach to clone from human
tonsillar B cells novel receptor tyrosine kinases that may play a specialized role in B cell
activation. By employing degenerate primers (Materials and Methods) and RT-PCR we
amplified part of the kinase domain of various tyrosine kinases. This approach yielded a
total of five different PTK-specific cDNAs. Most often we isolated a clone named PTK2
which shows highest homology to bovine FGF receptor (53%). In subdomain VIII of the
catalytic domain [17] it exhibits the sequence motif WMAPES which is believed to
indicate transmembrane kinases since it is present in PDGFR, cKIT, CSFIR and FLK-2
[18]. Because PTK2 appeared to be a novel member of the family of RTKs we attempted
to clone the full length cDNA. Using PTK2 as a probe the human tonsillar cDNA library
(Materials and Methods) was screened and one ¢cDNA clone of 2.4 kb was isolated
(cPTK2). This clone contained a poly(A) tail but only subdomains VI to XI of the kinase
domain [17]. cPTK2 thus was unlikely to represent a full-length clone. From expression
studies we learned that PTK2 is highly expressed in brain (see below). Therefore we
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screened a human fetal brain cDNA library (Clontech) using cPTK2 as a probe. We
isolated a 3.1 kb cDNA clone (cPTK3) encoding a protein of 850 amino acids. The size of
clone cPTK3 corresponds well with the size of a 3.3 kb transcript found exclusively in
brain by Northern hybridization (see below). The nucleotides surrounding the first ATG of
the cDNA correspond to the consensus sequence for translation initiation [19]. The
deduced amino acid sequence comprises the complete kinase domain but lacks a
transmembrane region or myristylation sites. No SH2 and SH3 domains [20] are encoded
by this cDNA clone. The sequence 5' of the catalytic domain does not show any significant
homology to other known sequences. During our studies the sequence of a novel chicken
PTK was published [10]. Because of its localisation close to focal contacts in fibroblasts
this PTK was named FAK (pp!25FAK). The sequence identity between chicken FAK and
our human clone ¢PTK3 is 85% at the nucleotide level and 95% at the amino acid level
(Fig.1). In the kinase domain 98.5% of the amino acids are identical. We therefore
conclude that clone cPTK3 represents a human homologue of FAK and we name it hFAK.
cPTK3 lacks the first 157 amino acids found in chicken FAK. The hFAK clone has
inserted additional 29 extra amino acids between Ala 447 and Leu 448 of the chicken
sequence (Fig.1). This insertion comprises three cysteine and two tyrosine residues.
Furthermore, amino acids corresponding to positions 809 to 829 of chicken FAK are
absent in the hFAK clone. Further studies are necessary to determine wether these
differences are due to neural-specific altemative splicing as has been seen for c-src for
example [5, 6.

The 5' end of the hFAK transcript encoding the N-terminal 157 amino acids that
are missing in clone ¢cPTK3 was cloned from tonsillar mononuclear cell RNA using RT-
PCR. The downstream primer was specific to the hFAK cDNA and the upstream primer
was derived from the chicken FAK cDNA sequence. The size of the amplified PCR
fragment was 0.8 kb. The sequence homology to the chicken FAK cDNA is 88% at the
nucleotide level (data not shown).

icing varian hFAK

Using the RACE protocol we isolated three different clones of hFAK varying at
their 3' ends. Compared to the cPTK3, none of the RACE clones contained the complete
3' translated region (Fig. 2). PTK2-31 stops after kinase subdomain XI. It may represent a
cDNA encoding a molecule that contains the amino terminal and the complete catalytic
domain but lacks part of the C-terminal region. This cDNA contains a poly(A) tail. The
last 30 amino acids encoded by this clone are different from the corresponding sequence of
the 3.1 kb hFAK clone (Fig.1). The 3' untranslated region has 36% identity to the 3'
untranslated region of cPTK3. Clones PTK2-32 and PTK2-33 do not encode the complete
catalytic domain (Fig.2). Their open reading frames are fully identical to each other and to
cPTK3 up to amino acid Lys426 followed by 5 non-identical amino acids as compared to
c¢PTK3 (Fig.1). Their 3’ untranslated regions are different, both from cPTK3 (38% identity
to PTK2-32 and 42% identity to PTK2-33), and from each other (97% identity).

