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Abstract. The amino acid sequence deduced from
cDNA of the human placental fibronectin receptor is
reported. The receptor is composed of two subunits:
an a subunit of 1,008 amino acids which is processed
into two polypeptides disulfide bonded to one another,
and a B subunit of 778 amino acids. Each subunit has
near its COOH terminus a hydrophobic segment. This
and other sequence features suggest a structure for the
receptor in which the hydrophobic segments serve as
transmembrane domains anchoring each subunit to the
membrane and dividing each into a large ectodomain
and a short cytoplasmic domain. The o subunit ec-
todomain has five sequence elements homologous to
consensus Ca?*-binding sites of several calcium-
binding proteins, and the B subunit contains a fourfold

repeat strikingly rich in cysteine. The a subunit se-
quence is 46% homologous to the a subunit of the
vitronectin receptor. The B subunit is 44% homolo-
gous to the human platelet adhesion receptor subunit
ITIa and 47% homologous to a leukocyte adhesion
receptor B subunit. The high degree of homology
(85%) of the B subunit with one of the polypeptides of
a chicken adhesion receptor complex referred to as
integrin complex strongly suggests that the latter poly-
peptide is the chicken homologue of the fibronectin
receptor 3 subunit. These receptor subunit homologies
define a superfamily of adhesion receptors. The avail-
ability of the entire protein sequence for the fibronec-
tin receptor will facilitate studies on the functions of
these receptors.

coproteins fibronectin, vitronectin, fibrinogen, and
von Willebrand factor have been shown to be structur-
ally and functionally related (Pytela et al., 1986). Further-
more, they have been shown to be members of a superfamily
of receptors that include the leukocyte glycoproteins (LFA-1,
Mac-1, and p150,95 (Springer et al., 1986) and another group
of cell surface proteins referred to as VLA antigens (Hemler
etal., 1987). Homologous forms of these receptors have been
defined in various species by using antibodies that interfere
with cell adhesion (Knudsen et al., 1981; Greve and Gottlieb,
1982; Horwitz et al., 1984; Brown and Juliano, 1985; Gian-
cotti et al., 1985). A family of cell surface glycoproteins that
appear to be related to the vertebrate receptors has also been
found in Drosophila (Wilcox and Leptin, 1985) and sea ur-
chin (Noll et al., 1985). It seems, then, that this superfamily
of receptors is diversely represented in cells of vertebrate and
invertebrate organisms. The receptors for fibronectin, vitro-
nectin, fibrinogen, and von Willebrand factor all bind to Arg-
Gly-Asp (RGD) sequences (Pierschbacher and Ruoslahti,
1984; Plow et al., 1985; Pytela et al., 19854, b, 1986; Hor-
witz et al., 1985; Akiyama and Yamada, 1985; Hynes, 1987)
within their respective ligands. It is not yet known whether
RGD binding is a common functional trait among all mem-
bers of the receptor superfamily.
A general structure characteristic of members of this

T HE cell surface receptors that bind to the adhesive gly-
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receptor superfamily is that they are heteromeric complexes
having noncovalently associated o and B subunits. Details of
the structure of the receptors have come from recombinant
DNA cloning work. The § subunit of the chicken fibronec-
tin-laminin receptor complex (Tamkun et al., 1986), the p
subunit of the human LFA-1 cell surface glycoprotein
(Kishimoto et al., 1987; Law et al., 1987), and the glycopro-
tein IIla of the platelet IIb/Illa complex (Fitzgerald et al.,
1987) have recently been cloned and sequenced. Comparison
of primary sequences of these B subunits indicates that they
are related, having a high overall homology, and that they
share common structural features such as short cytoplasmic
domains, putative transmembrane segments, and homolo-
gous cysteine-rich domains. Results from our laboratory
concerning the a subunits of the human fibronectin receptor
and vitronectin receptor have revealed that the partial amino
acid sequences deduced from cDNAs for the two subunits
are homologous and have common structural elements such
as potential membrane-spanning regions and short cytoplas-
mic domains (Argraves et al., 1986; Suzuki et al., 1986).

We have continued our efforts to determine the structure
of the fibronectin receptor expecting that it will lead to an
understanding of the function of this and other related recep-
tors. Here we report the complete amino acid sequences,
deduced from cDNA, of both the o and B subunits of the hu-
man fibronectin receptor.
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Materials and Methods

cDNA Libraries and Screening

A placental cDNA Agtll library (Millan, 1986) was immunologically
screened according to the procedure of Young and Davis (1983). A rabbit
antiserum prepared against purified human placental fibronectin receptor
(Pytela et al., 1986) served as a source of antibodies for the screening. The
antibodies were purified from this antiserum by affinity chromatography on
a column of fibronectin receptor coupled to Sepharose (Pytela et al., 1987).
These antibodies immunoblot both subunits of the receptor (Argraves et al.,
1986) and immunoprecipitate both of the receptor subunits from cells sur-
face labeled with 5T (Dedhar et al., 1987). Clones that expressed insert-
encoded protein reactive with these antibodies were isolated and purified
to homogeneity through successive screenings. To identify whether the
selected clones corresponded to the a or B subunit of the fibronectin recep-
tor, their insert-encoded proteins were used to affinity select antibodies from
antifibronectin receptor serum, as previously described (Argraves et al.,
1986). Additional screenings were done with radiolabeled DNA fragments
from the 5’ portions of the previously isolated cDNA inserts as probes.
DNA fragments were 2P labeled by random oligonucleotide priming
(Feinberg and Vogelstein, 1984) and used to screen either the placental Agtll
cDNA library or a primer extension ¢cDNA library by methods described
elsewhere (Maniatis et al., 1982).

The primer extension cDNA library was made based on the procedure
of Krawinkel and Zoebelein (1986). Placental poly (A) RNA was specif-
ically primed with an oligonucleotide sequence which was derived from the
5’ region of the fibronectin receptor a subunit cDNA AP7 (Argraves et al.,
1986). First strand cDNA was made from 15 pg of placental poly (A) RNA
primed with 0.6 pg of a 28-bp oligonucleotide (5' TGAATTCGAACCCIC-
GGGATCCAACTCC 3'). The first strand cDNA was G-tailed and the sec-
ond strand synthesis primed with the oligonucleotide TGAATTCGGATC 3.
After Eco Rl digestion, the double-stranded cDNA was size fractionated on
Sephacryl S-1000 (Pharmacia Fine Chemicals, Piscataway, NJ) and cDNAs
greater than 500 bp were selected and ligated to Eco RI cut Agtll DNA
(Promega Biotec, Madison, WI). Phage DNA was packaged using Gigapack
(Vector Cloning Systems, San Diego, CA). Greater than 90% of the result-
ing phage were recombinants.

