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ABSTRACT c-sea is the cellular homologue of the avian
erythroblastosis virus S13-encoded oncogene v-sea. We have
isolated and determined the nucleotide sequence of overlapping
chicken cDNAs that encode the putative c-sea protooncogene
product. The predicted reading frame encoded a 1404-aa
polypeptide that had the structure of a receptor-like protein-
tyrosine kinase and exhibited the highest degree of sequence
similarity with the Met/hepatocyte growth factor/scatter fac-
tor receptor. Analysis of steady-state RNA expression revealed
that c-sea mRNA levels were elevated ==5-fold in chicken
embryo cells transformed by activated variants of the src
nonreceptor protein-tyrosine kinase gene but not in cells trans-
formed by the nuclear oncogenes v-myc or v-rel. A survey of
c-sea expression in a variety ofchicken tissues indicated that the
hihest levels ofmRNA were located in peripheral white blood
cell populations and in the intestine.

The avian erythroblastosis virus S13 is an oncogenic retro-
virus that transforms both chicken and quail embryo fibro-
blasts and chicken erythroid cultures in vitro (1, 2). The
oncogenic potential of the S13 virus results from the acqui-
sition of cellular DNA sequences encoding a tyrosine kinase
termed sea (for sarcoma, erythroblastosis, and anemia) (3).
The transforming oncogene ofS13 (v-sea) encodes a 155-kDa
transmembrane glycoprotein that contains extracellular and
transmembrane regions derived from the viral envelope gene
and a sea-derived intracellular domain possessing tyrosine-
specific protein-kinase activity (4). The v-sea-encoded pro-
tein shares amino acid homology with the kinase domain of
the Met protein, a receptor tyrosine kinase (5).
The cellular met locus encodes a receptor protein-tyrosine

kinase with a distinctive heterodimeric structure (6-8). The
protein is synthesized as a 190-kDa precursor that is prote-
olytically processed into an amino-terminal 50-kDa a chain
and a carboxyl-terminal 145-kDa P chain. Recently, Met was
identified as the receptor for hepatocyte growth factor (HGF)
and scatter factor (SF), two identical proteins with distinct
biological activities (9, 10).

In this report we describe the cloning and characterization
of cDNAs encoding the cellular homologue of the sea onco-
gene, c-seaA c-sea was found to encode a receptor tyrosine
kinase that exhibited structural similarity to Met in both the
extracellular ligand-binding domain and the cytoplasmic ty-
rosine kinase domain. c-sea exhibited a highly restricted
pattern of expression in cells and tissues. The highest levels
of c-sea expression were observed in peripheral white blood
cell populations, whereas most tissues (muscle, liver, heart,
brain, kidney, spleen, and thymus) contained low or unde-
tectable levels ofc-sea RNA. We also show that c-sea mRNA
levels were significantly elevated in chicken embryo (CE)
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cells transformed by oncogenic forms of the cytoplasmic
protein-tyrosine kinase pp6Os5r, but not in cells transformed
by the avian oncogene myc or rel. The potential role of the
Sea receptor during cell growth and/or differentiation is
discussed.

MATERIALS AND METHODS
Cell Culture, Tissue Isolation, and Preparation and Analysis

of RNA. Primary CE cells were prepared and cultured as
described (11). Cells were transformed with retroviral vec-
tors containing src or myc as described (12, 13). Total cellular
RNA was extracted from cells and tissues by lysis in guani-
dinium isothiocyanate followed by ultracentrifugation
through a cesium trifluoroacetate cushion (Pharmacia) (14,
15). Poly(A)-containing RNA was isolated by two rounds of
chromatography on oligo(dT)-cellulose (type 3; Collabora-
tive Research). White blood cell populations were purified by
centrifugation through Ficoll-Paque (Pharmacia LKB) as
described (16). Northern analysis was performed according
to established procedures (17). RNA loading and transfer
were monitored by hybridization to the cDNA encoding the
stably transcribed chicken glyceraldehyde phosphate dehy-
drogenase (gad) gene (18). For RNase protection assays,
antisense c-sea-specific and gad-specific RNA probes were
synthesized from pBluescript vectors (Stratagene) that con-
tained either a 210-bp Pst I restriction enzyme fragment from
the 5' end of c-sea clone 1.2 or a 180-bp HindIII fragment
from chicken gad cDNA. Twenty-microgram samples of
cellular RNA were hybridized to 1 x 106 cpm of 32P-labeled
antisense RNA in a solution consisting of 80%o formamide, 40
mM Pipes (pH 6.7), 0.4 M NaCl, and 1 mM EDTA for 12-18
hr at 45°C. Samples were subjected to digestion with RNase
A (80 ,ug/ml) in 10 mM Tris HCl (pH 7.4), 1 mM EDTA, 200
mM NaCl, and 100mM LiCl for 30-60 min at 37°C. Protected
fragments were resolved on a 6% denaturing polyacrylamide
gel (19).

