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ABSTRACT A combination of cDNA sequencing of the
complete coding region, protein comparisons, binding site
mapping, and electron microscopic imaging has permitted the
formulation of a structural model of cytotactin. Cytotactin is a
large extracellular matrix glycoprotein that displays a re-
stricted tissue distribution during development. Although there
appears to be a single cytotactin gene, multiple cytotactin
polypeptides and mRNAs are detected in a variety of tissues.
We report here the sequences and relationships of cDNAs that
encode the complete amino acid sequences of two cytotactin
polypeptides in chicken brain. The translated cDNA sequences
agree with those obtained by direct analysis of cytotactin and
fragments of the molecule. All regions of the polypeptides
appear to be identical except for a 273 amino acid segment
found in the larger but not in the smaller. At their amino
termini, both polypeptides contain a cysteine-rich segment that
probably includes these residues that link monomers into
hexamers. This segment is followed by 13 epidermal growth
factor-like (EGFL) repeats and then 8 consecutive segments
that each resemble the type III repeats found in fibronectin. At
their carboxyl termini, the polypeptides are similar to the g and
v chains of fibrinogen, including a calcium-binding segment.
The additional sequence in the large polypeptide is inserted
after the fifth type III repeat and includes three additional type
III repeats. On RNA transfer blot analyses, cytotactin cDNA
probes detected a 6.4-kilobase (kb) component in both brain
and gizzard and larger mRNAs in both tissues, but those in
gizzard were larger by about 1 kb than those in brain. A probe
specific to the insert did not hybridize to the 6.4-kb mRNA in
either tissue but detected the larger mRNAs in both tissues. At
least a portion of the insert is thus present in both tissues, but
there may be additional inserts in the gizzard mRNAs. The
proposed model of cytotactin specifies the orientation of the
polypeptides, the localization of interchain disulfide bonds, the
structural elements constituting the thin and thick segments
(EGFL repeats and type III repeats, respectively), the terminal
fibrinogen-like nodular region, and the relative location of the
cell-binding region.

The extracellular matrix protein cytotactin is involved in both
neural and nonneural cellular interactions and histogenesis
(1, 2). In vitro, it binds to a variety of cell types and, in some
cases, causes cells to round up and inhibits their migration (3—
5). The molecule has a restricted distribution that changes
during development (1, 3). In the chick embryo, it appears
first at gastrulation and is later expressed in distinctive
patterns in the basement membrane of the neural tube and in
neural crest cell migration pathways (3). The interaction of
cytotactin with other extracellular matrix proteins, including
fibronectin and a chondroitin sulfate proteoglycan [cytotac-
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tin-binding (CTB) proteoglycan] appears to modulate the
ability of these molecules to bind cells (6).

As isolated from embryonic brain, cytotactin contains a
220-kDa component and components appearing as a 190/200-
kDa doublet, all of which are closely related but nonidentical
polypeptides (7). A 250-kDa form containing covalently
attached chondroitin sulfate is found in brain, whereas in
gizzard a 240-kDa polypeptide replaces the 220-kDa poly-
peptide (6, 8). In electron microscopic analyses, cytotactin
appears as a six-armed structure (designated a hexabrachion)
with a central core (9); biochemical analyses indicate that this
is a disulfide-linked oligomer (4, 10). The cell-binding site in
cytotactin as well as the sites for interaction with fibronectin
and CTB proteoglycan are associated with the distal portions
of the arms (4, 5). Molecules known as brachionectin and
tenascin, with properties very similar to those of cytotactin
(5, 10), give similar electron microscopic images and are
probably identical proteins.

In initial experiments (8), a cDNA clone that accounted for
about half of a single cytotactin polypeptide was shown to be
similar to three different proteins: the 5’ end coded for four
epidermal growth factor-like (EGFL) repeats; the following
region encoded eight consecutive segments that resembled
the type III repeats in fibronectin; and the 3’ end encoded a
segment similar to the B and y chains of fibrinogen. Hybrid-
ization with specific cDNA probes revealed multiple mRNAs
for cytotactin but only a single gene. Subsequent partial
sequence analysis of tenascin cDNAs from chick fibroblasts
showed that the sequence of tenascin is identical to that of
cytotactin and revealed nine additional units in the array of
EGFL repeats (11).

We report here the sequences of additional cDNA clones
that encode two complete polypeptides found in chicken
brain and reveal an additional segment of 273 amino acids that
is inserted into larger polypeptides by alternative RNA
splicing.* Coupled with previous structural and binding data,
these results have allowed us to formulate a detailed model
of the cytotactin molecule.

MATERIALS AND METHODS

cDNA clones were isolated from three independent libraries
prepared with embryonic day 10 chicken poly(A)* RNA: (i)
a whole embryo library in Agtll from Clontech, (ii) a brain
library in Agt10 kindly provided by Hidesaboro Hanafusa of
The Rockefeller University, and (iii) a brain library in Agtll
prepared in this laboratory. Libraries were screened (12) by
using 32P-labeled inserts from cytotactin cDNA clones
pEC802 and pEC803 (8), or 50- to 60-mer synthetic oligonu-
cleotide probes.

Abbreviations: EGFL, epidermal growth factor-like; CTB proteo-

glycan, cytotactin-binding proteoglycan.

