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Chicken embryo kinase 5 (Cek5) is a transmem-
brane tyrosine kinase of the Eph family that was
identified by screening a 10-d chicken embryo cDNA
expression library with anti-phosphotyrosine anti-
bodies. The extracellular region of Cek5 contains a
cysteine rich N-terminal subdomain and a C-ter-
minal subdomain mostly devoid of cysteines and
comprising two repeats similar to fibronectin type
1l repeats. Inmunoblotting experiments with anti-
Cek5 polyclonal antibodies indicated that Cek5 is
a membrane-associated 120-kDa protein containing
intramolecular (but not intermolecular) disulfide
bonds. CekS5 is already expressed in 2-d-old chicken
embryos and is also expressed, at higher levels,
later in development. In 10-d-old chicken embryos,
Cek5 is expressed at substantial levels in nearly all
the tissues examined, whereas in adult it is ex-
pressed predominantly in the brain. The expression
of Cek5 in the brain gradually diminishes during
embryonic development, whereas in the skeletal
muscle of the thigh a sharp decrease in Cek5
expression was detected at the time of terminal
muscle differentiation. Its wide tissue distribution
throughout development and its sustained expres-
sion in adult brain suggest that Cek5 is an important
component of signal transduction pathways, likely
to interact with a widely distributed and important
ligand, which is as yet unknown.

Introduction

It is becoming increasingly clear that protein ty-
rosine kinases play crucial roles in the cascade
of events involved in signal transduction during
embryonic development (Pawson and Bern-
stein, 1990). Evidence for the fundamental im-
portance of protein tyrosine kinases during de-
velopment includes the following: 1) protein
tyrosine phosphorylation, resulting from the
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enzymatic activity of protein tyrosine kinases,
is detected in embryonic tissues and is partic-
ularly extensive during certain stages of devel-
opment (Maher and Pasquale, 1988); 2) in
agreement with this, a large number of different
tyrosine kinase genes are found to be expressed
during embryonic development (Garofalo and
Rosen, 1989; Girbau et al., 1989; Pasquale and
Singer, 1989; Musci et al, 1990; Pasquale,
1990; Pawson and Bernstein, 1990 and refer-
ences therein); and 3) mutations in these kinase
genes often cause major developmental defects
(Pawson and Bernstein, 1990 and references
therein).

Protein tyrosine kinases with the structure of
transmembrane receptors are likely to repre-
sent important components of developmental
signaling pathways. Their structure suggests
that receptor tyrosine kinases represent trans-
ducers of signals across the plasma membrane,
from the cell exterior to the cytoplasm. They
generally are type | integral membrane proteins
(Singer, 1990) containing a single transmem-
brane segment that connects a ligand-binding
extracellular domain with a cytoplasmic domain
that has catalytic activity. The interaction of the
external domain with the ligand, often a growth
factor, stimulates the enzymatic activity of the
intracellular catalytic domain and, as a conse-
quence, the phosphorylation on tyrosine of cy-
toplasmic substrates occurs (Yarden and Ull-
rich, 1988; Ullrich and Schlessinger, 1990).

To understand how receptor tyrosine kinases
function in signal transduction during develop-
ment, it is necessary to identify and characterize
their genes. Such a project was first undertaken
by Pasquale and Singer (1989) at a time when
few of the protein tyrosine kinases expressed
during embryonic development were known. An
approach was devised that would not be biased
toward the identification of tyrosine kinases
similar in their primary sequence to known ones
and that would favor the identification of the
most abundant and widely expressed embryonic
tyrosine kinases. Presumably these would be
tyrosine kinases playing fundamental roles in
developmental processes. As described (Pas-
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quale and Singer, 1989), the approach used
consisted of choosing a cDNA expression library
that was thought likely to contain a large pool
of developmentally important tyrosine kinase
genes. Because protein tyrosine phosphoryla-
tion was known to be extensive in many tissues
from 8- to 10-d-old chicken embryos (Maher and
Pasquale, 1988), a cDNA library prepared from
whole 10-d embryos was used. The cDNA
clones encoding enzymatically active tyrosine
kinase fragments were identified by probing the
library with anti-phosphotyrosine antibodies.
Among the protein tyrosine kinases identified
in an initial screening, five were previously un-
known and had the characteristics of integral
membrane receptors. They were designated
chicken embryo kinase (Cek) 1-5.

Cek1, Cek2, and Cek3 have been described
(Pasquale and Singer, 1989; Pasquale, 1990)
and belong to the previously uncharacterized
family of the fibroblast growth factor (FGF) re-
ceptor (Lee et al., 1989; Ulirich and Schlessin-
ger, 1990). The Cek1, Cek2, and Cek3 receptor
tyrosine kinases presumably mediate some of
the diverse biological effects of the FGF family
of growth factors (Burgess and Maciag, 1989)
and are therefore likely to represent essential
molecules in extremely important developmen-
tal signaling pathways. Their identification
demonstrated the value of the approach
chosen.

Cek4 and Cek5 are related to each other and
to the Eph tyrosine kinase (Hirai et al., 1987).
The Cek5 cDNA and deduced amino acid se-
quences are reported here; Cek4 will be de-
scribed elsewhere. The kinases belonging to the
Eph family have not yet been extensively char-
acterized. Thus the molecules (ligands) that are
presumed to interact with their extracellular
domains, as well as their intracellular sub-
strates, are unknown. The characterization of
the Cek5 kinase expression during develop-
ment, obtained using specific polyclonal anti-
bodies and described here, provides evidence
that Cek5 represents a component of signal
transduction pathways that are activated
throughout embryonic development and are
also functional in adult brain.