Library Construction, Screening, and cDNA Sequence Anal-
ysis. AgtlO cDNA libraries, which contained =5 x 105 inde-
pendent recombinant phage, were constructed by using
poly(A)-containing RNA isolated from either normal CE cells
or from CE cells transformed by c-src527F, an activated c-src
variant (12). For isolation of 5' c-sea cDNAs, a cDNA library
was constructed (Clontech) by using RNA prepared from 6-hr
serum-stimulated CE cells. First-strand cDNA synthesis was
primed using random hexamers in addition to a c-sea-specific
primer with the sequence 5'-GCCACCGTCCACATTCTG-3'

Abbreviations: CE, chicken embryo; HGF, hepatocyte growth fac-
tor; SF, scatter factor.
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(complementary to bp 166-183 of clone 1.2). Genomic c-sea
clones were obtained from an adult liver genomic library
made in EMBL3 (Clontech). DNA and amino acid sequences
were compiled and analyzed using the MBIR software package
of Baylor College of Medicine and FASTA (20).

RESULTS AND DISCUSSION
Identification and Characterization of cDNA Clones Encod-

ing the c-sea Protooncogene. Fig. 1 summarizes the structures
of overlapping cDNA clones that make up the full-length
coding sequence for c-sea. The initial c-sea-specific cDNA
clone was isolated serendipitously from a AgtlOcDNA library
constructed from normal CE cell RNA. A low-stringency
screen of this library with a kinase domain probe derived
from the v-src gene yielded a 750-bp cDNA, clone tjll. The
predicted amino acid sequence of clone tjll showed only
partial amino acid identity with pp60src (37%); however, this
cDNA exhibited %98% identity with the tyrosine kinase
oncogene v-sea. To isolate additional cDNA clones encoding
c-sea, clone tjll was used to screen a second AgtlO cDNA
library prepared from c-src027F-transformed CE cell RNA.
Seven additional clones were isolated. The largest, clone 1.2,
was 3.3-kbp in length and encoded a predicted polypeptide of
1001 amino acids with a 300-bp 3' untranslated region (Fig. 1).
To identify clones containing the remaining 5' coding se-
quences, an additional cDNA library was constructed by
using a c-sea-specific primer (see Materials and Methods).
This library yielded two additional clones (25 and 62) that
extended 1100 bp 5' to clone 1.2 (Fig. 1). To obtain 5'-most
coding sequences, a chicken genomic library was screened
using an, 800-bp fragment derived from clone 62 (Fig. 1,
fragment C). A phage containing an insert of -14 kb was
isolated. DNA sequence analysis of a 400-bp Pst I-Sma I
subfragment (clone 8C8; Fig. 1) revealed an ATG codon
followed by an uninterrupted open reading frame that directly
overlapped sequences contained in the cDNA clone 62.
Alignment of sequences from cDNA clones 1.2, 25, 62, and
the genomic fragment 8C8 yielded a 4673-bp sequence en-
coding a theoretical protein of 1404 residues (Fig. 2). The
predicted start of translation is defined by an ATG codon
embedded within a preferred translational initiation sequence

(21) and is followed by a 22-aa sequence conforming to the
rules for a signal peptide sequence (22). The region directly
5' of the ATG start codon is interrupted by stop codons in all
three reading frames (Fig. 2).

c-sea Is Structurafly Related to the Met/HGF/SF Receptor.
The Met and Sea receptors exhibited an overall 35% amino
acid identity. The highest degree of homology was observed
in the cytoplasmic tyrosine kinase domain (70%o identity).
Both Met and Sea possess a cysteine residue in the ATP-
binding domain, which is generally a valine residue in most
other kinases studied (6, 7, 23). Two tyrosine residues
[Tyr-1245 and Tyr-1246 in Sea and Tyr-1252 and Tyr-1253 in
Met (ref. 6; Figs. 2 and 3)] are located in a position analogous
to the autoregulatory site of tyrosine phosphorylation, Tyr-
416, of pp6Osrc (23). In the Met protein, Tyr-1253 is the major
site of receptor autophosphorylation (24). Like Met, the
cytoplasmic kinase domain of Sea is preceded by a large
juxtamembrane domain (101 residues) (6, 7) and a 23-aa
membrane-spanning domain (Fig. 2). Carboxyl terminal to
the kinase domain, the amino acid similarity between Sea and
Met diminishes. However, two tyrosine residues (Tyr-1360
and Tyr-1367 in Sea) are conserved and may play a role in
receptor regulation and receptor-substrate interactions (25,
26). The extreme carboxyl-terminal region of Sea contained
14 out of 19 acidic amino acid residues, which were preceded
by a proline-rich stretch (residues 1374-1380) (Fig. 2). This
structural motif is not shared with Met and may reflect a
distinctive regulatory region that may be required for Sea-
mediated signaling.
The 963-aa extracellular domain of Sea exhibited =28%

