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Abstract. We have analyzed the gene that encodeKey words: Geodia cydonium— Sponge — Meta-
receptor tyrosine kinase (RTK) from the marine spongezoan protein molecules

Geodia cydoniumwhich belongs to the most ancient and
simple metazoan groups, the Porifera. RTKs are en-

zymes found only in metazoa. The sponge gene containg,iroduction
two introns in the extracellular part of the protein. How-

ever, the rest of the protein (transmembr_ane and intraprptein tyrosine kinases (PTKs) are a large group of
cellular part), including the tyrosine kinase (TK)- enzymes that specifically phosphorylate tyrosine resi-
domain, is encoded by a single exon. In contrast, all TKyyes (Hardie and Hanks 1995). They play important
genes, so far known only from higher animals (verte-gjes in the response of cells to different extracellular
brates), contain several introns especially in the TK-gtimyii and are essential proteins most notable for control
domain. The TK-domain 0. cydoniunshows similar- ¢ growth and differentiation (Hunter et al. 1992). Many
ity with numerous members of receptor as well asptks serve as receptors and signal transducers for cir-
nonreceptor TKs. Phylogenetic analysis of the spongeyjating peptide hormones and growth factors (Stoddard
TK-domain indicates that this enzyme branched off firstgt g, 1992). PTKs were first discovered in oncogenic
from the common tree of metazoan TK proteins. Consetetroviruses and subsequently identified and analyzed in
quently, we assume that introns, found in the TK-4 yariety of different metazoan organisms (Hanks and
domains of genes from higher animals, were inserted iNt@uinn 1991). Hundreds of PTK primary structures are
these genes after splitting off the sponge taxa from othegnown; all have been isolated from metazoan organisms
metazoan organisms (over 600 million years ago). OUfyardie and Hanks 1995). PTKs together with serine/
results fupport the view that ancient genes were not “inpreonine kinases constitute the largest known protein
pleces. superfamily (Hardie and Hanks 1995).
All PTKs possess a closely related tyrosine kinase
(TK)-domain which is specific for the phosphorylation

I — of tyrosine only (Hunter et al. 1992; Ullrich and Schless-
The sequences reported in this paper have been deposited in the EMBL 1990). It timated by Hunt 1987) that th
database (cDNA for receptor tyrosine kinsase frémcydoniumac- inger ) was estimated Dy Hunter ( ) atthe

cession No. X77528; for the gene, No. X94128) number of protein kinases, including TKs, present in a
Correspondence tow.E.G. Miller highly evolved metazoan organism might be 1,000 or
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Fig. 1.

GTTGCTGGTATCACAGCTGCACACTGGATGAAAAACACTCACGTCAATATCATAATGTAGTATGTATTCCTGTCAGACACTATAGCTACC
TGGACTCCTATATGGCTGTATTACTCTGTACAGAAGTGTGTTTGTAGTGTCTCTAATGCATAGCTAATAATGGTGTAGGCGTCAGATGAT
GTGTCTTTCGAGCATCTGTTGTTATAGTAGCTATGGTGGCTATGGTGCAGAAATGGGTCTAAAAAGGTTTGTTTGAGAAACTTTACTCCG
TCTGATGCTCTGCCTAGCTGGGTTGCTTGTTTATCCCATGTTTCGTCATACAAAGCACCCACTCTTTTACTATTCCCCACGCCTCAATTT
ATAGTCTGTGTACTTGTCACCAGGACAGCAACCTCTTACCTGTAATTTTATACCAGTAGTGTGTACATGTGACCATCTGTAGTATACTGT
ATATACATTATATCTTGGCATTGATTGGCTTTAATTATTATGGCCATAAGGAATGGTAGGACAATGTATAGCTGTCAGGTGGTTAATTAT
CTTTGGGCACAAATATCTTGTTTTGTACTACCTCGTAACAACTGTGTATAGGTGAAAATGGGGCTCTGTCTGAGTACAAAGGCAGGGTTA

GC box
TTGCAGGTGTGTTCCTATTAAGACTCCACAGTAGATACAGCAGCATGGTTGATTGAGTACATATTTGTATGTTACATCCTGTCCTTGAGT

TATA-bOX ***** L § t Cap signals

GAACAAATTTTCTAAGAACAAAATATCTTTCCACCTTGCCATTGTGTTTTGCAGAGGAAGTATATACACTATCCCTGATAGAGAGGAGAA
CGGGAAATCTTCCACTAATTTTACAGTTGTGTGTGCATTTTGAAGTTGGATTGTGTTTATTACTTTTGTTTTGCCCTTCATGTTAGTATG
ATTTCTTTCTCTTGTTCAACAGTTTGGACACAGCTCTGTCTTCATTGTCTTCCTTCGTGTGACTGTAGTGACTGTCTCCTCTCAAGATTG
CCAGAGAGGTAAAGAAATTGGGCTATCGTGGGTTTCTTTTTAGAGCATGGTTTTCTTCTTTCTCAAGTTCTTTCAGGGCTTCAAGATGTT
GGACCTACAGTACCTCCAGTGACATACAATGGAATTGTGCCAAGAATATCACCATGTGGAGCCTCTCCAACAAGTTTGAATTGCAAGGCA
GGAGAAGGAGTGTTGAGTGATGGGAACATTGGACCTACAGACTCAGTGGATGTCAGTGATCCAGACCAGGTCACCAGGTTCTTTGTCTGG

METAlaLeuTrpHisTrpCysSerLeuArgLeuMetSerProvValSerProThrLeuMetHisTyrPheLeuSerLeuPr
CATAGAGACAATGGCTCTGTGGCACTGGTGTTCACTAAGATTGATGTCTCCAGTGTCACCTACATTGATGCATTACTTCTTGAGTCTTCC

oSerAlaSerIleArgLeuProGluThrThrValIlleIleThrAspIleThrProProArgvValGluThrThrvalThrProGluSerCy
TTCTGCTAGTATACGACTACCTGAGACTACTGTTATTATCACTGATATCACTCCACCAAGAGTTGAGACTACTGTCACCCCTGAGAGCTG

sSerPheSerSerThrSerAsnThrLeuThrArgAsnThrTyrThrValSerGlnAsnProAspAspIleLeulleThrPheAsnPheAs
TTCTTTCTCCTCCACTAGTAATACACTGACTAGGAACACGTATACAGTATCACAGAATCCAGATGATATTCTTATCACATTCAATTTCAA

nGlnSerThrAspTrpMetPhelleSerGlulleLeuLeuCysAlaGlyAspProProSerSerIleSerCysAspSerProThrThrAs
CCAGAGCACTGACTGGATGTTTATCAGTGAGATACTACTGTGTGCAGGTGATCCTCCATCTTCCATCTCCTGTGACTCTCCTACCACTGA
[ Ig 1
PProThrThrGlnThrProThrThrSerProGlyProSerProThrProProSerLeuThrLeuSerSerProProProThrGlyLeuPr
CCCCACAACACAGACACCAACCACCTCCCCGGGCCCCTCTCCCACCCCTCCCTCCCTCACTCTCTCCTCTCCCCCACCCACTGGATTACC

oValSerProAspLeuSerGlnProHisSerValThrLeuThrCysSerAlaAlaSerProProAlaThrGlyTyrGlnTyrGlnTrpGl
AGTGAGCCCTGACCTGAGCCAGCCACACTCTGTCACTCTCACTTGCTCTGCCGCCAGTCCTCCTGCCACTGGCTACCAATACCAGTGGCA

nTrpArgArgHisLysThrLeuLeuSerAsnThrThrArgPheSerIleThrProSerThrAsnThrGlnSerSerSerLeuvVallleSe
GTGGAGGAGGCATGGGACACTACTGAGCAACACCACTAGATTCTCTATCACACCCTCCACCAACACTCAGTCCAGTAGTCTAGTCATATC
CEPEREETERREREEL e e e e e
AGATTCTCTATCACACCCTCCACCAACACTCAGTCCAGTAGTCTAGTCATATC
ArgPheSerIleThrProSerThrAsnThrGlnSerSerSerLeuValIleSe

rGlyLeuArgTyrSerAspAlaGlyAspTyrMetCysThrValLysTyrGlyAlaCysProGlyGlyValAspCysSerGlyThrThrPr

TGGTCTCAGATATTCTGATGCAGGAGACTACATGTGTACAGTGGAGTATGGAGCATGTCCTGGTGGAGTGGACTGCAGTGGAACAACTCC

CELEVEVEEREEE TEEREERE e e e et Feerer el e IIIIIIIIIIIIIIIIIIIIIIIIIII

TGGTCTCAGATATCCTGATGCAGGAGACTACATGTGTACAGTGAAGTATGGACCATGTCCTGATGGAGTGGACTGCAGTGGAACAA

rGlyLeuArgTyrProAspAlaGlyAspTeretCysThrValLysTyrGlyProCysPro gGlyVa1AsprsSerGlyThrThrPr
Ig 1 ]

oValThrGlyAsnIleHisLeuGluLeuProL++ intron 1
AGTCACTGGCAACATACATCTTGAACTTCCATGTACGTGTACACATTAGCCAGTAGTCTTTATCCCATTGGTAATACAGGTTGCTAGGTT
FEETHTT IIIIIIIIIIIIIIIIIIII