*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04519).
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TGATCTGACCAGTGTGCCGCACTGTCA
AACCCTCCTTTCACACACGCGCGCACCAAATGAGACGGCACAACTTCTCTGAGTTTTGACAGG
ACGGCGAGGAATCCGGGAGCCGACAGCTGCTGCTGCAGTACCTCTGCTTCGTGGAGGCTGCCC
GTGGCAGGATCTGATCCGTCAGCCCACACGAGAATAAGCGTGCCAAGAAAGGAAAGGAAACTC
AACTTAGTTTGAACTGGCTCTCAAATTTCTCCTCCAGTCTACAAAGGCCAAACAAATATAAGA

MetGlyLeuProSerGlnValLeuAlaCysAlaIleLeu
CTCCATCAGCT'I"I'GMGCACTACMTGGGACTCCC‘H‘CCCAGGTTTTGGCCTGTGCCATC:!:
GlyLeuLeuTyrGlnHisAlaSerGlyGlyLeuIleLysArgIleIleArgGlnLysArgGlu
GGTTTGCTGTACCAGCATGCCAGTGGTGGGCTCATCAAGCGAATTATCCGGCAGAAGAGGGAG

.

sn
TAATCAGCCTGTGGTTTTCAATCATGTCTACAAC

ACTGGGCTCA TT.

IleLysLeuProvValGlySerLe ervValAspLeuAspThrAlaSerGlyAspAlaAsp
ATCAAGCTGCCTGTTGGCTCCCT 'CTGTGGACCTGGACACAGCAAGCGGGGACGCAGAC

LeuLysAlaGluIleGluProValLysAsnTyrGluGluHisThrValAsnGluGlyAsnGln
CTGAAGGCAGAAATTGAGCCTGTCAAGAATTACGAGGAGCATACGGTGAATGAGGGGAACCAG

IlevValPheThrHisArg, 1 laAlaAlaProAsp
ATTGTCTTCACGCACCGCATCAACATTCCCCGCCGGGC g ,CGGCTGCCCCAGAC

IleLysAspleuLeuSerArgLeuGluGluLeuGluGlyLeuValSerSerLeuArgGluGln
ATCAAGGACCTGCTGAGCAGACTGGAGGAGCTGGAGGGGCTGGTATCCTCCCTCCGGGAGCAG

hserlylllGl sProAsnSerGlnThrAlaGluGlyArgLeuAspThrAla
,CCAGCGGGGCTGG. CTAATTCCCAGACAGCAGAAGGTCGCCTGGACACGGCC
o EGFL
Pxo HiaG . Pxo
CCCTA' E GTGGGCACGGCAACTACAGCACCGAGATG 'GCGTGTGCGAGCCAGGC

1
IxpLyaGlyProAsnCysSerGluProAlaCysProArgAsnCysLeuAsnArgGlyLeuCys
TGGAAAGGCCCCAACTGUTCCGAACCGGCCTGCCCACGCAACTGCCTCAACCGCGGCCTCTGC

2
ValArgAlaLysCysIleCysGluGluGlyPheThrGlyGluAspCysiSerGlnAlaArgCys
GTGCGGGCAAAGTGCATCTGC TTTACCGGCGA! TGOAGCCAGGCTCGCTGC

ProSerAspCysAsnAspGlnGlyLysCysValAspGlyValCysValCysPheGluGlyTyr
CCGTCTGACTGCAACGACCAAGGCAAGTGTG' T TGCGTCTGCTT TAC

3
ThrGlyProAspCysGlyGluGluLeuCysProHisGlyCysGlyIleHisGlyArgCysVal
ACGGGCCCGGACTG! CGAGGAGCTCTGCCCCCACGGGTGTGGCATTCACGGGCGCTGTGTG

4
GlyGlyArgCysValCysHisGluGlyPheThrGlyGluAspCysAsnGluProLeuCysPro
GGTGGACGCTGTGTGTGCCACGAGGGCTTCACTGGCGAGGACT! TGAGCCCCTGTGCCCC

AsnAsnCysHisAsnArgGlyArgCysValAspAsnGluCysValCysAspGluGlyTyrThr
AACAACTGTCACAACCGCGGGCGCTGTGTGGACAACGAGTGCGTCTGCGATGAGGGCTACACG

GlyGluAsprFyGluLou! loCy'ProhanA-pr'PhoAspAqulyArgCy:l leAsn
TTTGACCGCGGGCGCTGCATCAAT

300 6
GlyThrCyePhQCy‘GluGluGly‘l‘yr‘l‘hrGlyGluAlpr lyGluLeuThrCysProAsn
GGGACCTGCTTCTGC TAC. GCGAGCTGACCTGCCCCAAC

AancyshsnGlyAanGIyA:quzGluAanGlyLonCysVlleaHisGluGlyPhoValGly
Mcgrrnlm-rrn GGGC GTGT C TTC

AspAspCy crGlnLyaAquynProLyarh:cyananAsnAqulyquCyaValhtpsly
GATGACTGCAGCCAGAAGAGGTGCCCGAAGACGTGCAATAACCGCGGGCGCTGCGTGGATGGG