Results

DNA sequence and deduced amino acid
sequence of Cek5

Among the cDNA clones isolated by screening
a 10-d chicken embryo expression library with
anti-phosphotyrosine antibodies (Pasquale and
Singer, 1989), three encoded portions of the
same protein, which was designated Cek5. The
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largest clone (clone 10Q) was completely se-
quenced (nucleotides 494-3228 in Figure 1).
Additional Cek5 clones, extending further in the
5'region, were searched for by using clone 10Q
as a probe to rescreen the 10-d chicken embryo
library. One of the new cDNAs isolated was 4.0
kb long and contained Sa/ |, Sma |, Hindlll, and
Sst | sites corresponding to those in the 10Q
clone. The 5 end of the 4.0-kb clone was se-
quenced (nucleotides 1-525 in Figure 1). Nu-
cleotides 1-493 (Figure 1) were not present in
clone 10Q, and nucleotides 494-525 (Figure 1)
were identical to nucleotides 2-33 of clone 10Q.
The 4.0-kb clone also contained ~820 addi-
tional nucleotides at the 3' end (not shown). This
region included a polyadenylation signal that,
however, was not followed by a poly(A) tail.

The Cek5 DNA sequence and deduced amino
acid sequence are shown in Figure 1. Two ATG
codons, in the same reading frame, are located
within the first 40 nucleotides (Figure 1). Al-
though the second ATG codon is in a more fa-
vorable context for translation initiation (Kozak,
1989), the first ATG is the one corresponding
to the initiation site of homologous tyrosine ki-
nases (Figure 2b) (Pasquale, unpublished re-
sults). It cannot be ruled out that both ATGs
may be used for translation initiation (Kozak,
1989) and that two different proteins are pro-
duced, one of which lacks the first seven amino
acids of the signal peptide.

An open reading frame extends for 926 (or
919) amino acids. The presence of two hydro-
phobic stretches of amino acids, presumably
representing a cleavable signal peptide (resi-
dues 1-26 or 8-26) (von Heijne, 1986) and a
transmembrane region (residues 557-573),
suggests that Cek5 is a type la integral mem-
brane protein (Singer, 1990). The predicted mo-
lecular weight of Cek5, after removal of the sig-
nal peptide, is 108 000. The region N-terminal
to the putative transmembrane domain is pre-
sumably extracellular and can be divided into
two subdomains. The N-terminal subdomain,
comprising residues 27-328, contains numer-
ous cysteines. The C-terminal subdomain of the
extracellular region, comprising residues 329-
556, is mostly devoid of cysteines and contains
two repeats homologous to fibronectin type Il
repeats (Figure 2a) (Skorstengaard et al., 1986;
Ruoslahti, 1988). These repeats of ~100 amino
acids are characterized by the presence of con-
served aromatic and hydrophobic residues
(Figure 2a) and lack conserved cysteine residues
(Norton et al., 1990; Patthy, 1990). Repeat 2
(residues 440-539) is located in close proximity
to the transmembrane region. The transmem-
brane region is immediately followed by three
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Figure 1. Nucleotide sequence and predicted amino acid sequence of the longest Cek5 cDNA clone isolated. The presumed
signal-peptide sequence and the single putative transmembrane domain are underlined, the possible sites of N-glycosylation
are marked by dotted overlines, some of the residues involved in ATP binding are labeled by stars above the amino acid
symbols, and the tyrosine putative site of autophosphorylation is indicated by a filled circle. Nucleotides and amino acids are
numbered at left. The nucleotides are numbered starting from the first residue after the EcoRl site of lambda gt11.

basic residues, likely to represent a stop-trans-
fer sequence.

The cytoplasmic region of Cek5, C-terminal
to the transmembrane domain, contains all the
residues that are diagnostic of protein tyrosine
kinase catalytic domains (Hanks et al., 1988).
Some of these residues are marked in Figures
1 and 2b. A juxtamembrane region of 54 amino
acids separates the transmembrane region from
the catalytic domain, and a C-terminal tail of 99
amino acids follows the kinase domain.

Comparison with the sequences of other re-
ceptor-type protein tyrosine kinases indicates
that Cek5 is related to the Eph kinase (Hirai et
al., 1987). In Figure 2b the sequence of Cek5 is
compared with those of Eph and of the two
other known protein tyrosine kinases related to
Eph: Elk (Letwin et al., 1988) and Eck (Lindberg
and Hunter, 1990). The overall amino acid se-
quence identity of Cek5 with Eph is 40% and
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with Eck is 48%. Only the partial amino acid
sequence shown in Figure 2b is available for
Elk. This portion of Elk is 83% identical to the
corresponding region of Cek5. Figure 2b shows
that, in the extracellular region, all the cysteines
(") (with the exception of Eph Cys,7,) are con-
served in Cek5, Eck, and Eph. Also conserved
are the aromatic and hydrophobic residues
characterizing the region of homology to fibro-
nectin (see also Figure 2a). The catalytic do-
mains (corresponding to Cek5 residues 628-
896) are the regions of closest similarity among
the members of the Eph family.