DNA Sequencing

cDNA inserts from selected Agtll clones were subcloned into the phage vec-
tor M13 mpl9. The cDNA inserts were sequenced by the dideoxy chain ter-
mination method (Sanger et al., 1977) by using deoxyadenosine 5'-a-[*5S]
thiotriphosphate and oligonucleotide primers that were synthesized on the
basis of preceding sequences. All sequences reported here are the result of
sequencing both strands of the cDNA inserts.

RNA Hybridization Analysis

RNA was extracted from term human placenta by a guanidinium hydrochlo-
ride procedure (Adams et al., 1977) and was subjected to electrophoresis
on 0.8% agarose, 2.2 M formaldehyde, 0.02 M sodium acetate gels (Lehrach
et al., 1977). Blot transfer to nitrocellulose filters and hybridization with
probes were done according to Thomas (1980). Filters were washed at high
stringency in 0.2Xx SSC (1x SSC is 0.15 M NaCl, 0015 M sodium citrate),
0.1% SDS at 68°C.

Results

Isolation of cDNA Clones and Definition of
Receptor Subunit mRNAs

Screening of ~5 X 10° Agtll phage plaques from a placen-
tal cDNA library with affinity-purified antifibronectin re-
ceptor antibodies identified several clones producing a fu-
sion protein recognized by the antibodies. As previously
reported, a partial amino acid sequence of the fibronectin
receptor « subunit was deduced from the nucleotide se-
quences of two of these clones, AP7 and AP34 (Argraves et
al., 1986).

The insert-encoded protein from a third clone, AP32, ab-
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sorbed antibodies that reacted specifically with the B subunit
of the fibronectin receptor (Fig. 1). AP32 was found to con-
tain a 2.5-kb cDNA insert that did not cross hybridize with
AP7 or AP34. Nucleotide sequence analysis of the 2,485-bp
insert of AP32 showed that it had a single open reading frame
of 1368 bp followed by a 3’ untranslated region of 1117 bp that
lacked a poly (A) tail. This sequence, presumably represent-
ing the P subunit, was not homologous to the a subunit se-
quence. The cDNAs for both the a and B subunits of the
fibronectin receptor were used as probes for genomic DNA
Southern hybridization analysis (Southern, 1975) and the
resulting hybridization patterns indicated that both subunits
are encoded by distinct, single copy genes (data not shown).
RNA hybridization analysis showed that the AP32 B subunit
c¢DNA insert hybridized to an ~4.2-kb placental transcript,
while the o subunit mRNA is ~4.9 kb in size (Fig. 2).

To isolate cDNAs that would correspond to additional
protein-encoding sequence in the mRNAs of the fibronectin
receptor a and P subunits, the placental cDNA library was
rescreened with DNA fragments from the 5’ portions of AP7
and AP32. In both cases, sets of overlapping cDNA clones
were isolated and sequenced. After an additional round of
screening using 5’ fragments from the new clones as probes,
overlapping ¢cDNA clones encoding the complete B subunit
were obtained. However, cDNAs encoding the amino-ter-
minal region of the a subunit were still lacking. A primer
extension cDNA library was prepared from placental poly
(A) RNA primed with an oligonucleotide the sequence of
which was derived from the 5’ portion of AP7. The cDNA
library that was obtained was screened with a cDNA frag-
ment from the 5' region of a previously selected a subunit
cDNA that extended the farthest toward the 5’ direction. As
a result, several clones were isolated that completed the
amino acid sequence of the o subunit polypeptide.

The a Subunit Sequence

The sequence of the cDNA encoding the human fibronectin
receptor o subunit and the deduced amino acid sequence of
the a subunit polypeptide is shown in Fig. 3. The cDNA
sequence was derived from eight overlapping cDNA clones.
The sequence deduced from these cDNAs contains the amino-
terminal sequence obtained from protein sequence analysis
of VLA-5a (Takada et al., 1987a). VLA-50 has been shown
to be crossreactive with our antifibronectin receptor serum
and is presumed to be the same as the fibronectin receptor
o subunit (Takada et al., 19875). In our sequence the amino
terminus of the mature a subunit corresponds to that ob-
tained from VLA-5a. Preceding the amino terminus of the
mature polypeptide is a possible signal sequence initiated by
a methionine. The mature o subunit is 1,008 amino acids
long and has a predicted molecular mass of 110,024 daltons.
The sequence contains 14 potential N-glycosylation sequences
(Asn-Xaa-Ser/Thr). If one assumes an average molecular
mass of 2,500 daltons per N-linked carbohydrate-side chain,
the addition of 14 such moieties to the core protein would re-
sult in an estimated molecular mass of 145,024 daltons. This
value differs somewhat from that estimated from the relative
mobility of the a subunit on SDS-polyacrylamide gels of
160,000 daltons (Pytela et al., 1986).

A hydropathy analysis of the amino acid sequence deduced
for the a subunit revealed a hydrophobic region 29 residues
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Figure 1. Immunoblot analysis of antibodies isolated by affinity ab-
sorption on insert-encoded proteins. Purified human placental
fibronectin receptor (nonreduced) was immunologically stained
with antifibronectin receptor serum (lane /); antibodies affinity
selected on cDNA-encoded protein of a fibronectin receptor o
subunit clone AP7 (lane 2), and clone AP32 (lane 3). Antibody
reactive bands were visualized with horseradish peroxidase-la-
beled goat anti-rabbit IgG and 3,3’-diaminobenzidine tetrahydro-
chloride.