8
ArgCysValCysHisGluGlyTyrLeuGlyGl nAsprﬁyGluLQuAquysProhsnAap
CGCTGTGTGTGCCATGAGGGGTACCTGGGGGAGGACTG GGGAGCTGCGGTGCCCCMCGAS

CysHisAsnArgGlyArgCysIleAsnGlyGlnCysValCysAspGluGlyPheIleGlyGlu
TGCCACAACCGCGGGCGCTGCATCAACGGGCAGTGTGTGTGTGA' TTCATT

9
AspcyfysluLeuhrgcylPtoAsnAspCysGlnGlnAthlyArgCys IleAsnGlyGln
GACTGTGGAGAGCTGCGGTGCCCCAACGACTGCCAGCAACGCGGGCGCTGCATCAATGGGCAG

10
CyaGluCysHisGlnGlyPhe!loGlyGluAsprnETyGluLenAquysProAsnAspcys
TGCGAGTGCCACGAGGGATTCATCGGGGAGGACTGCIEGGGAGCTGCGGTGTCCCAACGACTGC

AsnSerHisGlyArgCyava1AanGlyG1nCysvalCysnapGluGlyTerhrGlyGluAsp
AACAGCCATGGGCGCTGCGTC: 'GTGTGAT

CynElyGluL.qugCysProA.nAsprsnisaanhrqslynquysValcluclyhngy-
GAGTTGCGG'I'GCCCCAACGAC‘I‘GCCACMCCGCGGGCGCTS:GTGGAGGGACGC

5
VlICysA.pAsnGlyl’thQtGlyGlnA:prngGluLenserCysP roAsnAspCysHis
AACGGCTTCA TGTCCTGTCCCAATGACTGCCAC

GlnHisGlyAngyaVaIAQpGIyArgCysVl 1CysHisGluGlyPheThrGlyGluAspCys
GCTGCGTCGA' GCTGCGTGTGCCACGAGGGCTTCACTGGGGAAGACTGC

13
quluArgSchyaProAam\spraAsnAsnVaIGlyAquysVllGlnGIyAquysVa 1
'GGGAACGG TCCTGCCCCAATGACTGCAACAA CGCTGTG' TGTC

EGFL FN-I
CysGluGlnGlyTyr!«tGlyIleAspC} ﬁp‘lalsorProno‘l‘hrGlyLeu‘l‘hrVal
‘I‘GTGAGGMGGTTACATGGGGATCGACTG TGTGTCTCCTCCAACGGGACTGACTGTA

TthanValThrAspLyslhrvalksnLeuGInT:pLysuisGluAsnL.uValAsnGluTyr
ACGAATGTAACAGATAAAACGGTAARTCTGGAATGGAAGCATGAGAATCTCGTCAATGAGTAC

600 J
LeuValThrTyrValProThrSerSerGlyGlyLeuAspLeuGlnPheThrValProGlyAsn
CTTGTCACCTATGTCCCTACCAGCAGTGGTGGCTTAGATCTACAGTTCACCGTACCAGGAAAC

GlnThrSerAlaThrIleHisGluLeuGluProGlyValGluTyrPheIleArgValPheAla
CAGACATCTGCCACTATTCATGAGCTGGAGCCTGGTGTGGAATACTTCATCCGTGTCTTTGCA

II
IleLeuLysAsnLysLysSerIleProValSerAlaArgVa lhlarhfrhul’roahiro
ATCCTTAAAAACAAGAAAAGTATTCCAGTCAGTGCCAGAGTAGCGACNTATTTGCCTGCTCCA

GluGlyLeuLysPheLysSerValArgGluThrSerValGlnValGluTrpAspProLeuSer
GAAGGTCTGAAATTCAAATCTGT AACGTCTGTCC. 'GGGATCCTCTGAGC

IleSerPheAspGlyTrpGluLeuValPheArgA
ATTTCCTTTGAT!

lnLynLy‘ AspAsnGlyAsp
GGTC'I‘TT“‘T 'GATAAT

1 lo‘l‘hzsors.:uubyshrgrroGlnThrs.rTyrHctGlnProGlyhuAlaPtoGlyGln
ATMCCAGCAGCTTG‘ AA. \.wAGACATC AGCC: TT ACCAGGACAA

Glni‘yrkana 1SerLeuHisI I-ValLyaA’nAsnThraquIyP roGlyLeuSerArgVal
CAGTAT, TATCCCTTC 'TATCCCGAGTG

I lo‘lhrrhiysbeulopAhP:oS.zGln IleGluAlaLysAspValThrAspThrThrAla
ATAACCAC CTCGATGCCCCTAGCCAGATTGAGGCGAAAGATGTCACAGACACCACAGCT

LeuIleThrTrpSerLysProLeuAlaGlulleGluGlyIleGluLeuThrTyrGlyProLys
CTGATCACATGGTCCAAACCCTTGGCTGAAATTGAAGGCATAGAGCTCACATATGGCCCCAAG

AspValProGlyAspArgThrThrIleAspLeuSerGluAspGluAsnGlnTyrSerI leGly
gaTG‘l"l‘CCIGGGGACAGGAC'l‘ACCAT‘I‘GACC‘I‘C‘I‘CTGAGGATGMMCCMTATTCTATTGGA