Immunological detection of the Cek5 protein

To characterize the developmental expression
of Cek5, we prepared specific polyclonal anti-
bodies in two different ways. In one case, the
portion of Cek5 encoded by clone 10Q (amino
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Cek5 329 CTTIPSAP QAVISSVNETSLMLEWTPPRDSG G REDLVYNIICKS- 8-TRCGDNVQPAPRQLGLTEPRIYISDLLAHTQYTFEIQAVNGVTDQSPFSPQFASVNITT 439
Bck 325 CTRPPSAP HYLTAVGMGAKVELRWTPPQDSG G REDIVYSVFCEQ- 8-GPCEASVRYSEPPBEGLTRTSVTVSDLEPHMNYTFTVEARNGVSGLVT SRSPRTASVSI 43¢
Eph 329 CTGPPSAP RNLSPSASGTQLSLRWEPPADTG G RQDVRYSVRCSQ- 11-QPCGVGVHPSPGARALTTPAVHVNGLEPYANYTFNVEAQNGVSGLGS SGHASTSVSISM 442
IGFR 577 NASVPSIPLDVLSASNSSSQLIVKWNPPSLPN G-13-QDGYLYRHNYCS-103-PEELETEYPFPESRVDNKERTVISNLRPPTLYRIDIHSCNHEAEKLGCSASNFVFARTMPA 798
INSR 591 DATNPSVPLDPISVSNSSSQIILKWKPPSDPN G-13-EDSELFELDYCL-101-PTSPEEHRPF EKVVNKESLVI SGLREFTGYRIELQACNQDTPEERCSVAAYVSARTMPE 808
CekS 440 NQAAPSAVSIMHQVSRTVDSITLSWSQPDQPN G VILDYELQYYE KNLSELNSTAVKSPINT  VTVQNLKAGTIYVFQVRARTVAGYGRYSGKMYFQTMTEA 539
Eck 435 NQTEPPKV  RLEGRSTTSLSVSWSIPPPQQ § RVWKYEVTYRK KGDSN SYNVRRTEGPS  VTLDDLAPDTTYLVQVQALTOEGQGAGS KVHEFQTLS 528
Eph 443 GHAESLSGLSLRLVKKEPRQLELTWAGSRPRSPG ANLTYELHVLN QDE RYQMVLEP R  VLLTELQPDTTYIVRVRMLTPLGPGPFSPDHEFRTSPPV 538
IGFR 799 EGADDIPGPVIWEP RPENSIFLKWPEPENPN G LILMYE IKYGS QVEDQ RECVSRQEYRKYGGAKLNRLNPGN YTARIQATSLSGNGSWTDPVFPFYVQAKT 898
INSR 809 AKADDIVGPVTHEI PENNVVHLMWQEPKEPN G LIVLYEVSYRR YGDEELHLCDTRKHFALERGCRLRGLSPGN YSVRIRATSLAGNGSWTEPTYFYVTDYL 909
CONS P! 4 ~L-W--P-----Ggggg---==' Y-# 99999 #--L-P---Y---§-A
PBN CON§ ~-=-P=== ==-e=Pe-eeeef-f§-uPeemm -$-GY-$-—- P #=-L-PG-=Y-——f =¥ WA eGP T
(b) cexs 1 mumcpmccnrumnmvssnmsﬂm\mp-psmwscmxumrmovcwn-ssomwnmum-mma
EcK 1 ME K.VV.L.FAA.GG....LT..YGK..DLMQONIMND.-P.YM.S....MS-GD.D..... NWWVY.G-E.E.NN
Eph 1 .K.V....TSK.QG....LLD.PKD..S.QQQILNGT-PLYM. .D.PMOGRRDTDH. . .SNW.Y .GEE.S.V.
- . = -
CekS 96 VEMKPSVRDCSSIPNVPG--SCKETPNLYYYESDPDSATKTFPNWMENPWMKVDTIAADESFSQVDLGGRVMKINTEVRSFGPVSENGFY LAFQDYGGCM
Eck 96 P.LN.T....N.P.GGAS-=....c0c... A...L.YG.N-.QKRL---FT.I....P. . ITVSS.FPEA.BV.L.V.E..V. .LTRK....... 1AV
Eph 97 ..LQ.T....K.P.GGA.PLG....... L.M...Q.VGIQ-LRRPL---FQ. .T.V...Q..TIR. .ASGSV.L.V.RC.L.RLTRR.L. .. .HNP.A.V
- - - .. . .
CekS 194 SLIAVRVPYRKCPRVIQNGAVPQETLSGAESTSLVAARGTCISNA--EE-VDVPIKLYCNGDGEWLVPIGRCMCRPGYESVENGTVCRGCPSGTFKASQG
Bck 190 A.LS...Y.K...ELL.GL.H.P..IA.SDAP..ATVA...VDH.VVPP-GGEEPRMH.AV......... Q.L.QA...K..DA--.QA.SP.F..PEAS
Bph 193 A.VS.....QR..ETLNGL.Q.PD..P.--PAG..EVA...LPH.RASPRPSGAPRMH.SP.......V...H.E....EGGS.EA.VA. ... SYRMDMD
“- - - - . - .
Cek5 291 DEGCVHCPINSRTTSEGATNCVCRNGYYRADADPVDMPCTTIPSAPQAVISSVNETSLMLEWTPPRDSGGREDLVYNIICKSCGS-~-GRGACTRCGDNV
Eck 287 ESP.LE..EHTLPSP....S.E.EE.FF..PQ..AS....RP... .HYLTAVGMGAKVE.R....Q....... 1..8VT.EQ.WP---ES.E.GP.EAS.
Eph 291 TPH.LT..QQ.TAE.....I.T.BES.H...PGEGPQVA..GP....RNLSF.ASG.Q.8.R.E..A.T...Q.VR.SVR.5Q.QGTAQDG.P.QP..VG.
Cek5 388 QPAPRQLGLTEPRIYISDLLAHTQYTPEIQAVNGVTDQSPPSPQPASVNITTNQAAPSAVSIMHQVSRTVDSITLSWSQPDQPN-GVILDYELQYYERNL
Eck 384 RYSEPPH...RPSVTV...EP.MN...TVE.R...SGLVT-.RS.RTASVSI..TB.PK.RL---EGRSTT.LSV...I.PPQQ-SRVWK..VT.RK.GD
Eph 391 HPS.GARA..T.AVHVNG.EPYAN...NVE.Q...SGLGSSGHAST..S.SMGH. ESLSGLSLRL.KKEPRQLE.T .AGSRPRSP.AN.T. . .HVLNQDE
Cek5 487 smrnnsmmvmmxqummmcmcxmmrmvmvomruxcssmr.vrnmwvxnvcnmnmsn
Bck 479 .N-SYNVRRTEGFS..LDD.APD.T.LV..Q.L.QE.Q.AG.KVHE...LS-----PEGSGN.A-V..GV.V.V.L. H...KNQ..-RQS
Bph 491 ---nu.:.z.--n.ms.orn.'r.1vn..nu..n..r.n.pon.n.spmnc:.m.xmmmo.mo.m
- * & *
Cek5 587 tummcnﬂmnxnopnn--Drnx\mp-usmlscvuzovxmrcsvescnul.-mnxrvunuscnnomnsnsx
Elk 1 Liieeemeeae V.P....E. S 3 Yereounn -
Eck 571 PEDVYPSKSEQLK.-L.T.V..H...—-...Q..LK.-TT..HP...TROK. JYK.M. . TSS. .K.VPeoouoo AvevesesVerdGe G
Eph 586 PMWIERTSCAEALCGTSRHTRTLEREPWTLPGGWSN.PSR.L.PAWLMVDT...E......YR.T.R.- .soocu.......nrsm WWN. .R..T.
Cek5 683 mommmax.sswnssrvuxxnmn@nmrnmmmow@mmummmnmvannumn.vnsmvcxvsnmnsunso
Elk 68 ........l.R... veceeReceecsenanna v.
Eck 667 ....S.H. 1 Re...IS.YK.M.....Y....A..K...EK..E.8.L..
Eph 685 ....S..HIL........ R I.eeeneennn AA..A...ERED.LVFG..
Cek5 783 mson!rsawc:mmnnxcrnnsunwsxmvnmsm:nmmowzursonvnppmmmonmncmmmnmr
BlK 168 ...oocceoBeeeeeeVerueeeseheransnn P T teesscnsanasens 8..R.
Bk 767 .=PBA...TS-...ccueen ceveeBacann ELS.HE.MK..NDGF...T.....S.IY...MQ...QE.AR....
Bph 785 —-FP.G..BTQ-.ccecceen cees AB.I.. «GE.S..B.MKS..DG......V...AP.YE. .KN. .AY. .AR..H.
CekS 883 aoxmz.m:mnsr.mu\m.ssavuumnunnsrmmunsonssnsmmmxvsmw:nmvmumolnmsxov
Elk 268 AB.......... weRe. . TV.TITAVPSQ.....8...F.A.T...D..Sc0e.V. RD. (LT... . SIQL.T. 8. LeelocerencaassaSe
BEck 865 m..sx...x...A D...TL.DPDPR.SIR.PSTSGSEGVP.R..S...ES...Q..T.H.MA. . Y.AIEK.V.. . ND..K.I..R.P....R.AY, LLG
Eph 882 QKLQAH.BQLIA..H..RTI.NPDPR.T.R.PSLSGS.GIPYR..S...ES.R.KR.ILH.H...LD.MEC.LEL.A..LTOM.I..P....R..C...
CekS 983 MRAQMNQIQSVEV
Elk 368 ..V....SP..MA
Bck 965 LED.V.TVGIPI
Bph 982 FKD