in length located near the carboxy terminus. This hydropho-
bic stretch fits criteria of a transmembrane domain (Argraves
et al., 1986). It appears, therefore, that the o subunit is
oriented in the membrane with its amino terminus outside
the cell. As a result, the bulk of the polypeptide (94 %) is ex-
tracellular while on the carboxy-terminal side of the putative
transmembrane domain is a 28-amino acid-long segment
that is likely to constitute the cytoplasmic domain.
Further analysis of the primary sequence of the a subunit
revealed the presence of five sequences homologous with
calcium-binding sequences of a number of calcium-binding
proteins including calmodulin, troponin C, parvalbumin
(Szebenyi et al., 1981), thrombospondin (Lawler and Hynes,
1986), and the myosin light chain (Reinach et al., 1986) (Fig.
4). These five potential divalent cation-binding sites of the
o subunit are located in the extracellular domain between
amino acids 239 and 432, a region conspicuously devoid of
cysteine residues. A secondary structure analysis (Garnier et
al., 1978) of this region reveals that each potential binding
site is likely to be surrounded by B structure rather than by
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Figure 2. RNA hybridization anal-
ysis. Human placental total RNA
was electrophoretically separated
on 08% agarose-formaldehyde
gels, transferred to nitrocellulose
filters, and probed with a fibronec-
tin receptor o subunit cDNA (AP7,
1.7 kb) (lane /) and a fibronectin
receptor B subunit cDNA (AP32,
2.5 kb) (lane 2). The amount of
RNA applied per lane was 10 pg.

o helical segments as is the case with other calcium-binding
proteins (Szebenyi et al., 1981). The presence of calcium-
binding sites in the a subunit is consistent with observations
that divalent cations are required for the function and in-
tegrity of the human fibronectin-receptor as well as that of
the related receptor, IIb/Illa (Oppenheimer-Marks and Grin-
nell, 1984; Jennings and Phillips, 1982). The fact that bound
fibronectin receptor, vitronectin receptor, and gp IIb/Illa can
all be eluted from ligand-Sepharose affinity columns using
EDTA also indicates that divalent cations, e.g., calcium, are
generally required for function of these adhesion receptors
(Pytela et al., 1987).

A previously published comparison of partial amino acid
sequences of the o subunits of the human fibronectin recep-
tor and the human vitronectin receptor showed that the two
were strongly homologous (Suzuki et al., 1986). Using the
now completed amino acid sequences for the a subunits of
the fibronectin receptor and the vitronectin receptor (Suzuki
etal., 1987), a comparative analysis revealed an overall 46 %
amino acid identity. Conserved between both subunits are
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APE1 APE2
CAGGGAAGAGCGGGCGCTATGGGGAGCCGGACGCCAGAGTC! CCCCCGOTCRTGCCGCTGCTGTTGCTGOTC
M G 8 RTPES PLHAVQLTZRMWGPRERTRTPZPTLTYTPLTLTLTLTL

APE7 AP4
mmmmmmmmmac&cmcmw
VPPPPR?GG?PNLDL!.\PAVLsGPPGBr!GISVB!YRPG'!'D

GGGGTCAGTGTGCTGETEGGAGCACCCAAGGCTAATACCAGCCAGCCAGGAGTGCTGCAGGG TG TGCTGTCT! CA CCCCCATTGAA
G V.8 VL VG AUPIKA N T 8 Q PG VL QGG AV Y L P WG A S PTQ T P I E

wummmm'mmwmmmmmmmmmmmc
P D8 XG S RLLEST STULSS5S8ZETGTETETPVTETYHZ KSTLOQWTPFPGATTVRAHRGSGS 8
N’Ei APE2, Amkmo

ATCTTGGCA CAGATAACTTCA TPCTEGAGTATGCACCCTGE
A P LY 8 WRTEIKTEUDPULSZSEDPVGEGCT Y L 8 T D l F T R I L E Y A P ()
CGCTCAGATTTCAGCTGGGCAGCAGGACAGGGTTAL CTGGCCGTG!GGETTTQGG!GGRCCAGGRAGCT TTTCTGGCAAGGCCAG
R 8 D F 8 WAAGOGQ G Y Q@ 6 6 ¥ 8 AR F T XKTGRV VL GG PGS Y F W QG Q

TCCTGTCTGCCA TTGCAGAATCTTATTACCCOGAGTACCTGATCAACCTGGTTCAGGGGCAGCTGCAGACTCGCCAGGCCAGTTCCATCTATGATGACAGCTACCTA
1Lsnrgzq)‘xlussv!psvnxnnvchqunonssIvnosvn
P4 P9
GGATA TTCAGTGGTGATGACACAGAAGACTTTGTTGCTGGTGTGCCCAAAGGGAACCTCACTTACGGCTATGTCACCATCCTTAATGGCTCAGACATTCGA
G Y S VAVGEYSGDDPTEDFVAGYPKGNLTYGYVTILNGSDTIR
TCCCTCTACAACTTCTCAGGGGAACAGATGGCCTCCTACTTTGGCTATGCAGTGGCCGCCACAGACCTCAATGGGGACGIGCTCGATGACTTGCTGETGECGGCACCCCTGCTCATGGAT
S LYNFBGEQNKASYPFGYAVAATDYNGDGLDDLLYGAPLLHMD
CGGACCCCTGACGGECGGCCTCAGGAGGTGGGCAGGRTCTACGTCTACCTGCAGCACCCAGCOGGCATAGAGCCCACGCCCACCCTTACCCTCACTGGCCATGATGAGTTTGGCCGATTT
RTPDGRPQEVGRVY YV YLQHTPAGTITEPTTPTLTTLTGHDTETFTE GCRTF

CCCCCCTGGGGGACCTGGACCAGGATGGCTACAATGATGTGGCCATCG GGG CTCCCTTTGGTGGGGAGACCCAGCAGGGAGTAGTG TTTGTATTTCCTGGGGGCCCA
Gs8LTPLGDLDQ_D__G_}_I_I_QVXP:IGAP!GGBTQQGVV!VFPGGP
GGAGGGCTGGGCTCT: CACCCCAGACTTCTTTGGCTCTGCCCTTCGAGGAGGCCGAGACCTGGATGGCAATGGATATCCT
€6 L 68 KPS QVLGQPTLWAALSTEHTEPODTFTPGSALTRTGSETGRIDLDSGNGSGUYP