C-terminally truncated forms of PTKs have been described for different growth
factor receptors such as bFGFR, EGFR and trkB. Regulation of protein tyrosine kinase
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hsFAK 1 MSDYWVVGKKSNYEVLEKDVGLKRFFPKSLLDSVKAKTLRKLIQQTFRQFANLNREESIL
l PLLEL et vt bin bbbt bt et il
ggFAK 158 MRGN.ALEKKSNYEVLEKDVGLRRFFPKSLLDSVKAKTLRKLIQQTFRQFANLNREESIL

hsFAK 61 KFFEILSPVYRFDKECFKCALGSSWIISVELAIGPEEGISYLTDKGCNPTHLADFTQVQT

RO PR PR e R P bbb e i)ttt
ggFAK 217 KFFEILSPVYRFDKECFKCALGSSWIISVELAIGPEEGISYLTDKGANPTHLADFNQVQT

h9FAK 121 IQYSNSEDKDRKGMLQLKIAGAPEPLTVTAPSLTIAENMADLIDGYCRLVNGTSQSFIIR

TEREVEA TR e i e bbb ey LEEs b by ki
ggFAK 277 IQYSNSEDKDRKGMLQLKIAGAPEPLTVTAPSLTIAENMADLIDGYCRLVNGATQSFIIR

hsFAK 181 PQKEGERALPSIPKLANSEKQGMRTHAVSVSETDDYAEIIDEEDTYTMPSTRDYEIQRER

PEATEVERRIEON e e b b et it e bbb ey eyt
ggFAK 337 PQKEGERALPSIPKLANNEKQGVRSHTVSVSETDDYAEIIDEEDTYTMPSTRDYEIQRER

hsFAK 241 IBLGRCIGEGQFGDVHQGIYMSPENPALAVAIKTCKNCTSDSVREKFLQEACHYTSLHWN

IR L E e e g b P b bbbt
ggFAK 397 IHLGRCIGEGQFGDVHQGIYMSPENPAMAVAIKTCKNCTSDSVREKFLQEA.........

hsFAK 301 }WCRYISDPNVDACPDPRNAELTMRQFDHPHIVKLIGVITENPVWIIMELCTLGELRSFLQ

PEPLELLER et rbvrnnennd
ggFAK 448]..... Ceetree e LTMRQFDHPHIVKLIGVITENPVWIIMELCTLGELRSFLQ

hsFAK 361 |VRKYSLDLASLILYAYQLSTALAYLESKRFVHRDIAARNVLVSSNDCVKLGDFGLSRYME

VEL TR R e e e b bbb b ey Tt
ggFAK 488 |VRKFSLDLASLILYAYQLSTALAYLESKRFVHRDIAARNVLVSATDCVKLGDFGLSRYME

GKKSG*
hsFAK 421 )DSTYYKASKGKLPIKWMAPESINFRRFTSASDVWMFGVCMWE I LMHGVKPFQGVKNNDVI

FLETET LAY PR b e i e e b b e b b bbb iy
ggFAK 548 |DSTYYKASKGKLP IKNMAPES INFRRFTSASDVWMFGVCMWE I LMHGVKPFQGVKNNDVI

FONPAQMLPASGRLPN
hsFAK 481|GRIENGERLPMPPNCPPTLYSLMTKCWAYDPSRRPRFTELKAQLSTILEEEKAQQOEERMR
PERLERER R TR T C R e e ey e i bt p et il
ggFAK 608 | GRIENGERLPMPPNCPPTLYSLMTKCWAYDP SRRPRFTELKAQUSTILEEEKLOQEERMR

QPCPERENYSFATF*
hsFAK 541 MESRRQATVSWDSGGSDEAPPKPSRPGYPSPRSSEGFYPSPQHMVOTNHYQVSGYPGSHG

ORIV TRVt v e e e b ey it brireenl v
ggFAK 668 MESRRQVTVSWDSGGSDEAPPKPSRPGYPSPRSSEGFYPSPQHMVQPNHYQVSGYSGSHG