Figure 2. Relationships of Cek5 with other proteins. (a) Alignment (by eye) of the two repeats homologous to fibronectin
type lll repeats (Skorstengaard et al., 1986) found in Cek5, Eck (Lindberg and Hunter, 1990), Eph (Hirai et al., 1987), and
insulin and insulin-like growth factor 1 receptors (Ullrich et al., 1986). Gaps were introduced to maximize the alignment. The
numbering is as in Figure 1 and in Lindberg and Hunter (1990), Hirai et al. (1987), and Ulirich et al. (1986). The presence of
one of the hydrophobic residues L, |, or V in =90% of the repeats is marked by #. Conserved hydrophobic residues and
residues conserved in =70% of the 15 fibronectin type lll repeats (Skorstengaard et al., 1986) are also indicated for comparison
(FBN CONS). The sequence RGDS, only present in repeat 10 of fibronectin, is marked by *++. (b) Comparison of the amino
acid sequences of Elk (Letwin et al., 1988), Eck (Lindberg and Hunter, 1990), and Eph (Hirai et al., 1987) with that of Cek5.
The sequences were aligned using the program DFALIGN (Feng and Doolittle, 1987). Dots replace residues in Elk, Eck, and
Eph that are identical to the corresponding residue in Cek5. Hyphens represent gaps introduced in the sequences to aid the
alignment. Signal peptide sequences and putative transmembrane domains are underlined. The conserved cysteines in the
extracellular domains are indicated (”). Asterisks mark residues that are conserved in protein-tyrosine kinase catalytic domains
(Hanks et al., 1988). @, indicates the tyrosine that is the putative acceptor for autophosphorylation (Hanks et al., 1988).

acids 167-926 in Figure 1), expressed in bac-
teria as a (§-galactosidase fusion protein, was
used as an antigen and for affinity purification
of the immune serum. Alternatively, rabbits
were immunized with a peptide corresponding
to the 10 carboxy-terminal amino acids of Cek5.
In immunoblotting experiments, both types of
anti-Cek5 antibodies labeled a single protein
band of ~120 kDa in extracts from 10-d chicken
embryonic brain (Figure 3, a and b, BR).
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The anti-Cek5 fusion protein antibodies rec-
ognize specifically the Cekb5 kinase but not other
proteins containing a homologous tyrosine ki-
nase catalytic domain. In fact, anti-Cek5 anti-
bodies eluted from the 120-kDa region of an im-
munoblot of 10-d embryonic brain recognize the
Cekb5-6-galactosidase fusion protein but not a
Cek1-8-galactosidase fusion protein (Pasquale
and Singer, 1989), which contains a catalytic
domain 35% identical, at the amino acid level,
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Figure 3. Immunoblot of various subcellular fractions from 10-d chicken embryonic brain with anti-Cek5 polyclonal an-
tibodies: (a) and (c) anti-Cek5-3-galactosidase fusion protein antibodies and (b) anti-Cek5 C-terminal peptide antibodies.
The gel in ¢ was run under nonreducing conditions (without 8-mercaptoethanol in the sample buffer). BR, 10-d brain; P1,
1000 X g pellet; P2, 17 000 X g pellet; P3, 200 000 X g pellet; S3, 200 000 X g supernatant. Equal amounts of protein were
loaded in all of the lanes. Molecular weight markers (X107 are indicated at left in this and Figures 4-8.

to that of Cek5 (not shown). The anti-peptide
antibodies also appeared to be specific for
Cek5. They labeled the bacterially expressed
Ceks5 fusion protein and were detectable in the
rabbit serum only after repeated immunizations
with the peptide (not shown).