* *
Asnbouqul‘rolﬂu‘thluTyrGlu‘l‘yrGluVal‘l'hrL.nxleSerArqArgGlyAspHot
AACCTGAGGCCACACACAGAATATGAATATGAAGTGACACTCATTTCTCGGCGAGGGGACATG

v
mnnmmmumummémwmuqunuuynrq
GAGAGTGACCCTGCAAAAGAAGTCTTTGTCACAGACTTGGATGCTCCACGAAACCTGAAGCGA

ValSerGlnThrAspAsnSerl leThrLeuGluTrpLysPheSerHisAlaAsnIleAspAsn
GTGTCACAGACAGACAACAGCATTACTTTGGAGTGGAAGTTCAGCCATGCAAATATTGATAAT
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TyrArgIleLysPheAlaProlleSerGlyGlyAspHisThrGluLeuThrValProlysGly
TACCGAATTAAGTTT TTTCT CTGAGC! AAGGGC

you
AsnGlnAlaThrThrArgAlaThrLeuThrGlyLeuArgProGlyThrGluTyrGlyIleGly
AACCAAGCAACAACCAGAGCTACACTCACAGGTTTGAGACCTGGAACTGAATATGGCATTGGA

v
ValThrAlavalArgGlnAspArgGluSerAlaProAlaThrIleAsnAlaGlyThrjAspleu

_GTGAC GGGAA 'I‘GCTCCTGC‘IACCAT‘IMTGCTGGCACﬁTC‘H‘

AspAsnProLysAspLeuGluValSerAspProThrGluThrThrLeuSerLeuArgTrpArg
GATAACCCCAAGGACTTGGAA CACTGAA.

ArgProValAlalysPheAspArgTyrArgLeuThrTyrValSerProSerGlyLysLysAsn
AGACCAGTGGCCAAATTTGATCGTTACCGCCTCACTTACGTTAGCCCCTCTGGAAAGAAGAAC

GluMetGlulleProValAspSerThrSerPhelleLeuArgGlyLeuAspAlaGlyThrGlu
GAAATGGAGATCCCTGTGGACAGCACCTCTTT llno T o\,ot. CGCAGGGACGGAG

TyrThrIleSerLeuValAlaGluLysGlyArgRisLysSerLysProThrThrIleLysGly
TACACCATCAGTCTAGTGGCAGAGAAAGGCAGACACAAAAGCAAACCCACAACCATCAAGGGT

L]
SerTh 1ua1uGluPzoG1uLouGlyAinLonSorVa1s.rGlnfbxGlyTrpAopGlyrho

TCGACYGAGGAAGAACCTGAGCT AACTTAT! TTC
GlnbouthttrprhrklaAlAAOpGlyAl‘?yrGluAtn!hthIILCGInVAIGInGlaSQr
CAGCTCACCTGGACAGCAGCC! TTGTCAT

GACAA AGAAACC

AsphsnProGluGlurhrrrpAsnIlorhzv:1?toGlyalyGlnIioSorValenVnlrhr
'TACA

Glyhunylhlahanﬂ:zl:oTyzAsnV‘l.Th:LoutyrGlqulllchrgcly'l‘yrhxqthz
GGCCTCAAGGCCAACACACCTTATAACGTCACACTTTAC

1100 Vb,
LysProLeuTyrValGluThrThrThrslyAlaHisProGluvalGlyGluLeuThrValSer
AMACCCCY T‘I'ATGTTGMACCACGA CACACCCCGAAGTTGGTGAGCTAACCGTTTCC

AspIlothrtroGlus.rrhoA.nL.us.rtrprh:ThrthtksnelyAcprnoA:pAlllho
GACATTACTCCTG! T TTCT CTTT

ﬂarnoclullolld-pSthnnA:gunhnalunolhtﬂnmmm
ACTATTGAAATTATTGAT! A TGC!

SarArgThrAlaHialleSexGlyLeuSerProSerThrAapRhallaVallyrLauTyrGly |
TCAAGAACAGCTCATATCTCAGGGCTTTCCCCCAGCACTGATTTTATTGTCTACCTCTATGGG

Ve
IlaSerHisGlyPheArgThrGlnAlaIleSerAlaAlaAlaThrThrGluAlaGluProGlu
AT%%%‘%CATGG‘I‘TTCCGCACACAGGCMTMGTGCTGCGGCTACMC GGCAGAACCCGAG

VulltphtnLonL-ch1s.tAlpAlaThr?roAsaGlyPhoArql-nthr!rprhrhlal:p
GTGGACAACCTTCTGGTTTCAGATGCTA

AspGlyValvhokops.zPhQanLouLy:I1aAqulpTthynA:quss.rAsp!roLou
GATGGGGTTTTCGACAGTTTTGTTCTAAAAAT AAGGAA TG

Glubaux1.Va1!roGlyn136luArgrhrn1.Asp!lolhrGlyLuuLysGluGlyrhrclu
GAACTCAT CAGGCCATGAGCGCACCC.