amino acid identity with Met. Sea was found to contain 36
cysteine residues within the extracellular domain, with two
clusters residing between amino acids 94 and 171 and be-
tween residues 522 and 585 (Figs. 2 and 3). Twenty-seven
cysteine residues were conserved positionally in the human
Met protein. Sea also contained a proteolytic processing site
(K297RRRRR) that aligned with a similar site in the Met
protein. The Sea protein appears to be similarly processed
(unpublished observation). The conservation of cysteine
residues and the presence of a putative cleavage site sug-
gested that the overall topology ofthe extracellular domain of
Sea may be similar to that ofMet and may possibly reflect the

c
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Size (kb)

tii 0.7

A+ 1.2 3.3

25 0.8

62 1.0

808 0.4

FIG. 1. Schematic representation of c-Sea protein and sea-specific cDNA clones. Circles indicate the positions of cysteine residues in the
extracellular domain, and the arrowhead indicates a potential proteolytic processing site. TM, transmembrane region; TK, tyrosine kinase
domain; ENV, viral envelope sequences. Fragments B and C were used as hybridization probes in library screening, B was used in Northern
analysis, and A was used in RNase protection assays.
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-86: CTGC GASGa;ACTG C TGCCC GCCTC CC:;a;TCAG

1: ATGGGGCCGCOGGCCTTGTCCTGC C CGCCCCAT TCAGCTCCTSC;CCCACCCGCAACTTCTCA GTGCCCTAC
1: btGMyLuVAzgyluV1CyshLuLuu T.*,Alra?-~"TOLTn3 aaClyAlaTrp5lnCyaArgArgI l*ProPh*SrSerThrArgAsnPh*SrValProTyr

121l ACTCTGCCkCCTOG TGCGG CCOTGTCAGACTCT=TCTTCCCACCGCCCACMCGTTOTG TCCACCTCCTGGTGGTCGAT CCC;AGCSOCvCWM
41: ThrL*uProS*rL*uA pAlaGlyS*rProValGlnAsnl loAl&ValPh*ProAspProProThrValPh*ValAlaVa lArgAnnArgI l*LeuValValA&pProGluL*uArgL*u

241: GCTCCGTCCTOGT
81: ArgSLrVolL .uValThrGlGlyProThrGlySlAAlaProCyh lullyArgLouCypProAlAlaValAlaProGlyProGluAspVelAspAlValnVlouL*uL*uLAuAp

361: COOGTGGACTGCGAACGGCCGGGGGOTCTGTCTACGACGCTAGCTGGCGGGCA_ GTCACCTCCATCACCGTCCGATCGGCT
121: ProValGluProTrpLouTyrS*rCynGlyThrAlaArgArgGly L*uCysTyrL*uHisGlnL*uAspV lArgGlyS*rGluVolThr IleAlSoSrThrArgCyaL*uTyrS*rAla
4 8 1: TGTG ATGOTGcGolCWCOGAGT=CCGCTACACCO cCCTTCTACCTGGGcTCCACCOTCAACAGCAD
161: AlaAlaA&nS-rProValAxnCysProAspCyoValAlaSorProL*uGlyS*rThrAlaThrValV lAlaAspArgTyrThrAlaSorPh*TyrL uGlyS*rThrValAsnS*rS*r
601 GtGGCGTGCTAGTOGGTGTCGGCCACTCACTG SGGCGCCCTACAGGCTTCCC
201: ValAlaAlaArgTyrS*rProArgSorValS*rValArgArgL uLysGlyThrArgMpGlyPh*Al^AspProPh*HisS*rL uThrValL*uProHisTyrGlnABpValTyrPro
721: ATCCAGCCTCCTT C TOAGTC A CCACW TTCCAACC OCTGTG C=lOT
241: I INHisTyrValHisSorPh*ThrAspe;lyAspHlsValTyrL*uValThrValGlnProGluPh* roGlySerS*rThrPh*HisThrArgL uValArgL*uS*rAlaHlsGluPro