AGTCACTGGAGTCATACATCTTGAACTTCCAT--———=~~

oValThrelyva;IlensteuGluLenProL

TTGTGTAAACTAGTGTGAGCCTATGTAAATGCTAGGCAGGTATACTTCGCACACATGCAGTAAACTCTATGGCTGTACTTTGTCTCCCTC
[ Ig 2

intron 1 tteullevValGluGluGluSerProGlyLeuValValArgGluGlySerGluValIleValLeuThrCysGluvalTyrG

TACCCCCTGCAGTGATAGTGGAGGAGGAATCCCCTGGGCTGGTGGTGAGAGAAGGAAGTGAGGTGATTGTTCTGACATGTGAGGTGTATG
CEVCECEEETEE e EE R TR T PR L PP LTy |
TGATAGTGGAGGTGGATTCCTCTGGGCTGGTGGTGAGAGAAGGAAGTGAGGTGATTGTTCTGACATGTGAGGTGTACG
eullevValGluValAspSerSerGlyLeuValValArgGluGlySerGluvalllevValLeuThrCysGluvalTyrG

lyTyrProArgAspSerSerProProMetTrpSerSerProGlyArgAsnLeuGluSerGlyArgPheIleThrThrProArgTyrThrG
GCTATCCTCGAGACTCCTCCCCTCCCATGTGGAGCTCTCCTGGGAGAAACCTGGAGTCTGGCAGATTCATCACTACTCCCAGATACACTG
CECEREEEEEEE T R TP L L L TP P P e A TP
GCTATCCTCGAGACTCCTCCCCTCCCATGTGGAGCTCTCCT GAAACCTGGAGTCTGGCAGATTCAACATTACTCCCAGATACACTG
1yTyrProArgAspSerSerProProMetTrpSerSerProGlyArgAsnLeuGluSerGlyArgPheAsnIleThrProArgTyrThrG

lyThrLeuSerAsnGlySerValSerSerSerGluLysValAlaLeuSerGlnLeuThrIlePheAsnValThrAlaAlaAspGluGlyG
GCACACTGAGCAATGGCAGTGTGTCCTCCTCTGAAAAGGTGGCCCTGTCTCAACTCACCATATTCAATGTCACTGCGGCTGATGAAGGAG
COPEELEEEEEET e e e e et e EE e e e e e e v e e e FEE e
GCACACTGAGCAATGGCAGTGTGTCCTCCTCTGATAAAGTGGCCCTGTCTCAACTCACCATATTCAACATCACTGTGGCTGATGAAGGAG
lyThrLeuSerAsnGlySerValSerSerSerAspLysValAlaLeuSerGlnLeuThrIlePheAsnIleThrValAlaAspGluGlyG
Ig 2 ]
luTyrThrCysSerValAspGlyGluSerAlaSerPheArgValAspLeuG## intron 2
AGTACACATGTTCAGTGGATGGGGAATCTGCTTCCTTCCGTGTTGATCTAGGCAAGTAACTTGATGCAGGATAGGTTTTCCCATCATAAC
CLEREE TERERER R R T LT
GATACAAGTGTTCAGTGGATGGGGAATCTGCTTCCTTCCGTGTTGATCTAG
luTyrLysCysSerValAspGlyGluSerAlaSerPheArgValAspLeuG

See full caption below.
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GATATACCTGCTAGCTATGTACCAATGCATAAGGATGCATAAGAGTCAGAGGGACACTTCAAACCTTTAGGGTAGTGTGTGTTTCTTTCG
ATGCAATCACCAGCAATACTGTGTATAAACCCTGGTTGCTGTATTGGCACACTGGAGGTGACGACTGTGTGCTTTAACTGTCAGCAACAG
TTCCTTACCTGTTTGTGTAGCACAGATATATGCCAATACATGTATGCACTGGTCCAGGGGGTAGTGAGCTAGAGGTGAGGTTTGGAGAAA
GATAGGGGGGAGTTGACACAGTCTGCATATGTGCACATTAGCCTTGCCCACTGTTGCASGGTTTGCAGGTAAACAAGGTGTCTCAATCAA

GTTACTTGTGTATGGTATGCTCAAAATTTTATCTTATTAGATCAATTTACACTTAATTATGAAAGTCATCTGTAACCTGTTGTGTTGTTG
[ IM

intron 2 %% lyGlySerAsnSerSerGlySerAsnSerGlyValIleAlaGlyValLeuIleThrLeuLeuLeuLeulle

TGTGTATCCACATCTGTAGGTGGCTCCAACTCAAGTGGCAGTAACAGC GTGATTGCTGGAGTTTTAATAACTCTTTTATTACTCATA

IIIII|llllIIIIIIIIIIIIIlIHHIIIIIIIIIllIHIIIIIIIIIIIIIIIIIIIIIIIIIHI

GTGGCTCCAACTCAAGTGGCAGTAACAGCGGAGTGATTGCTGGAGTTTTAATAACTCTTTTATTACTCATA

1yGlySerAsnSerSerGlySerAsnSerGlyVa111eA1aG1yVa1LeuIlerhrLeuLeuLeuLeulle

™M ) M
AlaLeulleIleIleLeullePheValPheTrpValvalCysTyrArgArgArgGlyLysPheAspLeuGlySerCysArgGluLeuSer
GCCCTCATCATAATTCTCATATTCGTCTTCTGGGTGGTGTGCTACCGCAGAAGAGGGAAGTTTGACTTGGGGTCTTGCAGGGAGCTCTCC
COLEVEREEEEET R e e e e eer e e e e e e e e e e e e e e e L el CEE e e
GCCCTCATCATAATTCTCATATTCGTCTTCTGGGTGGTGTGCTACCGCAGAAGAGGGAAGTTGGACTTGGGATCTTGCAGGGAGCTCTCC
AlaLeulIleIleIleLeullePheValPheTrpValValCysTyrArgArgArgGlyLysLeuAspLeuGlySerCysArgGluLeuSer

CysGlySerCysSerCysValProLeuLeuAlaAlaLeuLysGlyValLysLeuProThrArgHisArgGluAsnLeuAsnLysAsnGly
TGTGGCTCATGTTCGTGTGTGCCTCTCCTTGCTGCACTGAAAGGTGTCAAACTCCCAACAAGACACCGAGAAAACTTGAACAAGAACGGA
ELEDEREEREEETEEE R e R R TRl P L
TGTGGCTCATGTTCGTGTGTGCCTCTCCTTGCTGCACTGAAAGGTGTCAAACTCCCAACAAGACACCGAGAAAACTTGGACAAGAACGGA
CysGlySerCysSerCysValProLeuLeuAlaAlaLeuLysGlyValLysLeuProThrArgHisArgGluAsnLeuAspLysAsnGly

ThrArgLeuArgLeuAsnGluArgAsnHisIleAlaAspThrAsnThrGluIleTyrSerValValGlnLysProLeuLysLysIleAsn
ACAAGACTGAGACTGAACGAGAGGAATCATATCGCAGACACCAATACTGAGATTTACAGTGTCGTACAGAAACCACTCAAGAAAATCAAC
FEREREEERTERET R e Eree e LR e e e e e e e e e e b e e e e e e e e e e e | |
ACAAGACTGAGACTGAACGAGAGAAATCACATCGCAGACACCAATACTGAGATTTACAGTGTCGTACAGAAACCACTCAAGAAAATCA

ThrnrgLeuArgLeuAsnGluArgAsnn1sI1eA1aAspThrAsnThrGluI1eTyrSerVaIValclnLysPtoLeuLysLysIleSer

LysSerProProProLeuProProLeuThrLeuThrGluThrGluLeuAsnGluLeuMetSerIleAspGluLysGluGluLeuSerPro
AAATCCCCACCACCACTTCCTCCCCTCACACTCACAGAGACTGAGTTGAATGAACTAATGAGCATAGATGAAAAGGAAGAACTATCCCCC
FEVELEETETE T e e e e e e ey e e e e e e e e Cr e e e e e e e e el
AAATCCCCACCACCACTTCCTCCCCTCACACTCACAGAGACTGAGTTGAATGAACTAACGAGCATAGATGAAAAGGAAGAACTGTCCCCC
LysSerProProProLeuProProLeuThrLeuThrGluThrGluLeuAsnGluLeuThrSerIleAspGluLysGluGluLeuSerPro