The apparent molecular weight of Cek5 is
somewhat higher than the molecular weight
calculated on the basis of the amino acid se-
quence. This is presumably due to glycosylation
of the extracellular domain, because five pos-
sible sites for N-linked glycosylation are present
in the sequence of the extracellular domain of
Cek5 (Figure 1). In an immunoblot of 10-d em-
bryonic brain, obtained under nonreducing con-
ditions with the anti-fusion protein antibodies,
the apparent molecular weight of the Cek5 pro-
tein is ~90 000 (Figure 3c). The lower apparent
molecular weight obtained in the absence of re-
ducing agents suggests the presence of intra-
molecular disulfide bonds and is consistent with
the presence of numerous cysteines in the ex-
tracellular portion of the Cek5 protein. This ex-
periment also showed that in vivo the Cek5
molecules are not covalently linked to one an-
other or to other molecules through disulfide
bonds.

To examine the subcellular distribution of
Cek5, we homogenized and fractionated a 10-
d chicken embryonic brain by differential cen-
trifugation (Figure 3, a and b). The following
fractions were obtained: a 1000 X g pellet (P1),
containing nuclei and unbroken cells; a 17 000
X g pellet (P2), and a 200 000 X g pellet (P3),
both containing membranes; and a supernatant
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(S3), containing soluble proteins. Both types of
anti-Cek5 antibodies described above detected
Cek5 almost exclusively in the two membrane
fractions, equally distributed between P2 and
P3 (compare Figure 3, a and b). The membrane
association of Cek5 is in agreement with its
amino acid sequence, diagnostic of an integral
membrane protein.

Because the anti-fusion protein antibodies
produced stronger labeling in immunoblotting
experiments (Figure 3), they were used for all
subsequent experiments (Figures 4-8). How-
ever, the antipeptide antibodies were used to
reproduce some experiments (not shown) and
produced similar results.

Characterization of the developmental
expression of the Cek5 kinase

In Figure 4a the expression of Cek5 in different
tissues from a 10-d chicken embryo was ex-
amined. The results indicate that Cek5 is nearly
ubiquitous at this stage of development. It is
most abundant in 10-d embryonic brain and is
also expressed at high levels in kidney, lung,
intestine, gizzard, and thigh. It is detectable at
lower levels in liver, heart, and lens, but not in
whole blood. In adult chicken tissues (Figure 4b),
Cek5 is most abundant in brain; however, it is
present at lower levels than in embryonic brain
(Figures 4b and 5). Cek5 is clearly detectable in
adult liver and, at lower levels, in intestine and
gizzard. Very low levels of Cek5 are detectable
in adult lung, thigh, and heart, but only after
greatly increasing the exposure of the autora-
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Figure 4. Immunoblot with anti-
43 — Ceks5 anti-fusion protein antibodies
of various chicken 10-d embryonic
- (a) and adutlt (b) tissues. Ki, kidney;
Li, liver; BI, blood; Lu, lung; In, in-
testine; Gi, gizzard; Th, thigh; He,
heart; Le, lens; and Br, brain. Br' in
(b) indicates 10-d brain (shown for
K e S n: SN G hhi e B, Br’ comparison).

diographs (not shown and Figure 6a inset). The
nature of the protein band of ~140 kDa in em-
bryonic liver and of the 35-kDa-band in adult
intestine is not known.

Comparison of Figure 4, a and b, indicates
that the expression of Cek5 is substantially
lower in adult tissues than in the corresponding
tissues from 10-d chicken embryos. The
expression of Cek5 during development was
examined in greater detail in two tissues: brain
and skeletal muscle of the thigh. In brain tissue
(Figure 5), the expression of Cek5 is high and
relatively constant in embryos from 7 to ~12 d
old. The abundance of Cek5 then gradually de-
creases up to the time of hatching. In adult
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brain, Cek5 is still easily detectable but less
abundant than during development. In the skel-
etal muscle of the thigh, the regulation of the
expression of Cek5 during development is dif-
ferent from that in brain (Figure 6a). Cek5 is
present at about the same level in skeletal mus-
cle of 7- to 15-d-old embryos. Between days 15
and 17 of development in ovo, however, the level
of Cek5 expression decreases sharply and re-
mains low until hatching. Remarkably, the total
protein composition of the thigh muscle also
changes markedly between days 15 and 17 of
development in ovo (Figure 6b), presumably due
to the increased expression of some muscle-
specific proteins, such as myosin (arrow in Fig-
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ure 6b) (Hermann, 1952; Fishman, 1967). The
expression of Cek5 in adult muscle is extremely
low and is only detectable after longer exposure
of the autoradiograph (Figure 6a, insert). Im-
munoblots of skeletal muscle during develop-
ment also consistently reveal the faint labeling
of a 65-kDa protein band from 12 to 21 d of
development in ovo (Figure 6a, arrow on the
right) and of a 40-kDa protein band from 7 to
15 d (Figure 6a, arrow on the left). The possible
significance of this labeling is discussed below
(Discussion).

To examine the expression of the Cek5 ty-
rosine kinase earlier in development, we pre-
pared extracts from 2- to 10-d-old whole em-
bryos and examined them by immunoblotting
(Figure 7). Cek5 is already detectable in 2-d-old
embryos and is considerably more abundant in
3-d-old embryos. The expression of Cek5 is
higher and does not change significantly be-
tween days 4 and 10 of development in ovo.

Tyrosine kinase activity of Cek5

Cekb was identified by detecting its tyrosine ki-
nase activity in bacterial plaques with anti-
phosphotyrosine antibodies. As described
above, sequence homology also suggests that
Cek5 contains a functional tyrosine kinase cat-
alytic domain. Furthermore, as shown in Figure
8, Cek5 isolated from 11-d chicken embryonic
brain displays tyrosine kinase activity in vitro
and autophosphorylates on tyrosine residues,
after incubation in a buffer containing ATP (Fig-
ure 8, lane 2). Cek5 isolated from embryonic
tissues was found not to contain any detectable
phosphotyrosine before undergoing the in vitro
autophosphorylation reaction (not shown). Ac-
cordingly, the pattern of tyrosine phosphoryla-
tion in brain extracts is not affected by the re-
moval of Cek5 (Figure 8, compare lanes 3
and 4).
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Figure 5. Immunoblot with anti-Cek5
anti-fusion protein antibodies of
chicken brain during embryonic de-
velopment (days of development in
ovo are indicated at the bottom) and
in adult (Ad).