241: G TCGCTAC;;CGTCC T _ _ __
281: GluL*uArgArgTyrArgGluI loVal *uAspqyorgTyrGluS*rLysArggArgArWgArgArgGlyAlaGluGluGluThrGluArgAspValAl&TyrAxnValL*uGlnAla
961: _CC aCC AAC;CCC
321: Al&HisAlaAlaArgProGlyAlaArgL*uAlaArgAspL uGlyIll ApGlyThrGluThrValL*uPh GlyAlaPheAloGluS*rHisProGluS*rArgAlaProGlnHisA n

1081: TW CCCCCTGCGS&TCNCTCSSGCT cma RCOCSCTTCTTCCACSC
361: S-rAlaVelCysAloPh*ProL*uArgL uL*uA nGlnAlalleArgGluGlyM*tAspLynCyCysGlyThrGlyThrGlnThrL uLysArgGlyL uAlaPh*PhoGlnProGln

1201: CAGT _ CCCACGTGGACCTGTTCAAC;GtATCC
401: GInTyrCyaProHisS*rV lA*nL uS*rAlaProV lThrAsnThrSorCyaTrpAsp(;lnProThrL*uValProAlaAl&S*rHisLysValAspL uPh*AsnGlyArgL*uS*r

1321: GGCACCCTCCTCACCTCCATCTTCGTCACC GTCCTCMTGACOTGGCA GGAAGGAOAG CCTGCAGATOTGCGC;DCSCCTAOCT C
441: GlyThrL*uL uThrS-rIl*PhoValThrV&lL uGlnAsnValThrVelAlaHi3L uGlyThrAlaGlnGlyArgVelL uGlnM tV lL uGlnArgS*rS*rS*rTyrValVa1
1481: CCCCAA CT CTT
481: A1^L uThrAsnPh*S*rL uGlyGluProGlyL*uValGlnHisAleThrGlyL uGlnGlyHisS*rL uL uPh-AlaAlaGlyThrLysV lTrpArgV lA&nV lThrGlyPro

1561: T
521: GlyCysArgHisPh*S-rThrCysAspArgCy L uArgAlaGluArgPh-*M*tGlyCysGlyTrpCysGlyAsnGlyCyoThrArgHisHisGluCy AlaGlyProTrpValGlnAksp

1681 A_GCTGCCCTCCTCACTGTTTT T_ TGXTGACssscA T
561: S*rCyaProProV&lL*uThrAspPh*HisProArgS*rAlaProL uArgGlyGlnThrArgV&lThrL*uCyoGlyM tThrPh-HisSorProProAspProThrAlaHisHisS-r
1801: CT =&ACTG
601: L*uProGlyProTyrArgValAI&ValGlyGlyArgS*rCyThrVaIL*uL uAmp4luS*rGluS*rTyrArgProL uProThrPheArgArgLysAapPh*ValAspV&lL*uV 1

1921: TGa -- cc CTOCTOGG;A#CCTGATTCGT?CCWC^=TCCTCCACCCTC4;5TOC
641: CyoValL uGluProGlyGluProAlaValAlaAlaGlyProAl^AspV lV&lL uAsnValThrGluS*rAl&GlyThrS*rArgPh*ArgValGlnGlyS*rS*rThrL uS*rGly

2041 TTCGTCTT GAAC CCACTCACACTGCATCCAGQSC CGGTS G CTATOCACCCCTCTCvCASOAn#CAO'GCCSGG
681: PheaVlPh-ValGluProHisll*S*rThrL*uHisaProSorPh GlyProGlnGlyGlyGlyThrL*uM tS-rL*uTyrGlyThrHisLouS*rAlaGlyS*rS*rTrpArgValThr

2161: ATCAATGGATCC;AGTGTCT TCGGGTTCGTCTCGCGCGG CYSGCTTG TGGTGATGGC
721: IleAsnGlYS*rGluCyoL*uL*uAspGlyGlnProS*rGluGlyAspGlyGluI leArgCyThrAlaProAlaAlaThrS*rL*uGlyAlaAlo ProValA&L*uTrpI l*Asp(;ly