TyrGlulleGluLeuTyrGlyValSerSerGlyArgArgSerGlnProIleAsnSerValAla
TATGAAATTGAGCTCTATGGAGT TAGCAGTGGACGGCGCTCCCAACCCATAAATTCAGTAGCA

ThrThiValValGlySerProLysGlyIl pIleThrGluAsnSerAlaArg
AC AGGGA AA

ValSerTrpThrProProArgSerArgValAspSerTyrArgValSerTyrValProlleThr
GTCAGCTGGACACCCCCCCGCAGCCGTGTGGATAGCTACAGGGTCTCCTATGTCCCCATCACA
GlyGlyThrProAsnValValThrValAspGlySerLysThrArgThrLysLeuVallLysLeu
GGCGGCACTCCCAATGTTGTTACAGTTGATGGAAGCAAGACAAGGACAAAGCTGGTGAAGTTA
ValProGlyValAspTyrAsnValAsnIlelIleSerValLysGlyPheGluGluSerGluPro
GTCCCAGGTGTAGACTACAACGTTAATATCATCTCTGTGAAAGGCTTTGAAGAAAGCGAACCC

VII
IleSerGlyl chauLysThf LeuAspSerProSerGlyLeuValValMetAsnIleThr
ATTTCTGGAATTCTGAAAAC: CTCTGGACAGCCCG{‘COAgGACTGGTAGTGA‘RGMCAT‘I‘ACA
AspSerGluAlaLeuAlaThrTrpGlnProAlalleAlaAlavValAspAsnTyrIleValSer
GACTCGGAGGCTCTGGCAACCTGGCAGCCTGCAATTGCAGCTGTGGATAATTACATTGTCTCC
TyrSerSerGluAspGluProGluValThrGlnMetYalSarGlyAanThrValGluTyrAap
TACTCTTCTGAGGATGAGCCAGAAGTTACACAGATGGTATCAGGAAACACAGTCGAGTACGAC
wmmm‘mrnouA:gvalMaAlthlLysA:pAlaGln
CTGAATGGCCTTCGACCTGCGAC. ATGCAGT!

LyaSQ:G1u‘lhzuusor?hrGlnPhoﬂu"l’hﬁyLouA.pAI:I’roLy:AspLouSorhll
AAGAGCGAGACCCTCTCCACCCAGTTCACTAC. ACTCGATGCTCCAAAAGATTTAAGTGCT
ThrGluValGlnSerGluThrAlavValIlleThrTrpArgProProArgAlaProValThrAsp
ACCGAGGTTCAGTCAGAAACAGCTGTGATAACGTGGAGGCCTCCACGTGCTCCTGTCACTGAT
500
TereuLourhrTyzGluSct!1.AlpGlyArnglLysGana1!loLouAinroGIuThx
TACCTCCTGACCTACGAGTCCATTGA
ThrSerTyrThrLeuThrGluLeuSerProSerThrGlnTyrThrVallysLeuGlnAlaLeu
ACCTCCTACACCCTGACAGAGCTGAGCCCATCCACTCAATACACAGTGAAACTTCAGGCACTG
FN:
SerArgSerMetArgSerLysMetIleGlnThrValPheThrThrfhrGlyLeuLeuTyrPro
AGCAGATCTATGAGGAGCAAAATGATCCAGACTGTTTTCACCACANACTGGTCTTCTTTATCCT
FG
TyrP rﬁ:hs erGlnAlaLeuLeuAsnGlyGluVa l'rhrS.tGlyL.u‘l‘yrﬂul le
TATCC GA 'CCCAAGCTCTCCTGAA' TCTACACTATT

TyrLeuAsnGlyAspArgThrGlnProLeuGlnvalPheCyshspMetAlaGluAapGlyGly
TATCTGAATGGAGACAGGACACAGCCTCTGCAAGTCTT
1600 —

heTyrArgAsnTrpLysAsn
'GTCAAAATGGAAAGGAAGATTTCTACAGGAACTGGAAGAAT

TTGTGTTCC

TyrValAlaGlyPheGlyAspProLysAspGluPheTrpl loGlyLouGIuAtnuuui sLys
TACGTGGCCGGCTTTGGAGATCCCA TGAATTC TC CACAAA

I lcScrScrG1nGlyGln‘l'yrG1uL.nAquAlAspuuArthpAqulyGlu?thlaTyr
ATCAGCTCTCAGGGGCAGTACGAGC 'GGATC

AlavValTyrAspLysPheSerVa IGIyAtpAIJLyH‘hrAtq'l‘yrAtqhuAqualAanly
GCTGTGTACGACAAGTTCAGC!

TyrSerGlyThrAlaGlyA hrTyrHisAsnGlyArg: Phe!
TACAGTGGCACAGCAGGTGAC‘l'CCATGACC‘I‘ACCA‘I’MTGGMGA‘I‘CC?‘I‘C

1nLonsot‘reryOGlyhlllhol‘tp!yﬂ.y.
3CTTTRTC A

1700

AAGGACAATGATTCTGCTATCACCAA
As isArgva lAsnuunctGlyArqtyrGlyAspAlnA.nluasorGlnGlyVa 1Asn

AA ACCGAG?CMT\.A\:A ACAACCACAG TAAT

TrpPheHi sT:pLysGlyHi sGluTyrSerl loGlnPhQAIaGluuotLy.unhrqP%
TGGTTCCACTGGAAGGGCCACGAATACTCCATCCAGTTTGCAGAGATGAAACTGAGACC