Discussion

Structural features of Cek5

Cek5 is one of the receptor tyrosine kinases
discovered by a procedure designed to identify
protein tyrosine kinases involved in develop-
mental signal transduction pathways. Its pri-
mary structure indicates that Cek5 is a member
of a family of receptor tyrosine kinases for which
the Eph kinase is the prototype (Hirai et al.,
1987). The only other Eph-related kinase for
which the entire amino acid sequence has been
previously determined is Eck (Lindberg and
Hunter, 1990). Therefore, the determination of
the full-length sequence of Cek5 allows the
identification of some of the specific features
characterizing the overall structure of the Eph
family of protein tyrosine kinases. These include
a unique distribution of 20 conserved cysteines
in the extracellular regions. Seventeen of these
cysteines are clustered in a cysteine-rich region,
separated from the transmembrane domain by
a cysteine-free stretch of ~170 amino acids.
Furthermore, the regions separating the trans-
membrane and putative ATP binding regions of
the kinases in the Eph family have a character-
istic length of 61-70 amino acids, shorter than
in the FGF receptor family (83—89 amino acids)
and longer than in most other receptor tyrosine
kinases (~50 amino acids). The catalytic do-
mains of the Eph-related kinases are not inter-
rupted by kinase insert regions (Hanks et al.,
1988) and are followed by C-terminal tails of
89-99 amino acids.

The amino acid sequence of Cek5 suggests
the presence of a functional tyrosine kinase
catalytic domain. Cek5 also contains potential
sites of autophosphorylation, such as a con-
served tyrosine within the catalytic domain
(Tyrsge) (Hanks et al., 1988) and a tyrosine in the
C-terminal tail that is conserved within the Eph
family (Tyrgse). Accordingly Cek5, expressed in
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bacteria as a Cek5-3-galactosidase fusion pro-
tein, is capable of catalytic activity and auto-
phosphorylation. This allowed its identification
with anti-phosphotyrosine antibodies. Further-
more, Cek5 isolated from 11-d embryonic brain
displays tyrosine kinase activity and autophos-
phorylates in vitro (Figure 8). These observa-
tions suggest that Cek5 also has intrinsic ty-
rosine kinase activity in vivo.

Relationships of Cek5 with other proteins

Portions of the extracellular region of Cek5 show
interesting homologies with other proteins. Al-
though these homologies involve amino acid
residues that are conserved in Eck and Eph,
they have not been previously reported. It is im-
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15

15

Figure 6. (a) Immunoblot
with anti-Cek5 anti-fusion
protein antibodies of chicken
thigh during embryonic de-
velopment and in adult. (b)
Coomassie blue-stained gel
showing the pattern of pro-
teins expressed in embry-
onic and adult thigh. Days of
embryonic development are
indicated at the bottom; Ad
indicates adult thigh. The in-
set in a shows a longer ex-
posure of the 120-kDa Cek5
bandin lanes 17, 19, 21, and
Ad. Cek5, which is not de-
tectable in adult in a, is de-
tectable as a faint band in the
inset. The arrow on the right
indicates a 65-kDa band la-
beled in 12- to 21-d-old thigh.
The arrow on the left indi-
cates the 40 kDa and labeled
in 7- to 15-d-old thigh. The
arrow in b indicates one of
the protein bands, presum-
ably containing myosin (Her-
mann, 1952; Fishman, 1967),
the expression of which is
sharply increased in thigh
skeletal muscle between 15
and 17 d of development in
ovo. The gel lanes in b con-
tain ~25% as much protein
as the gel lanes in a.

17 19 21 Ad

17 19 21 Ad

portant to identify these conserved sequence
motifs because they are presumably involved in
the interactions, as yet uncharacterized, of the
Eph-related tyrosine kinases with ligand mole-
cules accessible to the external surface of the
plasma membrane. Extracellular domains sim-
ilar to that of Cek5, consisting of an N-terminal
cysteine-rich segment and a C-terminal seg-
ment containing repeats homologous to the
type lll repeats of fibronectin, have been de-
scribed for many proteins mediating protein—
protein interactions. These include various
members of the growth hormone/prolactin re-
ceptor family and a number of developmentally
regulated neural cell adhesion molecules (Nor-
ton et al., 1990; Patthy, 1990 and references
therein). The insulin and insulin-like growth fac-
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Figure 7. Immunoblot with anti- 43 —
Cek5 anti-fusion protein antibodies
of whole chicken embryonic ex-
tracts. The age of embryonic devel-
opment, in days, is indicated at the
bottom. Ten-day embryonic brain
(BR) is also shown for comparison. 2

tor 1 receptors also contain two fibronectin type
lll repeats (Figure 2b), which have not been pre-
viously reported. In the latter receptors, repeat
1 is interrupted by a long inserted sequence
containing the cleavage site between the a- and
B-receptor subunits (Figure 2b), and repeat 2 is
located just N-terminal to the transmembrane
domain. Seven fibronectin type lll repeats are
also present in another receptor tyrosine kinase,
sevenless (Norton et al., 1990). Six C-X-C or C-
X-X-C sequences are present in the Cek5 ex-
tracellular region. It is not known whether these
sequences are involved in complex formation
with metal ions, in analogy with their presumed
function in several metal-binding proteins (Ko-
jima, 1976 and references therein; Furey et al.,
1986).

Inspection of Figure 2 reveals an 83% identity
at the amino acid level between Cek5 (a chicken
protein) and Elk (Letwin et al.,, 1988) (a rat pro-
tein) throughout the catalytic and C-terminal
regions (the only regions for which the Elk se-
quence is available). However, the recent iden-
tification of a 162-bp portion of the rat homo-
logue of the Cek5 cDNA, which is distinct from
the corresponding Elk cDNA, indicates that
Cek5 and Elk represent two different gene
products (Lai and Lemke, 1991).