IleGlnGluLysProThrArgArgAsnThrGlyLeuSerThrTyrSerGlnSerGlyThrIileProLysLeuAlaLysLeuThrLysLeu
ATCCAAGAGAAACCGACACGAAGAAACACTGGTCTCTCGACCTACTCGCAGTCAGGGACCATCCCGAAACTGGCAAAGCTGACCAAACTG
FEEEPERELETEEEEE e e e e e e e e e e e e e e e e e e e e e ey S e e e |
ATCCAAGAGAAACCGACACGAAGAAACACTGGTCTCTCGACCTACTCTCAGTCAGGGACCATCCCGAAATTGGCAAAGCTGACCAAACTG
IleGlnGluLysProThrArgArgAsnThrGlyLeuSerThrTyrSerGlnSerGlyThrIleProLysLeuAlaLysLeuThrLysLeu

ArgLysPheLysMetLysGluAsnProIleTyrGlnSerValAspVallLeuValLeuGluLeuGluLeuGlnValAspAsnThrLeuTyr
AGGAAGTTCAAGATGAAGGAGAACCCTATCTATCAGTCGGTTGACGTGCTGGTGCTGGAGCTGGAGCTACAGGTAGACAACACACTCTAC
FUEREREEEETETER R R e e et ee et eer et S e e e e e e e e e e e e
AGGAAGTTCAAGATGAAGGAGAACCCTATCTATCAGTCGGCTGACGAGCTGGAGCTGGAGCTGGAGCTACAGGTAGACAACACACTCTAC
ArgLysPheLysMetLysGluAsnProlIleTyrGlnSerAlaAspGluLeuGluLeuGluLeuGluLeuGlnValAspAsnThrLeuTyr

AlaLeuProLeulLysProAsnSerThrArgAsnSerAlaSerPheThrAspAspLeuAlaSerAspProIleTyrSerValAlalleAsn
GCCCTCCCGTTAAAACCGAACTCGACTCGAAACAGTGCATCCTTCACCGATGACTTGGCATCTGACCCCATCTACAGCGTGGCGATAAAT
FECEVERETE PR e e e e e e e e e e e e e e e e e e e e e e e e e e e FeEerrrrin
GCCCTCCCGTCAAAACCGAACTCGACTCGAAACAGTGCATCCTTCACCGATGACTTGGCATCTGACCCCATCTACAGTGTGGCGATAAAT
AlaLeuProSerLysProAsnSerThrArgAsnSerAlaSerPheThrAspAspLeuAlaSerAspProlleTyrSerValAlalleAsn

ProSerMetPheThrLysArgSerSerThrIleGlyAsnAspAspAspLeuHisProTyrGlyProIleTyrAlaArgProIleLysGln
CCAAGTATGTTCACCAAGAGGTCAAGCACCATTGGCAATGACGATGATCTTCACCCATACGGCCCCATCTACGCCAGACCTATCAAGCAG
CEEREEREERE TR EEE ey EEE R e e e e e e e e e e e e e e e e e e
CCAAGTATGTTCACCAAGAGGTCGAGCACAATTGGCAATGACGATGATCTTCACCCATACGGCCCCATCTACGCCAGACCTATCAAGCAG
ProSerMetPheThrLysArgSerSerThrIleGlyAsnAspAspAspLeuHisProTyrGlyProlleTyrAlaArgProlleLysGln
Jv 1[I IK
LysMetArgGlnProLeuAsnValSerValAspAsnIleArgGluvalLysGlnIleGlyValGlyGlnPheGlyAlavalvValLeuAla
AAAATGAGGCAGCCCCTGAATGTTAGTGTGGATAACATCCGGGAGGTGAAACAGATTGGCGTCGGTCAGTTTGGAGCCGTGGTTCTTGCT
CEELEEEEEETEEER VR e e e R e e e e PR
AAAATGAGGCAGCCCCTGAATGTTAGTGTGGATAACATCCGGGAGGTGAAACAGATTGGCGTCGGTCAGTTTGGAGCTGTGGTTCTTGCT
LysMetArgGlnProLeuAsnValSerValAspAsnIleArgGluvValLysGlnIleGlyvalGlyGlnPheGlyAlavValValLeuAla

GluMetThrGlyLeuSerGlySerAsnValAlaSerLeuProLysGlySerMetAsnAlaAspGlyValAlaLeuValAlavValLysLys
GAAATGACTGGGCTCTCCGGGTCAAACGTTGCGTCCCTACCAAAAGGATCCATGAATGCTGACGGAGTAGCACTAGTGGCTGTGAAGAAA
IIIIIIIIIIIIIHIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII FEEVERETREEELEL TR EET ey

TGACTGGGCTCTCCGGGTCAAACGTTGCGTCCCTACCAAAAGGATCCATGAATGCTGATGGAGTAGCACTAGTGGCTGTGAAGAAA
GluMetThrGlyLeuSerGlySerAsnValAlaSerLeuProLysGlySerMetAsnAlaAspGlyValAlaLeuValAlaValLysLys

LeuLysProAspValSerAspGluValArgGlnSerPheAspLysGlulleLysPheMetSerGlnLeuGlnHisAspSerIlevValGln
CTAAAACCGGATGTGAGTGACGAAGTACGGCAGTCGTTTGATAAGGAGATAAAGTTCATGTCACAGCTCCAGCATGATAGCATCGTGCAG
FECRERERELEEREEEr D e ey 1l IIIIIIIIIIIIIIIIIIII PECETERERETTEEETETETT T
CTAAAACCGGATGTGAGCGACGAAGTACTTCAGTCGTTTGACAAAGAGATAAAGTTCATGTCACAACTCCAGCATGATAGCATCGTGCAG
LeuLysProAspValSerAspGluvValLeuGlnSerPheAspLysGluIleLysPheMetSerGlnLeuGlnHisAspSerIlevValGln

See full caption below.
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245

LeuLeuAlaValCysThrHisSerLysHisProPheIleValMetGluTyrMetGluAsnGlyAspLeuAsnGlnPheLeuGlnLysTyr 734
GCTKGe CTTCTGGCCGTATGTACACACAGTAAGCATCCCTTCATTGTGATGGAATACATGGAGAATGGAGACCTCAACCAGTTCCTGCAGAAATAC 4140

GCTKcD CTTTTGGCCATATGTACACACAGTAAGCACCCCTTCATTGTGATGGAATACATGGAGAATGGAGACCTCAACCAGTTCCTGCAGAAATAC
LeuLeuAlalleCysThrHisSerLysHisProPheIleValMetGluTyrMetGluAsnGlyAspLeuAsnGlnPheLeuGlnLysTyr

GlnMetValAspAspAspSerAlaLeuTyrSerAsnGlnlleProProSerThrLeuLeuTyrMetAlavalGlnIleAlaSerGlyMet 764
GCTKGe CAGATGGTGGATGATGACTCTGCACTGTACTCGAACCAGATCCCTCCCTCCACCCTCCTCTACATGGCCGTGCAGATCGCCAGTGGGATG 4230

CLEVELPEREEEEE L e IIIIIIIIIIIIIHIHIIIIIIIIHHIIIIIIIIIIIIHHHIIIIIIIII
CATGGCCGTGCAGA! CAGTGGGATG

GCTKcD CAGATGGTGGATGATGACTCTGCACTGTACTCAAACCAGATCCCTCCCTCCACCCTCCTCTA
GlnnetValnspAspASPSernlaLeuTyrSerAsnGlnI1eProProserThrLeuLeuTeretAlavalclnI1eA1aSerG1yMet

ValTyrLeuSerSerLeuAsnTyrValHisArgAspLeuAlaThrArgAsnCysLeuValGlySerAsnPheArgIleLysIleSerAsp 794
GCTKGe GTGTACCTCTCCTCGCTCAACTACGTCCACCGAGACCTCGCCACACGAAACTGTCTCGTCGGTTCCAACTTCCGTATCAAGATCTCCGAC 4320

GCTKcD GTGTACCACACCACGCTCAACTATGTCCACCGAGACCTCGCCACACGAAACTG! TCGGTTCCAACTTCCGTATCAAGATCTC!
ValTyrﬂxsThrThrLeuAsnTeralnisArgAspLeuAlaThrArgAsnCysLeuVa161ySerAsnPheArgIleLyslleSerAsp

PheGlyMetSerArgAsnLeuTyrGluArgValTyrTyrArgValArgGlyArgAlaMetLeuProlleArgTrpMetAlaThrGluSer 824
GCTKGe TTTGGCATGAGCCGCAACCTCTACGAGCGAGTCTACTACCGCGTCCGAGGCCGGGCAATGCTCCCCATTCGTTGGATGGCCACTGAGAGC 4410