2281: GTSCITC TCGAGTAC CGCCACCCCOTTTTSGACCGTCGTCCCCAACTGCA OCAGOGCTCGAGCCaiGCTCACCCTCATCGGCACCCACtrGCTCA
761: GluGluPheLo*uAlaProL*uProPhoGluTyrAr'gPraAspProS*rValL*uThrValValPraSpCySSrTyrGlyGlyS*rThrL*uThrLoulleGlyThrHisL*uAmpS*r

2401: GTGTATCGO;CCAAGTCCAATTT AAU5CG GCC=AG> GGCTCCCCATTGAG
801: V lTyrAr Al^LyxIl GlnPh GlnGlyGlyGlyGlyGlyLysThrGluAlaThrGluCyoGluGlyProGlnS-rProAanTrpL*uL*uCynArgS-rProAflaPh*ProIllGlu
2521: AT TCT
841: I1*LyxPrdV&1ProG1AnL uS*rV&lL uL uAspSlyAl&MlApArgTrpLouPh-ArgL uArgtyPhoProGlnProGlnM4 tPh-S-rPhoGlyGlnGlnGlyrGluArg

2641: TACCAACTCAA CAAAGGTAG TGTCAACTGCGGCTGCT TGT&Q kTGACATCACTA _GGGOGGC CCCACT.T
881: TyrGlnL uLysProGlyAspAsnGluIl*LyoValAonGlnL uGlyL*uA&pS*rValAlaGlyCM*tAsnllThrM tThrValGlyGlyArgA&pCyHisProAsnV&lL u

2761: STGCTGCACGTGGAC ----cr _CGCGGATOGACT&TAWXCTG T C CTC
921: LysAsnGluV lThrCy*ArgValProArgAspValAspL uThrProAlaGlyAlaProValGlnIlCyValAnnGlyAapCyGInAlaL uGlyL uV&lL uProAl&S-rS-r

2881: CACCTTCCTGGTCTGCTGGTCI
961: L uAspM tAlaAlaSorL uAlaLouGlyThrGlvValThrPh*LouValCYsCYsValLouAlaAlaValL*uL*uArgTrpArgTrpArgLysArgArgGlyL uGluAinL uGlu

3001: C:TGGCTCCCCOGATTGAGCACCCCATCACCTCA TMGCCCACTTAC
1001: L uLouV lHimProProArgIllGluHLaProIllThrIllGlnArgProAenValAspTyrArgGluV&lGlnVa1L*uProVelAlaA pS*rProGlyL uAlaArgProHisAla
3121: CACTT CA;GACCACGT C
10411 HisPheAlaSerAlaGlyAlaAspAlaAleGlyGlyGlySsrProV lProL ul*uArgThrThrS*rCysCysL uGluA pL*uArgProGluL uL uGluGluV lLysAgpIlo

3241: CTCTCCAGGGCCTACACCCCTCATTGGATQCGCCT T T G C G l G C
1081: LoeuI l-ProGluGluArgL*uI lThrHisArgS*rArgVal ll GlyArgGlyHisPh GlyS*rV lTyrHisGIyThrTyrM*tAspProL*uL*uGlyAsnL*uHisCysAlaVa1
3361: AAl;TCCCTGCACCGTATCACAGACC=GGGGTTGGATTCCCAGGGACCTGAT GAGAGCTTCCACCACCCGCAGG TGCCTCCTGCT GGGTCTGCCTGCCCCGC
1121: Ly3S*rL uHi3ArgIloThrAspL uGluGluV lGluGluPh*L uArgGluGlyll*L uM*tLysSerPh*Hi3HisProGInV lL uSerLouL*uGlyValCyslo uProArg

3481: TTCG S C CTTCTGGTAG CC
1161: HiaGlyL*uProL uVelValL uProTyrM tArgHisGlyAupL*uArgHisPholl ArgAl^GlnGluArg$erProThrV lLynGluL ull-GlyPhoGlyL uGlnValAl

3601: TTGGGCTGGAGTATTTrT CCAGAAGAATT
1201: LouGlyM tGluTyrL wuAIGlnLysLyaPh*aVlHisArgAspL*uAlaAl ArgAsnCysMs tL*uAspGluThrL*uThrValLysValAl&AzpPh GlyL uAlaArgAspV&1
3721: TTTGCGGQAGGSTACACATAtA C CACTACCAAGTCAGACGTSCAGTGGTCCTTT
124 1 Ph GlyLysGlu2yrSyrSor IlArgGlnHisArgHisAlaLy3L uProValLy3TrpM tAl&L uGluSer L uGlnThrGlnLysPh*ThrThrLy*S-rAspValTrpS-rPho