Nucleotides 2209-2388 of Cek5 (Figure 1) are
identical, with the exception of two nucleotides,
to a 180-bp portion of the 373-bp chicken ge-
nomic sequence TKR11, which was identified
with a v-fps probe and thought to be conserved
among avian and mammalian species (Foster et
al., 1986). The TKR11 cDNA presumably rep-
resents a portion of the Cek5 gene or of a Cek5
allele, and the lack of homology outside the 180-
bp region may be explained with the presence
of introns in the TKR11 DNA.
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Developmental expression of the Cek5
protein

Its wide tissue distribution and abundant
expression suggest that Cek5 has important
physiological functions. The expression during
development of Eph, Elk, and Eck has not been
investigated. Thus, it is not known whether
these members of the Eph family are equally
abundant in embryonic tissues or whether Cek5
is the most ubiquitous of the Eph-related ki-
nases and the others have a more limited dis-
tribution and, presumably, more restricted
functions. mRNAs corresponding to Eph, Elk,
and Eck have been detected in rat adult tissues
(Letwin et al., 1988; Maru et al., 1988; Lindberg
and Hunter, 1990). If the presence of mRNA
reflects the presence of the corresponding pro-
tein, these data suggest that several of the ki-
nases in the Eph family can be expressed in the

— 200

—120
—100

—68

1 2 3 L

Figure 8. Immunoblot with antiphosphotyrosine antibod-
ies of: lane 1, control immunoprecipitation; lane 2, im-
munoprecipitated Cek5; lane 3, 11-d embryonic brain
extract after immunoprecipitation of Cek5; lane 4, 11-d
embryonic brain extract after control immunoprecipitation.
The immunoprecipitates in lane 1 and 2 were incubated un-
der conditions that allow in vitro phosphorylation (see Ma-
terials and Methods).

531



E.B. Pasquale

same tissue. For example, both Eph and Eck
appear to be present in lung; Eph and Cek5 in
liver; Cek5 and Eck in intestine; and Cek5, Elk,
and Eck in brain. Within one tissue, the presence
of the Eph-related kinases in specific cell types
could be mutually exclusive, or they could be
simultaneously present in the same cells and
have similar, but distinct, functions.

The presence of Cek5 in 2-d-old chicken em-
bryos implicates it in early developmental pro-
cesses. The expression of Cek5, however, in-
creases at later stages and remains high in
chicken embryos until at least the 10th d of em-
bryonic development. Closer to the time of
hatching the expression of Cek5 appears to di-
minish, at least in brain and thigh. The decrease
in Cek5 receptor expression that occurs during
skeletal muscle differentiation correlates with
changes in muscle protein composition (Her-
mann, 1952; Fishman, 1967). This is similar to
the loss of FGF and epidermal growth factor
receptors that has been shown to be a specific
phenotype acquired during skeletal muscle dif-
ferentiation (Olwin and Hauschka, 1988, 1990).
In immunoblots of skeletal muscle during de-
velopment, the anti-Cek5 antibodies faintly la-
bel, in addition to the 120-kDa Cek5 protein,
two protein bands of 65 and 40 kDa. This la-
beling, if specific, suggests the existence in
skeletal muscle of proteins immunologically re-
lated to Cek5 with lower apparent molecular
weights. Their expression, very limited and re-
stricted to some developmental stages (Figure
6a), could be explained by the presence of al-
ternatively spliced forms of the Cek5 mRNA.

Because Cek5 is such a prevalent molecule
in the embryo and in some adult tissues, over-
expression, decreased expression, or mutations
of the Cek5 gene are likely to produce major
developmental defects in the embryo as well as
diseases due to malfunctions in Cek5-depen-
dent signaling pathways in the adult. Alterations
of the normal responses to the cellular environ-
ment, caused by defects in tyrosine kinase
genes, are thought in many cases to represent
causal events in cell transformation and tumor
formation (Hunter and Cooper, 1986; Yarden
and Ullrich, 1988). Overexpression of Eph, for
example, is sufficient to cause growth of cul-
tured cells in soft agar and the formation of tu-
mors in nude mice (Maru et al., 1990). Thus, the
identification and characterization of protein ty-
rosine kinases important in developmental pro-
cesses, such as presumably Cek5, represents
a contribution to the understanding not only of
developmental processes, but also of oncogenic
transformation.
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Materials and methods

Isolation and characterization of cDNA
clones

The method for screening a cDNA expression library with
anti-phosphotyrosine antibodies and the procedures for se-
quencing have been described (Pasquale and Singer, 1989;
Pasquale, 1990; Lindberg and Pasquale, 1991). In addition
to the use of suitable restriction enzyme sites, a double-
stranded exonuclease kit (Pharmacia LKB, Piscataway, NJ)
was used to produce a set of pBluescript (Stratagene, La
Jolla, CA) deletion clones carrying Cek5 cDNA inserts of
various lengths to be used for sequence analysis. Several
oligodeoxynucleotides were also used as primers to com-
plete the sequencing of both strands of the Cek5 cDNA.
Clones extending into the 5' region of the Cek5 cDNA were
searched for by screening a 10-d chicken embryo lambda
gt11 library (Clontech, Palo Alto, CA) with clone 10Q (com-
prising nucleotides 494-3228 in Figure 1). Clone 10Q was
the longest clone previously isolated from the same library
by probing with antiphosphotyrosine antibodies. The
screening with the 10Q DNA probe was performed using a
nonradioactive DNA labeling and detection method (Boeh-
ringer Mannheim, Indianapolis, IN) and high-stringency
conditions for hybridization (50% formamide, 0.75 M NaCl,
0.075 M sodium citrate [pH 7.0], 0.06% Ficoll, 0.06% poly-
vinylpyrrolidone, 0.06% bovine serum albumin [BSA], 0.5%
sodium dodecyl sulfate [SDS], with 200 ug of sheared salmon
sperm DNA per ml at 37°C). Three hundred thousand
plaques were screened to isolate the 4.0-kb clone that con-
tributed the first 493 nucleotides to the final Cek5 sequence.