CEVEEVEEET TR R ey EEr e it i e e e e e e e e e e 1t

GCTKcD TTTGGCATGAAGCGCAACCTCTACGAACGAGTCTATTACCGCGTCCGAGGCCGGGCAATGCTCCCCATTCGTTGGATGGCCACCGAGAGC
PheGlyMetLysArgAsnLeuTyrGluArgValTyrTyrArgValArgGlyArgAlaMetLeuProlleArgTrpMetAlaThrGluSer

PheTyrGlyArgPheSerGluLysSerAspAlaTrpAlaTyrGlyvValThrvalTrpGlulleTyrThrLeuGlyLysLysGlnProTyr 854
GCTKGe TTCTATGGACGATTCTCAGAGAAGTCAGATGCGTGGGCGTATGGGGTGACGGTTTGGGAGATATACACGTTGGGAAAGAAGCAGCCATAC 4500

GCTKcD TTCTACGGACGATTCTCAGAGAAGTCAGATGCGTGGGCGTACGGGGTGACTGTTTGGGAGATATACACGCTGGGGAAGAAGCAGCCGTAT
PheTyrGlyArgPheSerGIuLysSerAspAlaTrpAlaTyrGlyValThrValTrpGluIleTerhrLeuslyLysLysGlnProTyr

GluGluLeuAspAspGlnHisMetIleGlnAspAlaIleArgGlyThrGlyArgArgIleMetGlyArgProGluGlyCysProGlnAla 884
GCTKGe GAAGAGCTTGATGATCAGCATATGATCCAAGATGCTATTCGAGGCACGGGTCGTAGGATCATGGGTCGACCCGAGGGGTGTCCGCAGGCT 4590

GCTKcD GAAGAGCTTGATGATCAGGATATGATCCAAGATGCCA GAGGCACGGGTCGT.: TCATGGGTCGACCG-AGGGGTGTC-GCAGGCT
GluGluLeuAspAspGlnAspMetI1eGlnAspAlaIlenrgclyThrelyArgArgIleMetGlyArgPro ArgGlyval AlaGlyC

ValTyrGluVallLeuLeuArgCysTrpGluTyrAlaAlaAlaAspArgAlaThrPheLysGluIleHisAspSerLeuAsnLeulleGln 914
GCTKGe GTGTATGAGGTGCTACTGCGGTGCTGGGAGTATGCTGCCGCAGATCGAGCCACGTTCAAAGAGATACATGACAGCCTGAACCTCATTCAA 4680

GCTKcD GTGTACGAGGTGCTACT-CGATGCTGGGTGTACGCCGCCGCAGATCGAGCCACGTTTAAGGAGATACATGACAGCCTGAACCTCATTCAA
ysValArqgGlyAlaThr ArgCysTrpValTyrAlaAlaAlaAspArgAlaThrPheLysGlulleHisAspSerLeuAsnLeulleGln
IK ]
LeuAsnSer + 917
GCTKGe CTCAATAGCTGATGACTGTTTCACTTTCATTCAAGTTTTATAATGTATTTGTCGTTCTGTGTCTGTCAGTGTTTGTGTGGTT-AGTTAGT 4769

CEVEE TEETEEL T e FEVEEREEL TR DR T PR P R e L

GCTKcD CTCAACAGCTGATGACTGTTTCACTTTCAA----GTTTTATAATGTATTTGTTGTTCTGTGTCTGTCAGTGTTTGTGTGGTTTAGTTAGT
LeuAsnSer +

GCTKGe GTAAGTCAAAATAACAGGTTTTTCACACTGCTGCATTGTTGGTTTTTACTATTGCGCATGCGTTGTTTTTACACGCGCAAAATAGTCAGG 4859

GCTKcD GTAAGTCAAAATAACAGATTTTTTACACTGCTA,

GCTKGe TGGCGCTGCTCT 4871

Fig. 1. Comparison of the nt as well as the deduced aa sequencaumbered;the putative termination of the deduced aa sequence is
(three-letter code) both from the RTK gerf@CTKGe, and from the  marked (+). The potential transcription start site and the polyadenyla-
RTK cDNA, GCTKeD. Identical nt between the two sequences are tion site areunderlined.The CArG box-like sequence double under-
indicated (]); the nonidentical aa araderlined.The donor and accep- lined. The different domains, the first and second Ig-like domain (Ig 1
tor splice sites are also marked (%); the location of the introns is indi-and Ig 2), the transmembrane domain (TM), the juxtamembrane region
cated. The nt as well as the deduced aa sequence @GdTGe is (IM), and the TK-domain (TK), are indicated.

even more (Hunter 1987). This number is close to ouranalysis, based on the alignment of TK-domain amino
present knowledge. It can be expected that many of thesacid (aa) sequences, indicates that all TK proteins have
enzymes, especially if they are members of the same (awne common ancestor (Hardie and Hanks 1995). Since
closely related) subfamilies, very probably have only aPTKs were found only in the metazoan (multicellular)
recent biological history. PTKs are divided into two ma- organisms it is reasonable to postulate that these en-
jor groups, the receptor tyrosine kinases (RTKs), whichzymes derive from one common ancestral molecule
are membrane-spanning molecules with similar overal(Mdiller 1995).

structural topologies, and the nonreceptor TKs, also Sponges (Porifera) are the most primitive multicellu-
composed of structurally similar molecules. Members oflar animal phylum; they are known to have existed since
the PTKs are further classified on the basis of their structhe Proterozoic period (Orlov 1971). Recent analysis of
tural (functional) similarities and divided into over 20 phylogenetically conserved proteins from the marine
subfamilies (Hardie and Hanks 1995). Phylogeneticsponge Geodia cydonium(Porifera, Demospongiae,



246

kb Exon 1 2 3
742 309 1700 bp
S
= — 3.3 160 508 bp
28 — Intron 1 2
Domains g g ™ JM TK

Fig. 3. Gene structure of5CTKGe, coding for an RTK fromG.
6 cydonium.The two introns are inserted (1) between the first and the
0 — second Ig-like domain (160 bp) and (2) between the Ig-like domain and
the transmembrane domain (508 bp). The other parts of the sponge
RTK, the transmembrane domain (TM, 84 bp), the juxtamembrane
region (JM, 693 bp), and the TK-domain (TK, 879 bp), form one exon.

e

0.6 —
0.4 —

0.3 — tected by ligation\GEM 12 vector (Promega) was digested withd.

. . . . Both A\GEM 12/Xhd and G. cydoniumgenomic DNASaBA | were
Fig. 2. ~Northern blot analysis of. cydonium transcripfor RTK artially filled-in using the Klenow Partial Fill-In Kit (Stratagene).

using the homologous cDNA as a probe. Further details are given unde'gince the partial fill-in procedure prevents the self-ligation reactions of

Materials and Methods. . . -
vector arms, central stuffer, and genomic fragments, the primary liga-
tion of genomic DNA intoAGEM 12 arms was performed at 4°C
overnight. Optimal packaging efficiency of ligated DNA products was

Geodiidae), a lectin (Pfeifer et al. 1993a), the RTK performed using Max Plax Packaging Extract (Epicentre).

(Schzke et al. 1994c), and a homeodomain-like poly-

peptide (Kruse et al. 1994) strongly supports the assump- _ _ _
Isolation of G. cydonium Genomic Clones for Receptor Ty-

tion of the very old lineage of the sponge taxa and Indl_rosine Kinase Southern hybridization of fopfu of G. cydoniumge-
cates that sponges branched off from the COMMONmic library was performed under moderately stringent conditions

metazoan tree over 600 million years ago’(Mu1995).  (42°c, 50% formamide) with plasmid probe containiBg cydonium
Furthermore, the existence of conserved proteins, strudRTK cDNA (termedRTKCD; accession No. X77528; Sutke et al.
turally and functionally similar to higher metazoan pro- 1994¢) applying the random priming labeling DIG system from Boe-

. . : . . hringer (Ausubel et al. 1995). Subsequently filters were washed with
teins, speaks in favor of a monophyletic origin of Porif- 5 "S- "ssc "o '5x s5C, and 0.25x SSC at room temperature and

era and other “classical” metazoan animals ‘u  finay with 0.1x SSC at 55°C (all solutions contained 0.1%
1995). Fossil species belonging to the gerisodia,  NaDodSQ). Hybridization signals were detected with anti-DIG alka-
Lamarck 1815, have Cretaceous (145—75 million yeardne phosphatase, Fab fragment (Boehringer). Several genomic clones
ago)-to-recent range (De Laubenfels 19%5)cydonium containing coding sequence for te cydoniunof RTK were isolated.