3841: GGK;TGGCTCATGTXGOGACGCGC4 WTGCCTCACCGTACCCTGAGG u-
1281: GlyV lL uM tTrpJGluL uL uThrArgGlyAl^S-rProTyrProGluValAspProTyrAspM*tAl ArgTyrL uL uArgGlyArgArgL uProGlnProGlnProCysPro
3961: GACCCGT _ CCTS TCT _GTGTTTGATG CTOGAGCGT G CGCGTGAGCOO CAC
1321: A-spThrL*uTyrGlyV lM tL*uSerCysTrpAlaProThrProGluGluArgProS*rPhoSorGlyL uV lCysGluL*uGluArgValL uAlaSerL*uGluGlyGluArgTyr
4081: GTCAACCTGGCGA C ACCTAGCICCCCCCTTT
136: VGlAynL.uAlTVrlThrTyrVlAenL*uGluSLrGlyProProPhProProAlaProArglGlythnL*uProAspSorGluApOleuGluAVpGluGluAsprluGluAepSluAsp

14421:G G C G G;T T G G G T = CACTTGCtGGSGTCGGG

1401: Al&AlaValArg**
4321: TT CCTGC TGCTCT T
4441: TTCATATCA C TTATT
4561: TTTCACCATA&hAA hhAhAAAA

FIG. 2. (Legend appears at the bottom of the opposite page.)
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Sea MGPRCLVCLLLLLAPSLLQAGAWQCRRI PFSSTRNFSVPYTLPSLDAGSPVQNIAVFPDPPTVFVAVRNRILVVDPELRLRSVLVTGPTGSAP-CEICRLCPAAVDAPG--- PEDVDNVLL 117

Hot MK1PAVLAPGILVLLFTLVQRSNGECKEALAKSEMNVNMKYQLPNFTAETPIQNV-ILHEHHIFLGATNYIYVLNEEDLQKVAEYKTGPVLEHPDCFPCQDCSSKANLSGGVWKDNINMAiV 121

LLDPVEPWLYSCGTARRGLCYLHQLDVRGSEVTIASTRCLYSAAANS PVNCPDCVASPLGSTA-TVVADRYTASFYLGSTVNSSVAARYSPRSVSVRRLKGTRDGFA--DPFHSLTVLPH 23 4

VD4TYYDDQLI0SCGSVNRGTCQRHVFPHNHTADIQSEVHCIFSPQIEEPSQCPDCVVSAIVLSSVKDRFI-NFFVGNTINSSYFPDHPLHSISVRRLKETKDGFMFLTDQSYIDVLPE 240

YQDVYPIHYVHSFT.DGDHVYLVTVQPETFPGSSTFHTRLVRLSAHEPELRRYREIVLDCRYESKRRRRRRGAEEETERDVAYNVLQAAHAARPGARLARDLGIDGTETVLFGAFAESHPES 354
FRDSYPIKYVHFESNFIYFLTVQRETLDAQTF~HTRIIRFCSINSGLHSYMEMPiLECI TEKRKKR------ STKKEV-FNILQ AYVSKPGAQLARQIGASLNDDILFGVFAQSKPDS 353

RAPQHNSAVCAFPLRLLNQAIREGMDKCCGTGTQTLKRGLAFFQP-QQYCPHSVNLSAPVTNTSCWDQ-PTLVPAASHKVDLFNGRLSGTLLTSI FVTVLQNVTVAHLGTAQGRVLQMVL
AEPMDRSAMCFPIKYVNDFFNKIVNK-- -NNVRCLQH---FYGPNHEHCFNRTLLRNSSGCEARRDEYRTEFTTALQRVDLFMGQFSEVLLTSgISTFIKGDLTIANLGTSEGRFMQVVV

QRSSSYVVA-----LTNFSLGEPGLVQHATGLQGHSLLFAAGTKVWRVNVTG PGCRH FSTCDRCLRAERFMGCGWCGNGCTRHHEC-AGPWVQDSCP PVLTDFHPRSAPLRGQTRVTLCG.M
SRSGPSTPHVNFLLDSHPVSPEVIVEHTLNQNGYTLVI -TGKKITKI PLNGLGCRHFQSoCSQCLSAPPFVQCGWCHDKCVRSEECLSGTWTQQICLPAI YKVFPNSAPLEGGTRLTICGW

472

467

587

586

TFHSPPDPTAHHSLPGPYRVAVGGRSCTVLLDESESYR PLPTFRRKDEVWVLVCVLEPGEPAVAAGPADVVLNVTESAGTSRFRVQGSSTLSGFV- -FVIEPHISTLHPSFGPQGGGTLMS 7 05
. ~ ~ ~~ ~~~~~~ . . . . ..... .... .. ... .. .: . . ... . :. . ..: .