SerPheArgAsnLeuGluGlyArgArgLysArgAla 1777
AGOTTTCGGAATCTGGAAGGAAGACGAAAGCGAGCATAAAGCCCTTGGGATGGTGARAGGGCT

ACGGGCAGGGCAA! 'CTCTGGCATCACT
GGGGTTA' T TGGTAGTCGTACCAAA AACCCT AAGAGCC
CAAACAACGAGCCTTACGTGT \GCAATTCCA AGCTCCAGCTCT TGCT

TGCTGTTTTCTTCATTTTTCTTT

GATGTCCTTCACGCCAAAGACAACGATCTCAA
TCTCAGCCTCTGGGATGAAGTTCTTCCACGG

FiG. 1. (Legend appears at the bottom of the opposite page.)
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Recombinant bacteriophage DNA inserts were subcloned
as EcoRI fragments into Bluescript vectors (8), or as small
fragments generated by digestion with Hpa 11, Sau3Al, Taq
I, and Hae I1I and ligated into compatibly cut M13mp18 and
M13mp19 vectors (13). Subclones were sequenced (14) and
the data were compiled by using the Staden ANALSEQ
programs (15) and used in data base’ searches (16).

Protein sequence analysis by automated Edman degrada-
tion was performed on intact cytotactin, chymotryptic frag-
ments, and specific CNBr fragments electroeluted from gels.
Protein sequence determinations and oligonucleotide synthe-
ses were conducted in The Rockefeller University Sequenc-
ing Facility.

RESULTS

The previously described cytotactin cDNA clone, AC801,
contained two EcoRI fragments, 2.0 kilobases (kb) (pEC802)
and 0.8 kb (pEC803) long, and encoded 933 amino acids, or
about half of a cytotactin polypeptide (8). An additional
clone, subsequently isolated by antibody screening, con-
tained two EcoRI fragments, one 3.8 kb long and another
identical to pEC803. The 3.8-kb fragment contained all of
pEC802 but extended further 5’ and included an additional
insert of 819 base pairs, suggesting that there are at least two
forms of cytotactin in embryonic chick brain, one having the
insert and one lacking it. The new clone was sequenced to
confirm and amend sequences of pEC802 and -803. A
synthetic oligonucleotide corresponding to the most 5’ por-
tion of the 3.8-kb clone was used to select clones at the 5’ end
of cytotactin, and pEC803 was used to select clones that
completed the sequence at the 3’ end.

The cDNA and deduced amino acid sequence of cytotactin
are shown in Fig. 1. Five single base pair changes amended
previously reported sequences (8) at amino acids 530-538,
988-1011, 1285-1289, and 1371-1380. The sequence differs at
six positions from that reported for tenascin (11): amino acids
171, 189, 348, 412-413, 417, and 690. Of the 6061 sequenced
base pairs, 5430 code for protein, with 313 base pairs of 5’
untranslated and 318 base pairs of 3’ untranslated mRNA
sequence. The larger form of cytotactin contains 1777 amino
acids (M, = 198,313) and the smaller 1504 (M, = 167,846).
There are 33 additional amino acids in the precursor se-
quence; the first 23 correspond to a typical signal peptide
(17). The remaining 10 include basic residues similar to those
found in the precursor segments of calcium-dependent cell
adhesion molecules, such as L-CAM (18).

The reading frame was verified by protein sequence
analysis of intact cytotactin and fragments derived from it.
The amino-terminal sequence of the mature peptide was
determined directly to residue 21. A chymotryptic fragment
of cytotactin from the disulfide bonded region of the molecule
[fraction I(4)] begins at amino acid 68; a phenylalanine is at
position 67, consistent with the specificity of the enzyme.
The mixture of the 90-kDa and 65-kDa chymotryptic frag-
ments of cytotactin that directly mediates cell attachment

fEMBL/GenBank Genetic Sequence Database (1988) GenBank
(Bolt, Beranek, and Newman Laboratories, Cambridge, MA), Tape
Release 56; and Protein Identification Resource (1988) Protein
SRezl]uence Database (Natl. Biomed. Res. Found., Washington, DC),
elease 17.
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[fraction II(4)] gave a single sequence, Xaa-Xaa-Xaa-
Leu-Asp-Ala-Pro, which appears in amino acids 738 to 744,
830 to 836, and 1460 to 1466. These fragments probably do not
begin at residue 1460 because the remainder of the molecule
(318 amino acids) is not large enough to account for either the
90-kDa or the 65-kDa fragment.

A 75-kDa CNBr fragment that also contains interchain
disulfide bonds (4) begins at position 121. The sequence is not
preceded by a methionine, however, so it is presently unclear
how this fragment (which was obtained in high yield) was
generated. A 35-kDa CNBr fragment of cytotactin (4) is
located within the additional insert beginning at amino acid
1150; as expected, residue 1149 is methionine. Sequence
analysis of a mixture of two 17-kDa CNBr fragments obtained
by NaDodSO,/polyacrylamide gel electrophoresis gave a
major sequence beginning at residue 1593 and a minor
sequence beginning at residue 1421; in each case the previous
residue is methionine.