. v . . Restriction endonuclease mapping of plaque-purified positive isolates
is a long-living and large sponge species (up to 70 cm Ir{v:{vas performed by Southern hybridization (Ausubel et al. 1995) using

diameter) which predominantly reproduces asexuallyp|c_jabeled cDNA probe.
(Arndt 1930).
Here we show that—in contrast to similar sequences

from higher metazoa—the RTK gene fra@n cydonium DNA Sequence Analysi@enomic clone fragments of interest were
is not interspersed by introns subcloned into pBluescript vector for sequencing and further restriction

analysis. Double-stranded DNA sequencing was performed according
to the dideoxy chain termination method of Sanger (Sanger et al. 1977)
with [*S]JdATP using the DNA Sequencing kit (USB). Ambiguities
Materials and Methods in exon parts were resolved using the IsoTherm DNA Sequencing kit
(Epicentre). Sequences were composed and analyzed using the com-

) ) ) puter program PCGene (1995).
Materials.Enzymes for recombinant DNA techniques and vectors were

obtained from Stratagene (Heidelberg, Germany), Boehringer (Mann-

heim, Germany), Promega (Madison, WI, USA), Epicentre Technolo-  Northern Blot.Sponge tissue was frozen in liquid nitrogen and then

gies (Madison, Wi, USA), and USB (Cleveland, OH, USA). pulverized. RNA was then extracted from the tissue using TRIzol Re-
agent (GibcoBRL) as recommended by the manufacturer, with an ad-

SpongeThe specimens dBeodia cydoniungPorifera, Demospon- ditional isolation step for samples with high polysaccharide content.

giae, Tetractinomorpha, Astrophorida, Geodiidae) were collected neaf ©Y(A) RNA was purified with Oligotex mRNA kit (Qiagen). One

Rovinj (Croatia). The material was immediately frozen in liquid nitro- microgram of mRNA was electrophoresed through 1% f_ormaldghyde/

gen until use. agarose gel and blotted onto Hybond hembrane following the in-
structions of the manufacturer (Amersham). The RNA molecular
weight marker Il (Boehringer) was used for size estimates.

Preparation of G. cydonium Genomic Libraigenomic DNA from Hybridization was performed with the cDNA ®TKcD at 65°C

G. cydoniumwas isolated from frozen tissue using ultracentrifugation overnight in the following buffer: 0.2 NaH,PO, (pH 7.2), 1 nm

in guanidine isothiocyanate/cesium chloride gradient and purified acEDTA, 5% SDS, and 0.5% blocking reagent (DuPont). Washes were

cording to standard phenol-chloroform extraction procedure (Ausubelone at 65°C as follows: twice in 0.126 NaH,PO, (pH 7.2), 2.5%

et al. 1995). The small-scale reactions of partial restriction endonucleSDS, 0.05 mn EDTA, and then twice in 0.02& NaH,PO, (pH 7.2),

ase digestion ofs. cydoniumgenomic DNA were performed using 0.5% SDS, 0.01 m EDTA (Ausubel et al. 1995). The film was ex-

SaBA | to generate fragments of 15-23 kb. With the cos-sites pro-posed for five days at —80°C.




SUBDOMAIN I (ATP binding site)
GXGXXGXV

SUBDOMAIN II
vavk
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GCTKGe IREVKQIGVGQFGAVVLAEMTGLSGSNVASLPKGSMNAD 100% GVALVAVKKLKPDVSDE 100%
GCTKcD hhkkhkkkhkhkhkhkhkhkhkdkhkkkhkkhkhkhkhkhkhkhhkhkhhkhkhkhhhkhhd 100% % % J dk Kk % Kk Kk ok ok ok ok ok ok ok ok ok 100%
CAK_Human *VLKWEL*E*A**K*F***CHNLLPEQ-—-———————-- 41% DKM*****p**_EA*ES 53%
TRKB_Mouse *VLKREL*E*A**K*F***CYNLCPEQ-=--————==——— 41% DKI***x**T*x*_*A**N 60%
TRKC:Pig *VLKREL*E*A**K*F***CYNL*PTK---————————— 41% VKM*****p**_*PTLA 53%
ABL_Dmela *MMKHKL*G* *Y *E*YE*VWKR 32% YGNT****T**E*TM-- 47%
ABL_Human *TMKHKL*G* *Y *E*YEGVWKK 27% YSLT****T**E*TM-- 47%
ROS:Human LTLRLLL*S*A**E*YEGTAVDIL*VGS——————————— 23% *EIK****T**KGST*Q 47%

27% PETR**I*TVNEAA*MR 27%
27% AETR****TVNESA*LR 33%

IG1R_Human *TMSREL*Q*S**M*YEGVAK*VVKDE-—---
INSR_Human *TLLREL*Q*S**M*YEGNARDIIKGE----

IRR_Human *SIIREL*Q*S**M*YEGLAR**EAGE--————————-— 32% ESTP**L*TVNELA*PR 27%
FGR1_Human LVLGKPL*E*C**Q*****AT**DKDKPN-----———-— 45% RVTK****M**S*ATEK 47%
TEC_Dmela LMLMEEL*S* * * *V*RRGKWR 27% *SIDT***MM*EGTM-- 33%
FER:Human VILGELL*K*N**E*YKGTLK 23% DKTS****TC*E*LPQ* 47%
FES_Human LVLGE* **R*N**E*FSGRLRA 32% DNT*****SCRETLPPD 33%
SEV_Dmela LKLLRFL*S*A**E*YEGQLKTEDSE--—-—-——————— 23% EPQR**I*S*RKGA*-- 33%
TIE:Mouse IKFQDV**E*N**Q*LKRIKKDG 27% LRMDA*I*RM*EYA*KD 27%
SUBDOMAIN III SUBDOMAIN IV
GCTKGe VRQSFDKEIKFMSQL- 100% QHDSIVQLLAVCTHS 100%
GCTKcD ALk kkkkkkkkhkkkoo Q3F kkkkkkkxkxTkkxk*x 093%
CAK_Human A*ND*L**V*I**R*~ 53% KDPN*IR**G**VQD 33%

TRKA_Human A**D*QR*AELLTM*- 33% **QH**RFFG***EG 47%
TRKB_Mouse A*KD*HR*AELLTN*- 27% **EH**KFYG**VEG 40%

TRKC_Pig A*KD*QR*AELLTN*- 27% **EH**KFYG**GDG 40%
ABL_Dmela ALKD*LE*AAI*KEM- 20% K*PNL***IG***RE 47%
ABL_Human EVEE*L**AAV*KEI- 27% K*PNL****G***RE 53%
ROS_Human EKIE*L**AHL**KF- 33% N*PN*LKQ*G**LLN 33%

IG1R_Human E*IE*LN*ASV*KEF- 27% NCHHV*R**A*VSQG 27%
INSR_Human E*IE*LN*ASV*KGF- 27% TCHHV*R**G*VSKG 27%
IRR-Human ECIE*L**ASV*KAF- 27% KCHHV*R**G*VSQG 27%
FRG1_Human DLSDLIS*MEM*KMIG 13% K*KN*IN**GA**QD 40%