DFGFRRN--NKFDLKKT-RVLLGNESCTLTLSESTMNTLKCTVG PAMNKH FNMSI I ISNGHGTTQYST FSYVDPVITSI SPKYGPMAGGTLLTLTGNYLNSG-NSRHI SIGGK-TCTLKS 7 01

LYGTHLSAGSSWRVTINGSECLLDGQPSEGDGEIRCTAPAATSLGAAPVALWI DGEEFLAPLPFEYRPDPSVLTVVPNC-SYGGSTLTLIGTHLDSVYRAKIQFQGGGGGKTEATECEGP 824

VSNSILECYTPAQTISTEEFAVKLKIDLANRETSIFSYREDPIVYEIHP------ TKSFIS----TWWKEPLNIVSFLFCFASGGSTITGVGKNLNSVSVPRMVIINVHEAGRNFTVACQHR 811

QSPNWLLCRS PAF- PIEIK-PVPGNLSVLLDGAADRWLFRLRY FPQPQMFSFGQQGERYQLKPGDNE IKVNQLGLDSVAGCMNITMTVGGRDCHPNVLKNE-VTCRVPRDVDLT PAGAPV 9941

SNSEI ICCTT:P,S,LQ,Q,LNLQLPLKTKAFEFMLDGI LSKY- FDLIYVHNPVFKPFEKPVMI SMGNENVLEI KGNDI DPEAVKG---EVLKVGNKSCENI HLHSEAVLCTVPNDLLKLNSELNI 927

QICVNGDCQALGLVLPASSLDMMASALGTGVTFLVCCVIANVLLRWRWRKR----- RGLENLELLVHPPRIEHPIT----------IQRPNVDYREV---QVLPVADSPGLARP-HAHF 1042

EWKQAkISST'V:LGKVIVQPDQN FTaLIAGCW8I 8AL-LLGFKRKKKQIKDLGSELVRYDARVHT PHLDRLVSARSVS PTTEMVSNESVDYRAT FPEDQFPNSSQNGSCRQVQY PL 104 6

ASAGADAAGGGSPV--PLLRTTSCC-LEDLRPELLEEVKDILI PEERLITHRSRVIGRGHFGSVYHGTYMDPLLGNLHCAVKSLHRITDLEEVEEFLREGILMKSEFHHPQVLSLLGVCLP 1159

TDMS 6LTSGDSD'ISS6PLiQNTVHI6DLSALN6PELVAVQHVVIGPSSLIVFNEVIGRGHF VYHGTLLDNDGKKI6HCVKSLNRITDIGEVSQFLTEGIIMKDFSHPNVLSLLGICLR 1166

1279

1286

1378

1385
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FIG. 3. Alignment of c-Sea and human Met protein sequences. Conserved cysteine residues are shown in boldface type and are indicated
by stars. The predicted proteolytic cleavage site is indicated by carets, the transmembrane domains are shown in boldface type, the amino acids
encompassing the tyrosine kinase domain are indicated by open arrows, the location of the cysteine residue and the conserved lysine residue
in the ATP-binding domain are indicated by tildes, and the conserved tyrosine residues are shown in boldface type and are indicated by dashes.

binding of a structurally similar or related ligand. Both Sea
and Met constitute members of a distinctive family of recep-
tor protein-tyrosine kinases (8) as suggested by earlier chro-
mosomal mapping studies of Williams et al. (27).

c-sea mRNA Expression and Tissue Distribution. Both nor-
mal and transformed CE cell RNAs contained a major
c-sea-specific mRNA of 5.3-5.5 kb and less abundant
mRNAs of 2.8 kb and 3.0-4.4 kb (Fig. 4). The relative levels
of c-sea mRNAs were elevated =5-fold in src-transformed
cells as compared to normal cells. The increase in c-sea
expression was not observed in CE cells transformed by
v-myc (13) or in cells infected by a nontransforming deletion
variant of src (data not shown). The pp60src-mediated in-
crease in expression of Sea receptor mRNA is unusual and
contrasts with previous experiments showing the Src-
induced down-regulation of epidermal growth factor recep-
tors in transformed fibroblasts (28). Although it has not been
shown that the increased level of c-sea mRNA is mirrored by
an increase in Sea receptor number, it is possible that the
increased expression contributes to the mechanism of Src-
mediated oncogenesis and may indicate that Sea is function-
ing to potentiate Src-induced transformation by either an
autocrine or a paracrine mechanism.
An analysis of the tissue distribution of c-sea mRNA was