GATCTGATTCTGGGGETCCTTIGETGTGGACAAGGCTGTGETATACAGGGGCOGCCCCATCRTUTCCGCTAGTGCOTCCCTCACCATCTTCCCCGCCATGTTCAACCCAGAGGAGCGGAGT
D LIV GS P GV D XXV VY RGRZPTIUVSASASB LTIV FUPAMTPEPFNDPZETEHRS

TGCTTCTOGMAACACGTTGCTGACTCCATTGETTTCACAGTGGAACTTCAGCTGGACTGGCAGAAG
EE: 8 L E G N P V A I N L - . L ! A 8 G KHV ADSIGVPFTVELUGQTLTDWAQK

ACGGCGGGCACTGTTCCTGGCCTCCAGGChﬂGcAACCCTGlCCCAGACCCTGCTClTCC!BAAIGGGGCTCG&GAGGA TGAAGATCTACCTCAGG
Q XK 6 6 VRRALUPFPFULASPERQATTILTA QT )F L I Q N G A RZED R E XM K I Y L R
P10

TTTCGAGACAAACTCTCGCCGATTCACATCGCTCTCAACTTCTCCTTGGA! CAGCCACGGCCTCAGGCCAGCCCTACATTATCAGAGCAAG

N E S B FRDIKILSUP?PIHTIALL § P 8 L D P Q APV DS HGLRUPALUHYZ S K
-

AGCCGGATAGAGGACAAGGCTCAGATCTTGCTGGA CAACNA' CCTGCAGCTGCGAAG TG PITGGCGGAGCAGAACCATG TCTACCTGGGTGACAAGAAT

S RI B DKAGOQTIILTULD G B D NI vV PDLQLZEBEYVY P GEQNHV Y LGDTEKN

GCCCTGAACCTCACTTTCCATGCCCAGAATCTGGGTGAGGGTGHUGCCTATGAGGCTGAGCTTCGRGGTCACCGCCCCTCCAGAGGCTGAGTACTCAGGACTCGTCAGACACCCAGGGAAC
A LN LTP?P HAGQNVGEGO GAYTZ EARAXAETLURV YVYTAPUPZEAETYS GLV RHPSG !
. .

CTACTTTGCCGTGAACCAGAGC CCTGSGCAACCCCATGAAGGCAGGAGCCAGTCTGTGEGGTGGCCTITCGGTITACAGTCCCT

F 8 8 L 8§ D Y P AV § Q 8 R L L ¥ D L &6 NP M X A G ASULWGGLRFTVP
CATCTCCGGGACACTAAGAAAACCATCCAGTTTGACTTCCAGATCCTCAGCAAGAAT CTCAACAACTCGCARAGCGACGTGGTTTCCTTTCGGCTCTCCGTGGAGGCTCAGGCOCAGETC
HLRDTIX X KTTIOQTP?DF QI LS KU NKIL N N S Q 8 DVV S FRULSVEAQQAAQQYV

ACCCTGAACGGTGTCTCCAAGCCTGAGGCAGTGCTATTCCCAGTAAGCGACTGGCATCCCCGAGACCAGCCTCAGAAGGAGE;GGACCTGGGACCTGCTGTCCACCATGTCTATGAGCTC
T L N ¢ VS KPEAVLVF PV S DWHU®PURDAOQPAQZKETEDILG?PAVYVHHYYEL

ATCAACCAAGGCCCCAGCTCCATTAGCCAGGE TG TGCTGGAACTCAGCTGTCCCCAGGCTCTGGAAGGTCAGCAGCTCCTATATCTGACCAGAGTTACGGGACTCAACTGCACCACCAAT
I NQ 6 P S5 8§ I 8 Q6 V LEL S P Q ALEGQ QL L Y VTRV TG L N () T T N

CACCCCATTAACCCAA&GGGCCTGGAGTTGGATCCCGAGGGT&%&CTGCACCACCAGCAAAAACGGGAAGCTCC&AGCCGCAGCTCTGCTTCCTCGGGACCTCAGBTCCTGA&ATG CCG
H P I N P XK G L E LD UPEGS L HHEQ QK li‘E A P 8 R 8 8§ A 58 8 ¢G P QI L K P

GGCTGCGCTGTGAGCTCGGGCCCCTGCACCAACAAGAGAGCCAMAGTCTGCAGTTCCATTTCCGAGTCIGGGCCAAGACTTTCTTGCAGCGGGAGCACCAGCCA
E A E P R L R E L 6 PLHQOQES QS L QLHF®RV WAIKTTFULOQRTEHDOGQTP

TTTAGCCTGCAG! TACAAAGCCCTGAAGATGCCCTACCGAATCCTGCCTOGGCAGCTGCCCCAAAAAGAGCGTCAGGTGGCCACAGCTGTGCAATGGACCAAGGCAGAA
F 8 L Q B AV Y X A L KM P Y RILPRAGQIULUPAGQIEKUZERAGQVYVATAVQWTIKAE

GGCAGCTATGGCGTCCCACTGTGGATCATCATCCTAGCCATCCTGTTTGGCCTCCTGCTCCTACGTCTACTCATCTACATCCTCTACAAGCTTGGATTCTTCAAACGCTCCCTCCCATAT
G 8 X o vV P L W I X I L A I L P & L L L L G L L I ¥ I L ¥ K L 6 F F XR S L P Y

GGCACCGCCATGGAAAAAGCTCAGCTCAAGCCTCCAGCCACCTCTGATGCCTGAGTCCTCCCAATTTCAGACTCCCATTCCTGAAGAACCAGTCCCCCCACCCTCATTCTACTGAAAAGG
G T A M E KA QUL XK P PATS D A

AGGGGTCTGGGTACTTCTTGAAGGTGCTGACGGCCAGGGAGAAGCTCCTCTCCCCAGCCCAGAGACATACTTGAAGGGCCAGAGCCAGGGGGGTSAGGAGCTGGGGATCCCTCCCCCCCA
TGCACTGTGAAGGACCCTTGTTTACACATACCCTCTTCATGGATGGGGGAACTCAGATCCAGGRACAGAGGCCCAGCCTCCOTGAAGCCTTTGCATI TTGGAGAGTTTCCTGAAACAACT
TTCACAGTTCTTTGGGCCAGACA' CAAGGACTTCCTGTCCAGCCTCCAACCTGCAAAGA'