hsFAK 601 ITAMAGSIYPGOASLLDQTDSWNHRSQEIAMWQPNVEDSTVLDLRGIGQVLPTHLMEERL

LR e el 1l P e L et
ggFAK 728 IPAMAGSIYPGQASLLDQTDSWNHRPQEVSAWQPNMEDSGTLDVRGMGQVLPTHLMEERL

hsFAK 661 IRQQQEMEEDQRWLEKEERFL......... Cerrmeeaeaen IGNQHIYQPVGKPDPAAP

PELLTLE R eyl LR ILEEiTE Ll
ggFAK 788 IRQQOQEMEEDQRWLEKEERFLKPDVRLSRGSIEREDGGLQGPAGNQHIYQPVGKPDHAAP

hsFAK 700 PKKPPRPGAPGHLGSLASLSSPADSYNEGVKLQPQEISPPPTANLDRSNDKVYENVTGLV

R N N N e N N N N R ARy
ggFAK 848 PKKPPRPGAP.HLGSLASLNSPVDSYNEGVKIKPQEISPPPTANLDRSNDKVYENVTGLV

hsFAK 760 KAVIEMSSKIQPAPPEEYVPMVKEVGLALRTLLATVDETIPLLPASTHREIEMAQKLLNS

FRLCRVERN LR b et I LR ireel
ggFAK 907 KAVIEMSSKIQPAPPEEYVPMVKEVGLALRTLLATVDQSLPVLPASTHREIEMAQKLLNS

hsFAK 820 DLGELINKMKLAQQYVMTSLQQEYKKQMLTAAHALAVDAKNLLDVIDQARLKMLGQTRPH*

P TP R T ey e e et bbbt i
ggFAK 967 DLAELINKMKLAQQYVMTSLQQEYKKQMLTAAHALAVDAKNLLDVIDQARLKMISQSRPH*

Fig.l,. Comparison of the amino acid sequences of human FAK and
chicken FAK ¢cDNA. The numbers on the left indicate the positions relative
to the putative start methionine. The catalytic domain is boxed. The amino
acids encoded by the RACE clones that are not identical to cPTK3 are
indicated. PTK2-31 is identical to ¢cPTK3 up to amino acid 524, PTK2-32
and PTK2-33 are identical up to amino acid 426.
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g ; fetal brain
: T c-PTK3 } cDNA library
PTK2-31
BN o PTKZ32 [ SRACE
m 0.20 kb PTK2-33

Kig.2. Schematic representation of the different hFAK clones. The filled
area indicates the catalytic domain. Non-identical parts of the compared
sequences are differently marked.

activity of RTKs through formation of heterodimers between the full-length receptor and
truncated receptors is a possible role for such truncated molecules [8].
Expression FAK in different ] Y

We tested whether hFAK was expressed in other tonsillar cells in addition to B
cells. By RT-PCR we detected the hFAK message in tonsillar mononuclear cells, tonsillar
T cells and germinal center cells. Different lymphoid cell lines (RPMI8866, RPMI8226,
U266, Jurkat, Molt-4 and LAD) as well as HeLa cells and the neuroblastoma cell line SK-
N-SH (ATCC) were tested in the same way for the expression of hFAK. Only in a LAD
(lymphocyte adhesion deficient) cell line no hFAK-specific PCR product was detectable
after 40 cycles of PCR (data not shown).

By Northern blot analysis we detected hFAK transcripts of different sizes, 4.3 kb,
3.3 kb and 2.4 kb (Fig. 3). The 4.3 kb transcript was expressed in all organs tested. It is
most abundant in brain and lung but barely detectable in placenta, liver and kidney. The
2.4 kb transcript was found in lung, placenta and heart. A transcript of 3.3 kb is present
only in brain. We used a human probe specific for the 5' end of FAK which does not
overlap the 3.1 kb cDNA clone ¢cPTK3 to hybridize the multiple tissue northen blot. This
probe only hybridized to the 4.3 kb message (Fig.3) and not to the 3.3 kb message. This
supports the idea that the 3.1 kb clone cPTK3 corresponds to the 3.3 kb transript detected
by Northern analysis. Since we were unable to isolate from the fetal brain library a cDNA
clone that contains the long 5’ variant it is possible that the distribution of the two
transcripts in fetal brain differs from that in the adult brain sample analysed by Northern
hybridization. An interesting parallel has been reported for another PTK, the PDGFB
receptor. In embryonic stem cells the predominant PDGF mRNA encodes an N-
terminally truncated protein [9]. This protein comprises the whole catalytic domain and
the transmembrane region but lacks the extracellular domain. Based on the fact that v-erb
is an N-terminally truncated form of EGFR, the 5' truncated form of PDGFPBR is believed
to represent a constitutively active receptor expressed early in development [8]. Whether
the activation of hFAK also occurs via the N-terminal part remains to be shown. The
model however would predict that the phosphorylation of hFAK in stable transformants
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3.3 kb
2.4 kb

Fig.), Hybridization of human “"Multiple Tissue Northemn” blots
(Clontech) with 2 different hFAK probes. The lanes were loaded with 2 ug
poly(A)* RNA from heart (he), brain (br), placenta (pl), lung (lu), liver (li),
skeletal muscle (mu), kidney (ki) and pancreas (pa). (A) Autoradiography
(24h exposure) after hybridization to cPTK3. (B) Autoradiography (3 days
exposure) after hybridization to the hFAK-specific PCR fragment
corresponding to amino acids 1 - 150 of the chicken sequence which are
not encoded by cPTK3.

expressing only the 5' truncated hFAK could not be regulated via src and/or fibronectin as
it was shown for chicken FAK expressing fibroblasts [21].

While the preparation of this manuscript was in progress the sequence of the
mouse homologue of chicken FAK was published (FadK) [22]. The homology between
mouse and human FAK is 93% at the amino acid level.
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