RNA transfer blots (Fig. 2) using the 3.8-kb EcoRI frag-
ment or the insert from pEC803 as probes revealed at least
two messages (6.4 and 7.2 kb) in embryonic day 15 brain, and
at least three messages (6.4, 8.0, and 8.3 kb) in gizzard.
However, a 293-base-pair Pst I-HindIII fragment derived
from the additional insert detected only the 7.2-kb mRNA in
brain and only the 8.0- and 8.3-kb mRNAs in gizzard. In both
tissues the 6.4-kb message was not detected by this probe.

DISCUSSION

A detailed model of cytotactin in terms of the similarities to
other proteins, the orientation and interaction of the poly-
peptides, and the elements that correspond to features seen
in electron micrographs is presented in Fig. 3. The amino-
terminal portion contains the cysteines linking the six poly-
peptides to each other. Next are 13 EGFL repeats that
probably make up the thinner portions (9) of the hexabrach-
ion arms, followed by 8 or 11 segments that resemble
fibronectin type Il repeats and that may comprise the thicker
portion of each arm (see Fig. 3B). The terminal fibrinogen-
like segment probably corresponds to the nodular region at
the distal end of each arm.

The amino-terminal 142 amino acids do not resemble any
other known protein. This segment includes eight cysteine
residues, which are sufficient to link both cytotactin mono-
mers into trimers (10) and trimers into hexamers. The linkage
is assumed to be direct, but it is possible that other small
molecules serve as linkers in either trimer or hexamer
formation.

In the carboxyl-terminal direction, the next segment of 415
amino acids includes 13 complete EGFL repeats of 31 amino
acids each, preceded by 12 amino acids that comprise an
incomplete EGFL repeat. The EGFL repeats are very similar
to each other: 10 of the 31 amino acids are identical in every
repeat and 80% of the residues match a consensus sequence.
A variety of proteins contain EGFL repeats. The repeats in
cytotactin most resemble those found in the Notch gene
product of Drosophila melanogaster (19) and the B1 chain of
laminin (20), but they also resemble cysteine-rich regions in
endothelial glycoprotein IIIa (21) and the 8 subunit of integrin
(22). By analogy to the known structure of human EGF (23) all
of the cysteines in each cytotactin repeat are probably involved
in intrachain bonds. Relative to the EGFL domains in other

FIG. 1 (on opposite page). DNA and deduced amino acid sequence of cytotactin. Residues identified by protein sequencing are underlined.
The amino terminus of the mature protein is marked by v and EcoRI linkers used to construct the libraries are boxed. Potential
asparagine-glycosylation sites (@), cysteines not in EGFL repeats (boxes), the Arg-Gly-Asp sequence (* * *), and potential sites for addition
of glycosaminoglycans (o) are indicated. EGFL repeats, fibronectin type I1I repeats (FN), and the fibrinogen homology region (FG) are
demarcated by arrows; specific repeats are designated with arabic numerals (EGFL) or roman numerals (type I1I). The additional domain found
in the VaVbVc form of cytotactin is enclosed in a large box. The amino acids similar to those in the calcium-binding site of fibrinogen are
underscored with a broken line. Amended DNA and corresponding amino acid sequences that were incorrect in pEC802 and -803 are in italics.
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FiG. 2. Blot analysis of cytotactin-specific nRNAs. Two micro-
grams of poly(A)* RNA from the indicated organs was resolved in
a 0.8% agarose/formaldehyde gel, transferred to nitrocellulose,
hybridized to either the 32P-labeled 3.8-kb EcoRI fragment (lanes 1
and 2) or a 32P-labeled 293-base-pair Pst 1/HindlIII fragment from the
VaVbVc region (lanes 3 and 4), and washed (8). Lanes 1 and 3,
embryonic day 15 brain; lanes 2 and 4, embryonic day 15 gizzard. The
positions and lengths (in kb) of denatured HindI1I fragments of phage
A DNA are indicated. The arrow demarcates the 6.4-kb mRNA not
detected by the VaVbVc probe.

proteins, those in cytotactin appear to be compact and may
separate the arms of the hexabrachion by providing rigidity. In
some molecules, such repeats bind calcium (24), but those in
cytotactin lack the necessary aspartic acid residues.

A 2 4 6 8 10 12
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The next region of cytotactin is composed of units similar
to fibronectin type III repeats (25) which have been identified
in several cell adhesion molecules (26-28). In fibronectin and
cytotactin, alternative RNA splicing yields various forms of
the molecules having different numbers of these units (25).
The smaller cytotactin polypeptide contains eight repeats,
whereas the larger contains 11 repeats. The additional type
I1I repeats are inserted just after the fifth type III repeat (V)
and are more similar to each other than to the eight repeats
present in both forms of the molecule. This insert, designated
VaVbVc, can account for the difference in molecular mass
between the 190/200-kDa and the 220-kDa components of
cytotactin in brain, but the differences between the compo-
nents in the 190/200-kDa doublet remain to be determined.
At least part of VaVbVc, which was found in its entirety in
a brain cDNA clone, is present in the still larger gizzard
mRNAs; the nature of any additional inserts in gizzard
mRNA is unknown.