CTGTCCTGGGCCTGCAGAN
CCCCTCATCTCTCTGCCCAACCCTTCCCTCACCTTGGCACCAGACACCCAGGACTTATTTAAACTCTGTTGCAAGTGCAATAANTCTGACCCAGTGCCCCCACTGACCAGAACTAGAAAA
AAARA
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Figure 3. The cDNA sequence and deduced amino acid sequence of the human fibronectin receptor a subunit. Single letter amino acid
symbols are used. An arrow pointing upward denotes the beginning of the mature a subunit polypeptide. Cysteine residues are circled.
Potential N-linked glycosylation sites are designated by dots. The putative transmembrane domain is underlined. Potential divalent cat-
ion-binding sites are indicated by dashed lines. A cleavage site that may generate the light chain (Argraves et al., 1986) is indicated by

an arrowhead. Right angle arrows denote positions of independent Agtll cDNA clones.
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the sizes of the ectodomains, the transmembrane, and cyto-
plasmic domains, as well as the relative positions of the
potential divalent cation-binding sites and cysteine residues.

The B Subunit Sequence

The complete cDNA sequence and deduced amino acid se-
quence of the fibronectin receptor B subunit is shown in Fig.
5. The 3,614-bp cDNA sequence contains a single open read-
ing frame of 2,394 bp encoding a polypeptide of 798 amino
acids followed by a 1,113-bp untranslated 3’ flanking region.
The first 20 amino acids are predominantly hydrophobic, and
correspond to a typical signal sequence (Watson, 1984). We
have assigned the signal peptide cleavage site to a position
that fits criteria described by von Heijne (1984) for eukary-
otic signal-cleavage sites. The position of this signal cleavage
site is analogous to those of two related P subunits, integrin
complex band 3 (Tamkun et al., 1986) and LEA-1 (Kishimoto
et al., 1987). Excluding the presumed signal sequence, the
B subunit consists of 778 amino acids and has a predicted
molecular mass of 86,248 daltons. The sequence contains 12
potential N-glycosylation sites. Addition of the N-linked car-
bohydrate chains (mol wt, 12) would result in an estimated
molecular mass of 116,248 daltons for the mature B subunit.
As with the a chain, this value is lower than that estimated
from the relative mobility of the reduced B subunit on SDS-
polyacrylamide gels of 140,000 daltons (Pytela et al., 19854,
1986). Located in the carboxy-terminal portion of the poly-
peptide is a stretch of 23 hydrophobic amino acids that are
likely to constitute a transmembrane domain. All of the
potential N-glycosylation sites are located on the amino-
terminal side of this putative transmembrane domain. On the
carboxy-terminal side of the hydrophobic segment are a pair
of basic amino acid residues, which are typically found on
the cytoplasmic side of transmembrane domains of integral
membrane proteins (Sabatini et al., 1982). These features
suggest that, like the ¢ subunit, the B subunit is oriented in
the membrane with its amino terminus outside of the cell.
Thus, the bulk of the B subunit polypeptide (93 %) would be
extracellular.

After the putative transmembrane domain is a 47-amino
acid sequence presumed to represent the cytoplasmic domain
of the B subunit. As in the chicken integrin band 3 subunit
(Tamkun et al., 1986) and the IIb/IIla B subunit (Fitzgerald
etal., 1987), the cytoplasmic domain of the human fibronec-
tin receptor B subunit contains a sequence having homology
to a tyrosine phosphorylation site in the epidermal growth
factor receptor. However, the putative tyrosine phosphoryla-
tion site is not invariant among all the adhesion receptor
subunits since one is not found in the LFA-1 B subunit cyto-
plasmic domain (Kishimoto et al., 1987; Law et al., 1987).

The fibronectin receptor-f subunit has a high cysteine con-
tent (7.3%), having a total of 58 cysteine residues. With the
exception of two cysteines in the signal peptide, all are lo-
cated in the extracellular domain. Many of the cysteines
(51%) are arranged in a sequence homologously repeated
four times within a 180-amino acid segment located adjacent
to the transmembrane domain. When these homologous se-
quences are aligned, as shown in Fig. 6, it is clear that each
contains nearly the same number and spacing of cysteine
residues. The function of this cysteine-rich repeat is unknown.

The deduced sequence of the human fibronectin receptor §
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Figure 4. Homology comparison of divalent cation-binding se-
quences. Five sequences from the fibronectin receptor a subunit are
compared with calcium-binding consensus sequences from known
calcium-binding proteins. Positions 1, 3, 5, 6, and 9 are generally
conserved among all the repeats.

subunit was compared to the sequences of three other related
adhesion receptor B subunits. The fibronectin receptor B
subunit showed an 85% amino acid identity with the band 3
subunit of the chicken-integrin (Tamkun et al., 1986), 46%
with the human LFA-1 P subunit (Kishimoto et al., 1987),
and 44 % with the human gp Ila (Fitzgerald et al., 1987). All
of these P subunits share common structural elements in-
cluding the homologous cysteine-rich repeats and similarly
sized cytoplasmic and transmembrane domains. Also con-
served among the P subunits are the number and nearly iden-
tical positions of the cysteine residues. The homology be-
tween the fibronectin receptor 8 subunit and the integrin
band 3 subunit is particularly striking in the carboxy-ter-
minal portions of the two subunits in which there is 100%
identity in the amino acid sequences of the transmembrane
and cytoplasmic domains.