TEC_DQela SEDD*IE*A*V*TK*~ 33% QHPNL***YG***KH 40%

FER_Human LKIK*LQ*I*ILK*Y- 27% D*PN**K*IG***QR 47%

FES_Human LKAK*LQ*ARILK*Y- 20% S*PN**R*IG***QK 47%

SEV_Dmela EFAELLQ*AQL**NF- 20% K*EN**R*VGI*FDT 33%

TIE_Mouse DHFR*AG*LEVLCK*G 20% H*PN*IN**GA*E*R 40%

SUBDOMAIN V SUBDOMAIN VIA

GCTKGe KHPFIVMEYMENGDLNQFLQKYQMVDDDSALYSNQ-—-—~—-~— 100% IPPST----- LLYMAVQIASGMVYLSSL 100%
GCTKcD Jkkkhkkkkkkdkhkdh ko k ke kkkh ko ko ko 1003 ***kkomeee kkkkkkkkkkkkk*HPT* 87%
CAK_Human DPLCMITD* * * %% % %% % x * SAH*LE*KAAEGAPGDGQAAQGPT 50% *SYPM—---- *kHY*P**kkk* *xR**AT* 57%
TRKK_Human RPLLM*F * * *xRH* * * *R* * SHGGPDAKLL *GGEDVAPGP-~--- 38% LGLGQ----- **AVHSAV*A***k*AG*  48%
TRKB_Mouse DPLIM*F***KH****K**RAHGPDAVLM*EGNPPTE------ 38% LTQ*Q-——~- M*HI*Q***pA*x****p*xQ 52%
TRKC-PiG DPLIM*F***KH* ***K* *RAHGPDAMILVDGQPRQAKGE--~- 38% LGL*Q---—-| M*HI*S**Cx*x**x*x*p*xQ 52%
ABL_Dmela PPFY*IT*F*SH*N*LD**RSAGRET 27% LDAVA----- *kkkkPrkkkk*kSk*EXR  61%
ABL_Human PPFY*IT*F*TY*N*LDY*RECNRQE 23% VNAVV-———- *kkkkPRRSAAXEX**EKK 48%
ROS_Human EPQY*IL*L**G***LTY*R*AR*ATFYGP*-—---—cmm—— 38% LTLVD----- *VDLC*D*SK*C***ERM 30%
IGlE_Human QPTLVI**L*TR***KSY*RSLRPEMENNPVLAP--—-———-- 27% PSL*K-——-- MIQ**GE**D**A**NAN 39%
INSR_Human QPTLV***L*AH***KSY*RSLRPEAENNPGRPP---—-—-—- 31% PTLQE----- MIQ**AE**D**A**NAK 35%
IRR_Human QPTLVI**L*TR***KSH*RSLRPEAENNPGLPQ-—~—————- 27% PALGE----- MIQ**GE**D**A**AAN 35%
FGR1_Human GPLYVIV**ASK*N*REY* *ARRPPGLEYCYNPSHNPEEQ--- 23% LSSKD----- *VSC*Y*V*R**E**A*K 39%
TEC_Dmela RPIY**T***KH*S*LNY*RRHEKTLI------——=me—-———- 31% GNMGL----- **D*CI*VSK**T**ERH 35%
FER-Human QPVY*I**LVSG**FLT**RRKKDE-——-—————ce—eeem 27% LKLKQ----- *VKFSLDA*A**L**E*K 30%
FES_Human QPIY****LVQG**FLT**RTEGAR 31% LRVK*-—w-- **Q*VGDA*A**E**E*S 43%
SEV_Dmela ESISLI**H**A***LSY*RAARATSTQEPQPTAG---——--— 31% LSL*E-==-~- **A*CIDV*N*CS**EDM 35%
TIE Mouse GYLYLAI**APH*N*LD**R*SRVLET*P*FAIAN---———-—- 27% STA**LSSQQ**HF*ADV*R**D***QK 48%

Fig. 4. Multiple aa alignment of5. cydoniunirK-domain (one-letter  precursofNSR Human; P06213; Ullrich et al. 1985); insulin receptor-
code), both of the deduced aa sequences from the gene (GCTKGe) amdlated receptorlRR_Human; P14616; Shier and Watt 1989); basic
from the cDNA (GCTKcD) with 16 TK-domains of other PTKs dis- fibroblast growth factor receptor 1 precurséi@R1 Human; P11362/
playing highest homology. The following sequences are shown: cellP17049); Drosophila melanogasteSRC protein tyrosine kinase
adhesion kinaseJAK_Hu; accession No. L20817; Perez et al. 1994); (TEC _Dmela.; M11917); FES/FPS-related PTIKKER Human;
nerve growth factor receptom RKA Hu; P04629; Martin-Zanca et al. J03358; Hao et al. 1989); FES/FPS protein-tyrosine kinR&sS (Hu-
1986); neurotrophin-4 receptol RKB_Mouse; P15209; Klein et al. man; P07332; Roebroek et al. 198B)0sophila melanogasteseven-
1989); NT-3 growth factor precursof RKC_Pig; P24786; Lamballe et less receptor PTKSEV D. mela.; P13368; Bowtell et al. 1988); TIE
al. 1991);DASH/ABLproto-oncogene tyrosine kinase frdnosophila protein-tyrosine kinaseT(E_Mouse; X71425; Sato et al. 1993). The
melanogaste(ABL_Dmela; P00522; Henkemeyer et al. 1988); ABL delineation of the TK subdomains |1-XI is adopted from Hardie and
proto-oncogene tyrosine kinas@BL_Human; P00519; Shtivelman et Hanks (1995). The homologies of the subdomains with respect to the
al. 1986); ROS proto-oncogene tyosine kind2®§ Human; M35106;  sponge aa sequence frdBCTKGe are given in percent. The consensus
Birchmeier et al. 1990); insulin-like growth factor 1 receptor sequences mentioned in the text are shown.

precursoG1R _Human; P08069; Ullrich et al. 1986); insulin receptor
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SUBDOMAIN VIB (CATALYTIC LOOP) SUBDOMAIN VII (
HRDLATRN DFG Y oYY
GCTKGe NYVHRDLATRNCLVGSN——==——~ 100% FRIKISDFGMSRNLYERVYYR 100%
GCTKcD hhkkkdkhkkkhkhkkkkkkk 1003 ***kkkkkkkRKikkkkkkkkkx 053
CAR H“man *F*************E* _______ 88% *T***A*********AGD*** 76%
TRKK_Human HF ¥ %k kkkk kXX XX ¥ QGmm e m e e = 76% LVV**G***x*x*x*xDI*STD*** 57%
TRKB_MouUSE HF****kkk kx4 %k *E* o e 82% LLV**Gx*****DV*STD*** 57%
TRKC-Pig HFE ¥k kkkkk kA A XK GH e 82% LLV**G*****x*xDY*STD*** §7%
ABL_Dmela  **I*****AX***¥¥D¥_———__o 82% KLV*VA***LA*LMRDDT*T- 29%
ABL_Human  *FI*****RA***kk*EX oo 76% HLV*VA***L**LMTGDT*T- 33%
ROS_Human  HFI*****A*****SVKDYTSP-- 59% RIV**G***LA*DI*KND*** 48%
IGIR_Human NK*****%A%%*M*AED——————— 65% *TV**G****T*DI**TD*** 62%
INSR_Human KF******}%**M*AHD-- 59% *TV**Gr***T*DI**TD*** 62%
IRR_Human  KF******A***M*SQD——————— 59% *TV**G****T*DV**TD*** 62%
FGR1_Human KCI**¥**A%*V**TED—————=- 53% NVM**A***LA*DIHHID**K 38%

82% NVV*VA***LA*YVLDDQ*T- 29%
76% NVL*******x**QEDGGV*S- 48%

TEC Dmela LS ST T T T .
FER Human LY a2 T 25 LT T

FES_Human CCI*****kP*** ¥ *TEK————m—— 59% NVL*****x*x*x*EEADG**AA 52%
SEVZDmela HF ******C*****TESTGSTDRR 65% RTV**G***LA*DI*KSD*** 48%
TIE_Mouse QF I *kkk k Rk kT X ¥ XEX m e e e 65% NIA**A***L**GQE-~-**V- 43%
SUBDOMAIN VIII SUBDOMAIN IX
PIRW A E
GCTKGe VRGRAMLPIRWMATES- 100% FYGRFSEKSDAWAYGVTVWEIYTLGKKQPYEEL 100%
GCTKcD Tkkkkhkkkhkkhhkk_ OO FrrAkhk Ak kA kAR X AR A Rk kkkkkkkxxxx 100%

CAK_Human *QFF ARk KAk kk*WXCI  T5% LM*K*TTA**V**F***L**VLM*CRA**FGQ* 45%
TRKA Human *G**T****%x*pp**I 75% L¥RK*TTE**V*SF**VL***F*Y*_***WYO* 48%
TRKB_Mouse *G*HT*******pPpP**I 69% M*RK*TTE**V*SL**VL***F*Y*_***WYQ* 48%
TRKC:Pig *GFHT*******PP**] 69% M*RK*TTE**V*SF**IL***F*Y*_***WFQ* 48%
ABL_Dmela AHAG*KF**K*T*P*GL 38% AXNK**T***V**F**LL***AXY*M S**PAI 52%
ABL_Human AHAG*KF**K*T*P**L, 44% A*NK**I***V**F**LL***A*Y*M S**PGI 52%
ROS_Human K**EGL**V****P**L, 63% MD*I*TTQ**V*SF*ILI***L***H-***PAH 45%
IGIR_Human KG*KGL**V***SP**L 50% KD*V*TTY**V*SF**VL***A**AE-***QG* 48%
INSR_Human KG*KGL**V****P**L 56% KD*V*TTS**M*SF**VL***TS*AE-***QG* 45%
IRR_iuman KG*KGL**V****xpP**], 56% KD*I*TTH**V*SF**VL***V**AE-***QG* 48%
FGR1 Human KTTNGR**VK***P*AL 38% FDRIYTHQ**V*SF**LL***F***G-S**PGV 39%
TEC_Dmela SS*GTKF**K*APP*VL 31% N*T***S***Uk*xkx*x kL M***F*C**-M**GR* 64%
FER:Human SS*LKQI**K*T*P*AL 38% N***Y*SE**V*SF*ILL**TFS**V-C**PGM 42%
FES_Human SG*SRQV*VK*T*P*AL 31% N***Y*SE**V*SF*ILL**TFS**A-S**PNL 42%
SEV_Dmela KE*EGL**V***SP**L, 50% VD*L*TTQ**V**F**LC***L***Q_***AAR 52%
TIE:Mouse KKTMGR**V****I**L, 50% N*SVYTTN**V*S***LL***VS**G-T**CGM 42%