Preparation of antibodies specific for Cek5

Clone 10Q was subcloned in the EcoRl site of the expression
vector pEX2 (Boehringer Mannheim) to obtain a high level
of expression of the 8-galactosidase-Cek5 fusion protein.
As described (Pasquale and Singer, 1989), the insoluble
material obtained after sonication of bacteria expressing
pEX2 plasmids, which contained all of the g-galactosidase-
Cek5 fusion protein as the most prominent component, was
mixed with adjuvant and injected into rabbits. Antibodies
specific for the Cek5 kinase were purified on an affinity col-
umn prepared by coupling the $-galactosidase-Cek5 fusion
protein, eluted from preparative SDS/polyacrylamide gels,
to Affi-Gel 15 (Bio-Rad, Richmond, CA). Antibodies to the
B-galactosidase component of the antigen were eliminated
by absorption on an Affi-Gel 15/8-galactosidase affinity col-
umn. Anti-peptide antibodies were prepared by injecting the
peptide QMNQIQSVEV (corresponding to the 10 carboxy-
terminal amino acids of Cek5) coupled to BSA using glu-
taraldehyde. Material sufficient for five injections was pre-
pared as follows: 5 mg of BSA dissolved in 0.5 ml of 0.4 M
phosphate-buffered saline (PBS, pH 7.5) was mixed with 4
mg of peptide dissolved in H,0; 1 ml of 2% gluteraldehyde
was then added dropwise while stirring. The reaction was
stopped after 30 min with 0.2 ml of 1 M glycine, and the
solution was dialyzed in PBS. Injections were at 2-wk inter-
vals and high-affinity antibodies were obtained after the
fourth injection. Specific anti-peptide antibodies were pu-
rified from the immune serum by elution with 0.1 M HCI-
glycine pH 2.5 from an immunoblot of 10-d embryonic brain.

Tissue preparation and immunoblotting

Whole embryo extracts, embryonic tissue extracts, and
some adult tissue extracts were prepared by sonication in
an ice-cold hypotonic buffer containing 1 mM NaHCO,, 5
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.2 trypsin
inhibitor units aprotinin/ml, 10 ug/ml pepstatin, 10 ug/mi
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leupeptin, and 1 mM sodium orthovanadate. Adult thigh,
gizzard, intestine, and heart were homogenized in the same
buffer using a tissue homogenizer (Polytron, Brinkmann In-
struments, Westbury, NY). Tissues were frozen on dry ice
immediately after dissection from the embryos or from 2-
y-old chickens. Tissue homogenates were stored in aliquots
at —70°C. Ten-day embryonic brain was separated into nu-
clear, membrane, and cytosolic fractions as follows. Brain
tissue was homogenized in a Dounce homogenizer in the
hypotonic buffer described above. One-fifth volume of a 1.6
M sucrose, 25 mM MgCl, solution was then added. The
homogenized material was centrifuged successively at
1 000, 17 000, and 200 000 X g to obtain the various frac-
tions (see Results and Figure 3). For SDS-polyacrylamide
gel electrophoresis, the samples were solubilized in SDS-
sample buffer and heated at 95°C for 3 min. The protein
concentration of the tissue homogenates was estimated by
staining sample gels using 1% Coomassie blue in 25% iso-
propanol and 10% acetic acid. Equal amounts of protein
(~150 ng) were loaded in all lanes for the immunoblotting
experiments. The proteins were separated on 7.5% poly-
acrylamide gels and transferred to nitrocellulose as de-
scribed (Maher and Pasquale, 1988). The nitrocellulose fil-
ters were stained with amido black to confirm that equal
amounts of protein were present in each lane. Filters were
blocked overnight with 0.5% BSA in washing buffer (0.1%
Triton X-100 in tris(hydroxymethyl)aminomethane buffered
saline) and incubated for 2-4 h in washing buffer containing
3 ug/ml anti-Cek5 antibodies, 0.5% BSA, and 20 mM phos-
photyrosine. After thorough rinsing with washing buffer, the
immunoblots were incubated for 1 h with '?I-protein A (0.25
uCi/ml, ICN, Irvine, CA) in washing buffer containing 3%
BSA, rinsed thoroughly with washing buffer, and dried. The
filters were autoradiographed at —70°C using Kodak (Roch-
ester, NY) BB film and lightning plus intensifying screens.
The molecular mass standards used were myosin (200 kDa),
B-galactosidase (120 kDa), a-actinin (100 kDa), BSA (68 kDa),
and actin (43 kDa).

Immunoprecipitation and in vitro
phosphorylation

One 11-d embryonic brain was sonicated in 1.1 ml PBS con-
taining protease inhibitors and Na orthovanadate (see
above). For each immunoprecipitation, a 50-ul aliquot of the
homogenate was used and diluted in 450 nl of RIPA buffer
containing protease inhibitors and Na orthovanadate. Each
aliquot was incubated on ice with 20 ul Staph A (Boehringer
Mannheim) for 10 min and, after removal of the Staph A by
centrifugation, with 15 ug of anti-Cek5 anti-fusion protein
antibodies or 15 ug of control rabbit IgG preabsorbed to 20
ul Staph A, for 30 min. The immunoprecipitated material
was then washed with RIPA buffer and incubated for 30 min
at 30°C in a phosphorylation buffer containing 25 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid pH 7.5, 10
mM MgCl,, 10 mM MnCl,, 1 mM Na orthovanadate, 0.1%
Triton X-100, and 150 uM ATP. Sample buffer was then
added, and the immunoprecipitates were examined by gel
electrophoresis.

Nucleotide sequence accession number

The Cek5 sequence reported here has been deposited in
the GenBank database under accession number M62325.

Note added in proof. After this paper was submitted for
publication the complete sequence of Elk appeared in print
(Lhotak et al., Mol. Cell. Biol. 71, 2496-2502).
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