Discussion

We report here the complete sequence of a prototypic mem-
ber of the adhesion receptor family, the human fibronectin
receptor. The fibronectin receptor is defined as a heterodi-
meric glycoprotein isolated by affinity chromatography on
fibronectin Sepharose. The purified glycoprotein can be in-
corporated into liposomes, and the resulting liposomes can
be shown to bind specifically to fibronectin-coated substrata
(Pytela etal., 1985a). As defined by the reactivities of fusion
proteins synthesized from the cDNA clones with antibodies
made against the purified receptor, our cDNA clones cor-
respond to the subunits of the fibronectin receptor and pro-
vide the entire sequence of the receptor protein.
Individual subunits of other adhesion receptors have been
cloned and completely or partially sequenced recently. Com-
parison of our sequences with these other sequences reveals
several interesting relationships within the adhesion receptor
superfamily. Each of the other receptor subunits, the vitro-
nectin receptor o subunit (Suzuki et al., 1986, 1987), the f
subunit of the leukocyte receptor family (Kishimoto et al.,
1987) and the platelet receptor B subunit, gp Ila (Fitzgerald
et al., 1987), is 40-50% homologous to the fibronectin re-
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Figure 5. The cDNA sequence and deduced complete amino acid sequence of the human fibronectin receptor f§ subunit. The putative signal
peptide cleavage site is indicated by an arrow pointing upward. Cysteine residues are circled. Potential N-linked glycosylation sites are
designated by dots. The putative transmembrane domain is underlined. Right angle arrows denote positions of independent Agtll cDNA

clones.

ceptor a or B subunits, respectively. These receptor subunits
are, therefore, likely to be the products of homologous but
distinct genes derived from common ancestral a and
subunit genes. In contrast, the band 3 subunit of the chicken-
integrin RGD-directed receptor complex (Tamkun et al.,
1986) is 85 % homologous with our § subunit. This high ho-
mology strongly suggests that this polypeptide is the chicken
homologue of the human fibronectin receptor B subunit.
The chicken receptor is a complex of three subunits, each
presumably a distinct polypeptide (Horwitz et al., 1985;
Buck et al., 1986). This would make the receptor different

The Journal of Cell Biology, Volume 105, 1987

in its subunit composition from the mammalian receptors,
which are all heterodimers. Since these proteins appear to be
related to the mammalian receptors, and since our results
define the integrin subunit as the chicken homologue of the
human fibronectin receptor B subunit, it is possible that one
form of the adhesion receptors is a heterotrimer. However,
it is known that the same B subunit can be shared by several
heterodimeric receptors distinguished by their o subunits.
The human fibronectin receptor family encompasses at ieast
five members defined immunologically as the so-called VLA
proteins 1-5 (Hemler et al., 1987). An immunological com-
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parison has indicated that the fibronectin receptor is VLA-5
(Takada et al., 1987h) and this result is confirmed by the
identity of the amino-terminal amino acid sequence of VLA-
Sa (Takada et al., 1987q) with the amino acid sequence
deduced from our o subunit cDNA clones. By analogy with
the human proteins, the chicken complex could be a mixture
of receptors related through a shared B subunit. This would
agree with the finding that the chicken receptor complex has
multiple specificities; it binds at least to fibronectin, laminin,
and type IV collagen (Horwitz et al., 1985). However, as is
most convincingly illustrated by the platelet RGD-directed
receptor, it is possible that a single receptor protein can bind
to more than one protein (Plow et al., 1984; Parise and Phil-
lips, 1986; Pytela et al., 1986). It is, therefore, important that
the receptors be defined as molecular entities. Our results
provide such a definition for the human fibronectin receptor.

The sequences presented in this paper add new features to
the known structure—function relationships of the adhesion
receptors, also referred to as integrins (Hynes, 1987).' The
calcium-binding sequences in the fibronectin receptor read-
ily explain the divalent cation requirement for the RGD
receptors to function. The functional impairment of the
receptors in the absence of divalent cations appears to be at
two levels. First, in the case of gp IIb/Illa, the association
of the subunits is dependent on the presence of calcium (Jen-
nings and Phillips, 1982), although the other receptors may
not require calcium for their subunits to remain together.
Secondly, all of the receptors, including the leukocyte recep-
tors (Springer et al., 1984) require divalent cations to func-
tion, and, in the case of the RGD-directed receptors, this is
known to result in the inability of the receptor to bind its
ligand in the absence of divalent cations (Pytela et al., 1987).
This suggests that the calcium-binding sites of the @ subunit
may form part of the ligand-binding site or that the occupa-
tion of these sites affects the conformation of the ligand-bind-
ing site. That the conformation of the receptor may be depen-
dent upon calcium is suggested by the apparent sensitivity of
the receptors to proteolytic digestion in the absence of diva-

ISince the fibronectin receptor binds the prototypic adhesion protein fibro-
nectin and was the first RGD receptor to be identified, we propose that in
the integrin nomenclature it would be called integrin 1.

© Subunit

LTS IR \ \\ N

AN

ca™ Mg*
Binding Domain

[—S-S
3 E:l}
Cystine- T \

Rich Repeat ane
'Doma?n Domams Dumams

P77 ///- [} coon

B Subunit

Figure 7. Structural model for the fibronectin receptor.

Argraves et al. Fibronectin Receptor Seguence

Figure 6. Alignment of cys-

teine-rich repeat sequences

from the fibronectin receptor

B subunit. Identical amino

acid residues are boxed. Aster-

Mlclefrfcreveasnxec e isks indicate spaces inserted to
8 optimize homology.

* EVNSEDMDAY 515
#MCIDNFP N * # %« % » 2 % * & 559

D % LTST!**#Q‘: 598

lent cations (Oppenheimer-Marks and Grinnell, 1984). The
location of the ligand-binding site in the RGD-directed re-
ceptors is not known, but both the « and B subunits appear
to participate in the binding (Buck et al., 1987; Santoro and
Lawing, 1987). However, since B subunits can be shared by
receptors that have different specificities (Ginsberg et al.,
1987), at least the specificity of binding must be contributed
by the a subunit. It is interesting to note that, within the re-
gion containing the calcium-binding elements, the fibronec-
tin receptor & subunit contains an Asp-Gly-Arg (DGR) se-
quence. A peptide containing this sequence has been found
to be a relatively nonspecific inhibitor of cell attachment to
various RGD-containing proteins (Yamada and Kennedy,
1987). As additional adhesion receptors are characterized it
will be possible to determine sequences serving functions
common to all members of the family and those involved
with unique functions such as ligand binding and signal
transduction.

This work was supported by grants CA 42507, CA 28896, and Cancer Center
Support Grant CA 30199 from the National Cancer Institute. W. Scott Ar-
graves is a recipient of American Cancer Society Fellowship PF2797.

Received for publication 4 May 1987, and in revised form 12 June 1987.

References

Adams, S. L., M. E. Sobel, B. H. Howard, K. Olden, K. M. Yamada, B. de
Crombrugghe, and I. Pastan. 1977. Levels of translatable mRNAs for cell
surface protein, collagen precursors, and two membrane proteins are altered
in Rous sarcoma virus-transformed chick embryo fibroblasts. Proc. Natl.
Acad. Sci. USA. 74:3399-3403.