SUBDOMAIN X SUBDOMAIN XI

GCTKGe DDQHMIQDAIRGTGRRIMG--~-RPEG 100% CPQAVYEVLLRCWEYAAADRATFKEIHDSLNLIQLNS 100%
GCTKcD ***D***************_-_-**R* 90% VAGC*_RGAT*************************** 76%
CAK_Human T*EOV*EN*GEFFRDQGROVYLS**PA 25% ***AV**LM****SRESEQ*PP*SQL*RF*AEDA**T 41%
TRKA_Human SNTEA*DCITQ*RELE-—-=——-— **RA 20% **PE**AIMRG**QREPQQ*HSI*DV*AR*QALAQAP 27%
TRKB_ﬁouse SNNEV*ECITQ*RVLQ-==———— **RT 20% ***E***LM*G**QREPHT*KNI*S**TL*QNLAKA* 41%
Tkkc:Pig SNTEV*ECITQ*RVLE--———-—- **RV  20% ***E**D*M*G**QREPQQ*LNI***YKILHALGKAT 35%
ABL_Dmela *LTDVYHKLDK*YRME - =~——~~— **P* 25% **PE**DLMRQ**QWD*T**P***S**HA*EHMFQE* 43%
ABL:Human *LSQVYELLEKDYRME-=~=~—~ *kk*k%x 25% **EK***LMRA**QWNPS**PS*A***QAFETMFQE* 38%
ROS_Human SNLDVLNYVQT*GRLE----——— P*RN 10% **DDLWNLMTQ**AQEPDQ*P**HR*Q*Q*Q*FRR*F 32%
IG1R_Human SNEQVLRFVME*GLLD------- K*DN 10% **DMLF*LMRM**Q*NPKM*PS*L**IS*IKEEMEPG 30%
INSR_Human SNEQVLKFVMD*GYLD---———- Q*DN 10% **ER*TDLMRM**QFNPKM*P**L**VNL*KDDLHP* 32%
IRR_Euman SNEQVLKFVMD*GVLE-——=—~~ EL** 15% **LQLQ*LMS***QPNPRL*PS*TH*L**IQEELRP* 32%
FGR1_Human PVEELFKLLKE*HRMD------- K*SN 10% *TNEL*MMMRD**HAVPSQ*P***QLVED*DR*VALT 27%
TEC_Bmela KNTEVVERVQ**IILE~===——~ K*KS 15% *AKET*D*MKL**SHGPEE*PA*RVLM*Q*A*VA--- 27%
FER_Human TN*QAREQVE* *YRMS—=————~ A*QH 20% **EDISKIMMK**D*KPEN*PK*S*LQKE*TI*KRKL 27%
FES_Human SN*QTREFVEK*GRLP-~-—~—— C**L, 20% **D**FRLMEQ**A*EPGQ*PS*ST*YQE*QS*RKRH 32%
SEV_Dmela NNFEVLAHVKE*GRLQ--—-~=~~ Q*PM 10% *TEKL*SL**L**RTDPWE*PS*RRCYNT*HA*STDL 27%
TIE Mouse TCAELYEKLPQ*YRLE-=~===-~ K*LN 10% *DDE**DLMRQ**REKPYE*PS*AQ*LV***w——e—— 30%
Fig. 4. Continued.

Results and Discussion was analyzed. It contains the gene for RTK, designated

here GCTKGe (accession No. X94128), which has a
length of 4,871 bp (Fig. 1).

A comparison of the corresponding segments of the
nucleotide (nt) as well as the deduced amino acid (aa)
We used theGeodia cydoniumRTK cDNA probe sequences cB8CTKeD andGCTKGe revealed that they
(termed her&sCTKcD; accession No. X77528) (Satle  differ only slightly 105 out of 2,181 nt and 32 out of 727
et al. 1994c) to screen this sponge’s genomic DNA li-aa (Fig. 1).
brary (Sambrook et al. 1989). A genomic DNA clone The size of the sponge RTK mRNA was identified by
containing the entire coding sequence of sponge RTKNorthern blotting using the cDNA ofGCTKcD as a

Cloning of the Ancient Receptor Tyrosine Kinase Gene
in G. cydonium
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probe. An mMRNA species of 3.3 kb was detected (Fig. 2)membrane domain, the juxtamembrane region and the
The deduced aa sequence of the exon&GITKGe re-  catalytic TK-domain is coded by one single exon.
veals an M of 101,309—917 aa (corresponding to 2.8
kb).
Tyrosine Kinase Catalytic Domain

5’- and 3-Flanking Region of the GCTKGe Gene A search for homology of5. cydoniumTK-domain aa
sequence deduced from the gene sequence was per-
The typical translation start site A/GG,, (Kozak formed (PC/GENE 1995). All 50 most homologous se-
1986), nt 1268-1274, is present. Therdntranslated quences to sponge RTK contained the TK-domains of
region contains potential promotor elements, TATA boxPTKs. Many of those PTKs were orthologous gene prod-
(nt 646-651), GC-box (nt 623 as a center), and Capicts from different organisms. One representative speci-
signals (nt 669, 672, and 691 as centers) (PC/GENHEnen from each group of closely related enzymes was
1995; program EUKPROM). In addition a CArG box- used for the multiple sequence alignment. The alignment
like sequence, CCTATATGG (nt 97-105), is present inwas computed (CLUSTAL; PC/GENE 1995) and subse-
the potential promotor region, which is known to be thequently manually adjusted to delineate the TK subdo-
target for the serum response factor, a transcription factamains I-XI (aa 535-825), as proposed by Hardie and
which is involved in the RTK signaling pathway (Shore Hanks (1995) (Fig. 4).
and Sharrocks 1995). Recently, this cDNA was also The sponge TK-domain contains all conserved aa, or
cloned fromG. cydonium(to be published). streches of aa, known to be important for the function of
A typical polyadenylation site, AAUAAA (Zarkower these enzymes (Geer et al. 1994) (Fig. 4). In detail, sub-
et al. 1986), is missing in botBCTKGe andGCTKcD.  domain | shows the ATP-binding site (consensus:
This site is also absent in other cDNAs cloned fr@n  GXGXXGXV) and subdomain Il shows Lys in the con-
cydonium,e.g., ubiquitin (Pfeifer et al. 1993b; EMBL sensus vavK which is required for kinase activity. This K
accession No. X70917) the lectin (Pfeifer et al. 1993a;(Lys) is likely to be involved in the phosphotransfer re-
No. X93925). In the 3nontranslated region (length of action, possibly functioning in proton transfer (Russo et
112 nt) the sequence AAUAAC (Wickens and Ste-al. 1985). The aa D (Asp) and N (Asn) in subdomain VIB
phenson 1984) which is present 23 nt upstream of thas well as the DFG trimer in subdomain VIl are present
poly(A) sequence might function as a polyadenylationin the sponge sequence; DFG has been implicated in
signal (Fig. 1). The stop codon UGA is located 111 ntATP binding (Hanks et al. 1988). This triplet is the most
from the poly(A) sequence. conserved portion in the catalytic domain and is sur-
rounded for two positions on both ends by the hydro-
phobic or near-neutral residues | (I1e) and S (Seh) (5
Gene Structure of Sponge RTK position) and M (Met) and S (Ser) ‘@osition). Asp (D)
in subdomain VIB and Asp (D) in subdomain VII are
The coding sequence of RTK contains three exons. Théhought to interact with the phosphate groups of ATP via
putative structure of the sponge RTK gel®CTKGe, aMg?" salt bridge (Brenner 1987). Y (Tyr) (aa 181 of RT
shows (1) the extracellular part, comprising two com-domain; subdomain VII) undergoes phosphorylation (ty-
plete immunoglobulin (Ig)-like domains (Sttke et rosine kinase phosphorylation site) — located seven resi
al. 1994a, b) (first aa 106—247 and second aa 248-350ues to the C-terminal side of an R (Arg); this Y (Tyr) is
with respect to the aa in the sequence deduced frorfocated adjacent to the Y (Tyr) (aa 182) which is the
GCTKGe), (2) the transmembrane domain (aa 366—392)potential autophosphorylation site. Signatures in subdo-
(3) the juxtamembrane region (aa 393-626), and (4) thenains lll, IV, V, VIA IX, X, and XI| are less well con-
catalytic TK-domain (aa 627-917) (Fig. 3). Two introns served.
have been found. The first is located between the two Highest homology in thes. cydoniumTK-domain
Ig-like domains (nt 2013-2172) and the second intronwith 45% was found in the recently discovered human
between the second Ig-like domain and the transmemeell adhesion kinase CAK RTK (Johnson et al. 1993;
brane region (nt 2482—2989) in the extracellular part ofPerez et al. 1994), a protein which is not closely related
GCTKGe. The introns are of medium size (160 bp andto other known RTKs. CAK RTK represents a new class
508 bp, respectively). The consensus sequence at thid RTKs. Second-best homology (over 43%) was found
boundary of the first intron GT (donor) and AG (accep- within the subfamily of RTK with genes coding for the
tor) is a typical one, while in the second intron the nt GCnerve growth factor receptorS RKBVio, TRKCH, and
and AG are less frequently used (Stephens and Schneid@RKAHuU). These TKs also contain two Ig-like domains in
1992). The 247th aa (Leu) is interrupted by the firstthe extracellular part of the proteins. RTK genes of the
intron and the 350th aa (Gly) by the second intron. insulin receptor subfamilMiRRHu, IG1RHu, INSRHu) and
However, the rest of the gene, comprising the transof related enzymesO$u, SEMDm) also show significant
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Fig. 5. Dendrogram deduced from the multiple alignment producedtor receptor 1 precursoFGR1 Humar) and TIE protein-tyrosine ki-
with CLUSTAL (PC/GENE 1995) of the TK-domain of RTK gene of nase TIE_Mouse)] and of five nonreceptor TK®OASH/ABL proto-