We have recently mapped (4) the binding functions of
cytotactin to a mixture of two closely related chymotryptic
fragments of cytotactin (90 and 65 kDa). From their partial
sequence these fragments appear to begin at amino acid 738
or 830 within the type III repeats. Only residue 830 is
preceded by an optimal residue for chymotryptic cleavage
(phenylalanine), but a fragment generated at this site would
lack the Arg-Gly-Asp sequence (position 817-819) whereas
cleavage at residue 737 would include it. Arg-Gly-Asp-
containing peptides which inhibit cell binding to fibronectin
(29) also inhibit the cell binding activity of the chymotryptic
fragments (4) but they might do so indirectly—e.g., by
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FiG. 3. Functional map of cytotactin. (A) Schematic drawing of the cytotactin polypeptides. The EGFL repeats (lightly stippled boxes) are

numbered 1-13 and type III repeats (open boxes) are designated by roman numerals with those in the additional insert (black boxes) designated
Va, Vb, and Vc. The region similar to the 8 subunit of fibrinogen (diagonal lines and 8 symbol) includes a putative calcium-binding domain
(Ca”) Darkly stippled boxes denote reglons that have no extensive homology to any known protein, and they include the amino-terminal 142
amino acids and the carboxyl-terminal 13 amino acids. Cysteine residues that are not in EGFL repeats (]), potential asparagine-glycosylation
sites (@), potential glycosaminoglycan addition sites (¢ ), and the Arg-Gly-Asp sequence () are indicated. (B) Electron micrograph (courtesy
of Joseph W. Becker, The Rockefeller University) of chicken brain cytotactin showing two hexabrachions. (C) Proposed model of a cytotactin
hexamer. The amino-terminal regions of each polypeptide are disulfide-linked and represented as a single structure forming the core of the
hexabrachion. The EGFL repeats are cross-hatched; the type III repeats present in both polypeptides are white, whereas those in the insert
are black; the fibrinogen-like nodular region is marked with slanted lines. The EGFL repeats are assumed to make up the thin parts of the arms
and the type III repeats the thicker portions.
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interacting with a cytotactin receptor and blocking its ability
to bind to a non-Arg-Gly-Asp sequence in cytotactin (for
example, see ref. 30).

Antibodies against a 35-kDa CNBr fragment recognize
both the 90- and 65-kDa chymotryptic fragments and inhibit
the binding of cytotactin to cells, to fibronectin, and to CTB
proteoglycan (4). This CNBr fragment begins in the polypep-
tide encoded by the VaVbVc insert and extends beyond it,
suggesting that the 90-kDa fragment may contain the insert
and the 65-kDa fragment may not. This CNBr fragment does
lack an Arg-Gly-Asp sequence, but the antibodies are large
enough to inhibit binding to sites in other parts of the
molecule that may include the Arg-Gly-Asp sequence. Alter-
natively, two or more sites may be involved in cytotactin’s
cell-binding activity, as has been shown recently (31) for the
binding and spreading of fibroblasts on fibronectin.

The last domain of cytotactin contains 207 amino acids that
resemble both the B and y chains of fibrinogen and the
fibrinogen-like sequence encoded by the cDNA clone pT49
(38). The similarity to fibrinogen ends at amino acid 1764,
which corresponds to the carboxyl terminus of the 8 chain.
The vy chain contains additional residues (32), but the remain-
der of cytotactin (13 amino acids) is not similar to this
sequence. The sequence from amino acid 1560 to amino acid
1590 of cytotactin resembles the intrachain disulfide loop in
fibrinogen (32), and amino acids 1699 to 1713 are similar to
calcium-binding sites in fibrinogen, calmodulin, and throm-
bospondin (33-35). The activity of cytotactin is Ca?*-
dependent (6), and we have recently found that native
cytotactin on nitrocellulose binds *Ca?* (data not shown).

The cytotactin sequence predicts nine possible asparagine-
glycosylation sites in the smaller polypeptide, with six
additional sites in the region unique to the larger polypeptide.
Consistent with the observation that cytotactin can contain
covalently bound chondroitin sulfate (6), the sequence in-
cludes two sites (Ser-Gly-Xaa-Gly) for the addition of gly-
cosaminoglycan side chains (36). These sites (amino acids 109
and 131) immediately precede the EGFL domain.

Cytotactin is composed almost entirely of units (EGFL
repeats, fibronectin type III repeats, fibrinogen-like regions)
that are also present in other well-characterized proteins.
Although each type of unit has been found in a variety of
proteins, to our knowledge cytotactin is the only protein
described to date to display all three. The evolution of
complex arrays of duplicated elements from apparently
diverse sources appears to be a common theme in both cell-
cell and cell-substrate adhesion molecules. In addition, the
genes for both classes of molecules give rise to a variety of
polypeptides by alternative RNA splicing. Alternative RNA
splicing of the VaVbVc insert, which includes three type III
repeats, produces forms of cytotactin that are expressed later
in development than forms lacking this insert (6, 8). More-
over, this domain is inserted in the portion of the molecule
that binds to cells, to fibronectin, and to CTB proteoglycan
(4). The entire binding domain in its variant forms in a
multivalent structure may lead to global modulation (37)
accounting for the rounding up and relative immobilization of
cells bound to the molecule (3-5). Such modulation may alter
the behavior of cells in contact with cytotactin-containing
matrices in a temporally and a spatially controlled manner
during embryogenesis.
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