Akiyama, S. K., and K. M. Yamada. 1985. Synthetic peptides competitively
inhibit both direct binding to fibroblasts and functional biological assays for
the cell-binding domain of fibronectin. J. Biol. Chem. 260:10402-10405.

Argraves, W. 8., R. Pytela, S. Suzuki, J. L. Millan, M. D. Pierschbacher, and
E. Ruoslahti. 1986. cDNA sequences from the a subunit of the fibronectin
teceptor predict a transmembrane domain and a short cytoplasmic peptide.
J. Biol. Chem. 261:12922-12924.

Brown, P. J., and R. L. Juliano. 1985. Selective inhibition of flbronectin-
mediated cell adhesion by monoclonal antibodies to a cell-surface glycopro-
tein. Science (Wash. DC). 228:1448--1451.

Buck, C. A, E. Shea, K. Duggan, and A. F. Horwitz. 1986. Integrin (the
CSAT antigen): functionality requires oligomeric integrity. J. Cell Biol.
103:2421-2428.

Dedhar, S., W. R. Argraves, S. Suzuki, E. Ruoslahti, and M. D. Piersch-
bacher. 1987. Human osteosarcoma cells resistant to detachment by an Arg-
Gly-Asp-containing peptide overproduce the fibronectin receptor. J. Cell
Biol. In press.

Feinberg, A. P., and B. Vogelstein. 1984, A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.
132:6-13.

Fitzgerald, L. A., B. Steiner, S. C. Rall, Jr., 8. Lo, and D. R. Phillips. 1987.
Protein sequence of endothelial glycoprotein Illa derived from a ¢cDNA
clone. Identity with platelet GP Illa and similarity to “integrin”. J. Biol.
Chem. 262:3936-3939.

Garnier, 1., D. J. Osguthorpe, and B. Robson. 1978. Analysis of the accuracy
and implications of simple methods for predicting the secondary structure
of globular proteins. J. Mol. Biol. 120:97-120.

Giancotti, F. P., G. Tarone, K. Knudsen, C. Damsky, and P. M. Comoglio.
1985. Cleavage of a 135 kD cell surface glycoprotein correlates with loss
of fibroblast adhesion to fibronectin. Exp. Cell Res. 156:182~190.

Ginsberg, M. H., I. Loftus, J.-J. Ryckwaert, M. Pierschbacher, R. Pytela,
E. Ruoslahti, and E. F. Plow. 1987. Immunochemical and N-terminal se-
quence comparison of two cytoadhesins indicates they contain similar or
identical beta subunits and distinct alpha subunits. J. Biol. Chem. 262:

1189



5437-5440.

Greve, J., and D. Gottlieb. 1982, Monoclonal antibodies which alter the mor-
phology of cultured chick myogenic cells. J. Cell. Biochem. 18:221-230.

Hemler, M. E., C. Huang, and L. Schwarz. 1987. The VLA protein family.
Characterization of five distinct cell surface heterodimers each with a com-
mon 130,000 melecular weight f§ subunit. J. Biol. Chem. 262:3300-3309.

Horwitz, A., K. Duggan, R. Greggs, C. Decker, and C. Buck. 1985. The cell
substrate attachment (CSAT) antigen has properties of a receptor for laminin
and fibronectin. J. Cell Biol. 101:2134-2144.

Horwitz, A. F., K. A. Knudsen, C. H. Damsky, C. Decker, C. A. Buck, and
N. T. Neff. 1984. Adhesion-related integral membrane glycoproteins
identified by monoclonal antibodies. /n Monoclonal Antibodies and Func-
tional Cell Lines. R. H. Kennett, K. B. Bechtol, T. J. McKearn, editors. Ple-
num Publishing Corp., New York. 103-118.

Hynes, R. O. 1987. Integrins: a family of cell surface receptors. Cell. 48:
549-554.

Jennings, L. K., and D. R. Phillips. 1982. Purification of glycoproteins IIb and
I from human platelet plasma membranes and characterization of a calcium-
dependent glycoprotein IIb-III complex. J. Biol, Chem. 257:10458-10466.

Kishimoto, T. X., K. O’Connor, A. Lee, T. M. Roberts, and T. A. Springer.
1987. Cloning of the B subunit of the leukocyte adhesion proteins: homology
to an extracellular matrix receptor defines a novel supergene family. Ceil.
48:681-690.

Knudsen, K. A., P. E. Rao, C. H. Damsky, and C. A. Buck. 1981. Membrane
glycoproteins involved in cell-substratum adhesion. Proc. Natl. Acad. Sci.
USA. 78:6071-6075.

Krawinkel, U., and R. Zoebelein, 1986. Rapid synthesis of cDNA for cloning
into lambda vectors. Nucleic Acids Res. 14:1913.

Law, 8. K. A., J. Gagnon, J. E. K. Hildreth, C. E. Wells, A. C. Willis, and
A.J. Wong. 1987. The primary structure of the B-subunit of the cell surface
adhesion glycoproteins LFA-1, CR3 and p150,95 and its relationship to the
fibronectin receptor. EMBO (Eur, Mol. Biol. Organ.} J. 4:915-919.

Lawler, I., and R. O. Hynes. 1986. The structure of human thrombospondin,
an adhesive glycoprotein with multiple calcium-binding sites and homologies
with several different proteins. J. Cell Biol. 103:1635-1648.

Lehrach, H., D. Diamond, J. M. Wozney, and H. Boedtker. 1977. RNA molec-
ular weight determinations by gel electrophoresis under denaturing condi-
tions, a critical reexamination. Biochemistry. 16:4743-4751.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A lab-
oratory manual. Cold Spring Harbor Press, Cold Spring Harbor, New York.
326-328.

Millan, . L. 1986. Molecular cloning and sequence analysis of human placental
alkaline phosphatase. J. Biol. Chem. 261:3112-3115,

Noll, H., V. Matranga, M. Cervello, T. Humphreys, B. Kuwasaki, and
D. Adelson. 1985. Characterization of toposomes from sea urchin blastula
cells: a cell organelle mediating cell adhesion and expressing positional in-
formation. Proc. Natl. Acad. Sci. USA. 82:8062-8066.