carried out by using an RNase protection assay (Fig. 5). Low
levels of c-sea expression, comparable to that observed in
normal CE cells (lane 15), were observed in 17-day embryo
skeletal muscle (lane 1), bone (lane 5), brain (lane 6), 1-day
chicken bursa (lane 7), spleen (lane 8), thymus (lane 9), adult
ovary (lane 13), and tongue (lane 14). Increased c-sea mRNA

expression was detected in RNA from 1-day chicken intestine
(lane 11), while the highest levels of c-sea expression were
detected in RNA isolated from a peripheral blood-derived
white cell population (lane 10). It is unclear at present which
particular lymphoid cell population exhibited elevated c-sea
expression.

c-sea and c-met appear to be quite distinct in their tissue
expression patterns. In humans, met is abundantly expressed
in a restricted subset of tissues, including stomach, liver,
thyroid, and kidney, with no expression detected in white
blood cells (29, 30). In contrast c-sea expression appeared to
be even more highly restricted in tissue distribution; it is
confined to an as yet undefined population of white blood
cells. The narrow tissue distribution suggested that c-sea
expression may be limited to a particular cell lineage or to a
specific developmental stage.
Normal Function of the Sea Receptor. The similarity exhib-

ited by Sea to the Met receptor in the extracellular domain,
including the conservation of cysteine residues and the
presence of a potential proteolytic processing site, indicated
that these two proteins may possess similar structural fea-
tures. The ligand of the Met receptor, HGF/SF, exhibits
uniquely diverse properties, inducing mitogenesis in hepato-
cytes and alterations in cel-cell interactions in epithelial
cells. Recently an HGF-like factor that contains a similar
domain structure and exhibits 50%o amino acid identity to
HGF has been identified (31, 32). This factor fails to bind to
cells expressing the Met/HGF/SF receptor, indicating that
other receptors may mediate the activity of this protein.
Identification of Sea as a second member of the Met/

FIG. 2. Nucleotide and deduced amino acid sequence for c-sea. The predicted signal peptide cleavage is indicated by an arrowhead. Cysteine
residues in the extraceliular domain are shown in boldface type and are denoted by stars. Potential sites of N-linked glycosylation
(Asn-Xaa-Ser/Thr) are underlined. The putative amino-terminal proteolytic processing site is indicated by carets (A), and the transmembrane
domain is indicated by a double underline. The tyrosine kinase domain is indicated by open arrows. The triple carets indicate the location of
the cysteine residue and the conserved lysine residue in the ATP-binding domain. The potential sites of autoregulatory tyrosine phosphorylation
are shown in boldface type and are indicated by dashes.
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FiG. 4. Northern blot analysis of c-sea expression in normal and
v-src-transformed CE cells. Duplicate nylon filters containing 5.0-ig
samples of poly(A)-RNA from both normal CE cells and RSV-
transformed CE cells were hybridized with either 32P-labeled DNA
from clone tjll or from chicken gad. Arrowheads on the left indicate
the position of c-sea mRNAs. Arrowheads on the right indicate the
position of RNA standards run in parallel.

HGF/SF receptor family suggests the possibility that Sea
may be the receptor for such a factor or for another as yet
unidentified HGF-like protein. The elevated level of c-sea
expression in Src-transformed cells also suggests the possi-
bility that HGF/SF-like activities may be induced in response
to transformation and therefore may contribute to the tum-
origenic properties of such celis in vitro and possibly in vivo.
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FIG. 5. c-sea expression in normal chicken tissues. RNA samples
were hybridized to c-sea- and gad-specific RNA probes. Arrowheads
indicate the position of the protected fragments. (A) RNA from
17-day-old embryo skeletal muscle (lane 1), liver (lane 2), heart (lane
3), eye (lane 4), bone (lane 5), and brain (lane 6). (B) RNA from bursa
(lane 7), spleen (lane 8), thymus (lane 9), intestine (lane 11), and
kidney (lane 12) of 1-day-old chickens and from white blood cell
populations (WBC; lane 10), ovary (lane 13), and tongue (lane 14) of
an adult hen. (C) RNA from normal (lane 15) and RSV-transformed
CE (lane 16) cells. The band appearing above the sea-specific band
results from incomplete digestion of the gad probe. Exposure times
were 30 min for gad and 2 days for sea. RSV, Rous sarcoma virus.
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