G. cydoniun{GCTKGe) with those of ten receptor TKs [neurotrophin- oncogene tyrosine kinase fromrosophila melanogaste(ABL_D-

4 receptor TRKB_Mouse); NT-3 growth factor precurscfRKC _Pig); mela.); ABL proto-oncogene tyrosine kinas@&BL Human);
nerve growth factor receptoTRKA Human); ROS proto-oncogene Drosophila melanogasteBRC protein tyrosine kinasd EC_Dmela);
tyosine kinaseROS Human);Drosophila melanogastesevenless re- FES/FPS-related PTKFER _Human); FES/FPS protein-tyrosine ki-
ceptor PTK SEV_Dmela); insulin receptor-related recepttRiR_Hu- nase FES Human)]. The accession numbers and the references are
man); insulin-like growth factor 1 receptor precurstIR Humar); given in legend to Fig. 3.

insulin receptor precursotNSR_Human); basic fibroblast growth fac-

homology in the deduced TK-domain to the spongecDNASs. During the last few years the organization of a
GCTKGe (35-37.5%). Homologies in the range of 32%growing number of genes encoding these proteins has
were found with the fibroblast growth factor subfamily of been analyzed. To the best of our knowledge, all studied
RTKs (FGRMHu), having three Ig-like domains in the ex- genes contain introns in their TK-domain. Some of the
tracellular part, and th@IE receptor PTK TIEMo; two  genes encoding RTKs are over 100 kb long with over 20
Ig-like domains). Interestingly, several nonreceptor TKsintrons, as in the case of the insulin receptor subfamily of
were selected among the 50 proteins having highest homoRTKs (Seino et al. 1989). The insulin receptor gene con-
ogy in the TK-domain with the sponge RTK. The TK- tains five introns in the TK-domain. Comparison of the
domains of nonreceptor TK genes from the Abl subfamilyexon structure of the TK-domains of this and three other
(ABLDm, ABLHu) show remarkable homology (41%) and TK genes ROS, SRCand ERBBJ revealed that the
other selected nonreceptor TKEECDm, FERHu, and  exon—intron organization of this region has not been well
FESHu) still show a homology of over 35%. conserved during evolution (Seino et al. 1989). Accord-
ing to the exon theory of genes (Gilbert et al. 1986;
] Gilbert 1987), proposed by Seino et al. (1989), the pu-
Phylogenetic Tree tative ancestral TK-domain may have been assembled

The dendrogram of the alignment of TK-domains of 15from 13 exons; consequently, introns must have been lost

PTis procuced b the CLUSTAL program i shown n (L1 252 Ao, Eehion o b oeres
Fig. 5. CAK RTK was not used here, because of its 9 ' ’

4 o é -like domains and the TK insert within the catalytic
uniqueness (1) in its extracellular sequence as well as ( cfo

in its structural motifs (Perez et al. 1994). All RTKs used ma.un were recently studied in detail (Agm_at al.
. .~ 1994; Rousset et al. 1995). In these reports introns at
for the dendrogram fall in one branch of the tree, while o I .
. : conserved positions within the TK-domains of these
nonreceptor TKs are grouped in a second one; spongé

: : : . - “genes were found. These data were used for the estab-
RTK is placed in a separate branch, which splits off first; . . .
lishment of the phylogenetic relationships between three
from the common tree of metazoan PTKs.

related subfamilies of RTKs, and it was proposed that all
genes most probably evolved from the common ancestor
Introns Early or Late? already “in pieces” by successive duplications involv-
ing entire genes. However, the time when the first du-
Most of the information about the PTKs in different or- plication might have occurred was not discussed.
ganisms was obtained from studies of the corresponding The tyrosine kinase domain of the ancient enzyme,
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the RTK from the marine spong®. cydoniumjs — as of RO cDNA from a human glioblastoma cell line. Proc Natl
mentioned — encoded by one single exon. There are Acad Sci 87:4799-4803

many reasons to assume & cydoniumRTK is the Bowtell DD, Simon MA, Rubin GM (1988) _Nucleotlde sequence and
structure of the sevenless genelobsophila melanogasteGenes

most ancient RTK analyzed so far (Scha et al. Dev 2:620—634

1994a—c) that branched off first from the common treegrenner s (1987) Phosphotransferase sequence homology. Nature
of metazoan PTKs (Fig. 5). PTKs are found only in  329:1

metazoan (multicellular) organisms aGd cydoniunbe- Cavalier-Smith T (1991) Intron phylogeny: a new hypothesis. Trends

longs to the oldest and the most simple metazoan phy- Gelrl“thTllg?;lfg ications of RNA-RNA salicin in evolution of
lum, the Porifera. arne ( ) Implications o - splicing in evolution o

eukaryotic cells. Science 202:1257-1260
De Laubenfels MW (1955) Archaeocyata and porifera. In: Moore RC
(ed) Treatise on invertebrate paleontology. Geol Soc Am Univ
Conclusion Kansas Press, Part E, pp 22-122
Doolittle WF (1978) Genes in pieces: were they ever together? Nature

One can only speculate about the structure of the com 272:581-582
) oo Geer P, Hunter T, Lindberg RA (1994) Receptor protein-tryosine ki-

mon ancestor gene for all TK—ldomains of PTK, including  pases and their signal transduction pathways. Annu Rev Cell Biol
the G. cydoniumRTK. According to the exon theory of 10:251-337

genes, also called the “intron early” view (Gilbert et al. Gilbert W (1987) The exon theory of genes. Cold Spring Harb Symp
1986; Gilbert 1987; Darnell 1978; Doolittle 1978), this _ Quant Biol 52:901-905 o
common ancestor gene was present already in pieces. (ﬁdlbert W, Marchionni M, McKnight G (1986) On the antiquity of

. . . introns. Cell 46:151-154
this assumption should be correct, then (at least) in th(la’—lanks SK, Quinn AM (1991) Protein kinase database: identification of

spongeG. Cydoniuma" int_rons have been _e"minated conserved features of primary structure and classification of family
from the TK-domain during the long period of the  members. Methods Enzymol 200:38-62

sponge’s separate evolution. This view cannot be exHanks SK, Quinn AM, Hunter T (1988) The protein kinase family:
cluded considering the fact that — based on populational conserved features and deduced phylogeny of the catalytic do-

. . . . mains. Science 241:42-52
genetic studies — the sponge genome is particularly dyl_-lao QL, Heisterkamp N, Groffen J (1989) Isolation and sequence of a

namic (SoleCava and Thorpe 1991). However, it is also novel human tyrosine kinase gene. Mol Cell Biol 9:1587-1593
— perhaps more — likely that introns, found in the TK- Hardie G, Hanks S (1995) The protein kinase factsbook: protein-
domain of existing PTKs genes, were introduced after tyrosine kinases. Academic Press, London

splitting off the sponge line from the common, primitive Henkemeyer MJ, Bennett RL, Gertler FB, Hoffmann FM (1988) DNA
ancestral metazoan organisms. Recent investigations sequence, structure, and tyrosine kinase activity ofifwsophila

“ . . " melanogasteAbelson proto-oncogene homolog. Mol Cell Biol 8:
from the early supporters of “genes in pieces” and the 5,5 o3

“intron early” view speak against their own theory pynter T (1987) A thousand and one protein kinases. Cell 50:823-829
(Stolzfus 1994). The most logical way to explain the Hunter T, Lindberg RA, Middlemas DS, Tracy S, Geer P (1992) Re-
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pothesis (Orgel and Crick 1980; Cavalier-Smith 1991).7ohnson Jb, Edman JC, Rutter WJ (1993) A receptor tyrosine kinase
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