Oppenheimer-Marks, N., and F. Grinnell. 1984, Calcium ions protect cell-
substratum adhesion receptors against proteolysis. Exp. Ceil Res. 152:
467-475.

Parise, L. V., and D. R. Phillips. 1986. Fibronectin-binding properties of the
purified platelet glycoprotein IIb-Illa complex. J. Biol. Chem. 261:14011-
14017.

Pierschbacher, M. D., and E. Ruoslahti. 1984. Cell attachment activity of
fibronectin can be duplicated by small synthetic fragments of the molecule.
Nature (Lond.}. 309:30-33.

Plow, E. F., M. D, Pierschbacher, E. Ruoslahti, G. A. Marguerie, and M. H.
Ginsberg. 1985. The effect of Arg-Gly-Asp containing peptides on fibrino-
gen and von Willebrand factor binding to platelets. Proc. Natl. Acad. Sci.
USA. 82:8057-8061.

Plow, E. F., A. H. Srouji, D. Meyer, G. Marguerie, and M. H. Ginsberg.
1984. Evidence that three adhesive proteins interact with a common recogni-
tion site on activated platelets. J. Biol. Chem. 259:5388-5391.

Pytela, R., M. D. Pierschbacher, W. 8. Argraves, 8. Suzuki, and E. Ruoslahti,
1987. Arg-Gly-Asp adhesion receptors. Methods Enzymol. In press.

The Journal of Cell Biology, Volume 105, 1987

Pytela, R., M. D. Pierschbacher, M. H. Ginsberg, E. F. Plow, and E. Ruos-
lahti. 1986. Platelet membrane glycoprotein ITb/Illa: member of a family of
Arg-Gly-Asp-specific adhesion receptors. Science (Wash. DC). 231:1559-
1562.

Pytela, R., M.D. Pierschbacher, and E. Ruoslahti. 19854. Identification and
isolation of a 140 kilodalton cell surface glycoprotein with properties ex-
pected of a fibronectin receptor. Cell. 40:191-198.

Pytela, R., M. D, Pierschbacher, and E. Ruoslahti. 1985b. A 125/115 KD cell
surface receptor specific for vitronectin interacts with the Arg-Gly-Asp adhe-
sion sequence derived from fibronectin. Proc. Natl. Acad. Sci. USA. 82:
5766-5770.

Reinach, F. C., K. Nagai, and J. Kendrick-Jones. 1986. Site-directed mutagen-
esis of the regulatory light-chain Ca**/Mg®* binding site and its role in hy-
brid myosins. Nature (Lond.). 322:80-83.

Sabatini, D. D., G. Kreibich, T. Morimoto, and M. Adesnik. 1982. Mecha-
nisms for the incorporation of proteins in membranes and organelles. J. Cell
Biol. 92:1-22.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.

Santoro, S. A., and W. J. Lawing, Jr. 1987. Competition for related but
nonidentical binding sites on the glycoprotein Iib-Illa complex by peptides
derived from platelet adhesive proteins. Cell. 48:867-873.

Southern, E. 1975, Detection of specific scquences among DNA fragments
separated by gel electrophoresis. J. Mol Biol. 98:503-512.

Springer, T. A., L. J. Miller, and D. A. Anderson. 1986. p150,95, the third
member of the Mac-1, LFA-1 human leukocyte adhesion glycoprotein fam-
ily. J. Immunol, 136:240-245.

Springer, T. A., W. S. Thompson, L. J. Miller, F. C. Schmalstieg, and D. C.
Anderson. 1984. Inherited deficiency of the Mac-1, LFA-1, p150,95 glyco-
protein family and its molecular basis. J. Exp. Med. 160:1901-1918.

Suzuki, S., W. S. Argraves, H. Arai, L. R. Languino, M.D. Pierschbacher and
E. Ruoslahti. 1987. Amino acid sequence of the vibronectin receptor a
subunit and comparative expression of receptor mRNAs. J. Biol. Chem. In
press.

Suzuki, S., W. §. Argraves, R. Pytela, H. Arai, T. Krusius, M. D. Piersch-
bacher, and E. Ruoslahti. 1986. cDNA and amino acid sequences of the cell
adhesion protein receptor recognizing vitronectin reveal a transmembrane
domain and homologies with other adhesion protein receptors. Proc. Natl.
Acad. Sci. USA. 83:8614-8618.

Szebenyi, D. M. E., S. K. Obendorf, and K. Moffat. 1981. Structure of vitamin
D-dependent calcium-binding protein from bovine intestine. Nature (Wash.
DC). 294:327-332.

Takada, Y., C. Huang, and M. E. Hemler. 1987b. Fibronectin receptor struc-
tures within the VLA family of heterodimers. Nature (Lond.). 326:607-609.

Takada, Y., J. Strominger, and M. E. Hemler. 1987a. The VLA family of het-
erodimers are members of a superfamily of molecules involved in adhesion
and embryogenesis. Proc. Natl. Acad. Sci. USA. 84:3239-3243.

Tamkun, J. W., D. W. DeSimone, D. Fonda, R. S. Patel, C. Buck, A. F. Hor-
witz, and R. O. Hynes. 1986. Structure of integrin, a glycoprotein involved
in the transmembrane linkage between fibronectin and actin. Cell. 46:271-
282.

Thomas, P. S. 1980. Hybridization of denatured RNA and small DNA frag-
ments transferred to nitrocellulose. Proc. Natl. Acad. Sci. USA. 77:5201-
5205.

von Heijne, G. 1984, How signal sequences maintain cleavage specificity. J.
Mol. Biol. 173:243-251.

Watson, M. E. E. 1984, Compilation of published signal sequences. Nucleic
Acids Res. 12:5145-5164.

Wilcox, M., and M. Leptin. 1985. Tissue-specific modulation of a set of related
cell surface antigens in Drosophila, Nature (Lond.). 316:361-354.

Yamada, K. M., and D. W. Kennedy. 1987. Peptide inhibitors of fibronectin,
laminin, and other adhesion molecules: unique and shared features. J. Cell
Physiol. 130:21-28.

Young, R. A,, and R. W. Davis. 1983. Efficient isolation of genes by using
antibody probes. Proc. Natl. Acad. Sci. USA. 80:1194-1198.

1190



