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ABSTRACT: We have cloned and characterized a chick homologue of the human vitronectin receptor a subunit 
(a,) whose primary sequence is 83% identical with its human counterpart but less than 40% identical with 
any other known integrin a subunit. Comparison of the chick and human sequences reveals several highly 
conserved regions, including the cytoplasmic domain. The putative ligand binding domain contains a,-specific 
residues that may contribute to  ligand binding specificity. These are concentrated in three regions that 
are located before and between the first three Ca2+ binding domains. Polyclonal antibodies raised against 
two peptides deduced from the putative cytoplasmic and extracellular domains of the chick a, sequence 
recognize specifically integrin heterodimers in chick embryo fibroblasts. At least three putative p subunits 
coimmunoprecipitate with the chick a, subunit. In addition to a protein with the same molecular weight 
as & (94K), protein bands of M, 84K and 110K are also coprecipitated. By successive immunodepletions, 
we demonstrate that this latter M ,  110K subunit is PI, which appears to be one of the a,-associated subunits 
in chick embryo fibroblasts. 

%e integrin family of cell-surface receptors mediates mul- 
tiple interactions between cells and extracellular matrix pro- 
teins that are involved in cellular adhesion [reviewed by Hynes 
(1987), Ruoslahti and Pierschbacher (1987), Buck and 
Horwitz (1987), and Hemler (1990)l. Integrin receptors are 
heterodimers composed of two noncovalently associated sub- 
units named a and 0. The integrin family has been divided 
into three main subfamilies according to their /I subunit. The 
PI subfamily includes the fibronectin, collagen, and laminin 
receptors, or VLA receptors, the p2 subfamily includes three 
leukocyte adhesion molecules, and the p3 subfamily contains 
the vitronectin receptor and the GPIIb/IIIa (aIIb/PIIla) platelet 
receptor. Recently the integrin receptor family complexity 
has been increased by the discovery and characterization of 
new p subunits that are associated with some a subunits in 
certain tissues and cell lines. The a6 subunit can be associated 
with either a PI in VLA-6 (Sonnenberg et al., 1988a) or a &, 
subunit (Kajiji et al., 1989; Sonnenberg et al., 1988b). Sim- 
ilarly, a4 has been described associated on lymphocytes either 
with PI in VLA-4 (Hemler et al., 1987) or with a novel pp 
subunit (Holzmann & Weissman, 1989). The a, subunit of 
the vitronectin receptor can form heterodimers either with a 
p, subunit in many cell types, or with a px subunit in a car- 
cinoma cell line (Cheresh et al., 1989a), or with a ps subunit 
in an osteosarcoma cell line (Freed et al., 1989). 

The a subunits have a major role in determining the ligand 
specificity. The a]-(Yg subunits associate with the 0, subunit 
to form ap, heterodimers in the VLA-1 to -6 series but con- 
stitute receptors with different binding characteristics [re- 
viewed by Hemler (1990)l. Different a& heterodimers bind 
specific ligands (collagen, laminin, fibronectin, VCAM-I), 
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different combinations of these ligands, and even different cell 
binding domains on the same ligands (Wayner et al., 1989; 
Elices et al., 1989; Guan & Hynes, 1990). 

To determine the conservation of functional domains in an 
integrin a subunit throughout evolution, we cloned and se- 
quenced the chick homologue of the human vitronectin re- 
ceptor a subunit (a,) to compare it with its human equivalent. 
Additionally, chick embryo fibroblasts were analyzed, and 
multiple a,-associated p subunits were identified including p3 
and &, increasing the number of known a,-containing het- 
erodimers. 

EXPERIMENTAL PROCEDURES 
Isolation of cDNA Clones. An E10 chicken embryo cDNA 

library in XgtlO was obtained from Dr. C. Nottenburg, and 
an E l 3  chicken brain cDNA library in XgtlO was a gift from 
Dr. B. Ranscht. The libraries were plated on Escherichia coli 
Y 1089 and screened according to the plate hybridization 
method of Benton and Davis (1977). The filters were screened 
at low stringency according to a modified procedure of Church 
and Gilbert (1984). Prehybridizations were performed ov- 
ernight at 43 OC in 0.2 M sodium phosphate, pH 6.8,7% SDS, 
15% formamide, 1 mM EDTA, and 1% bovine serum albumin. 
Hybridizations were carried out in a fresh solution of the same 
composition at 40 "C for 36 h with the denatured probe at 
about lo6 cpm/mL. Probes were made from gel-purified 
restriction fragments by using the random priming method 
of Feinberg and Vogelstein (1983) with a kit from United 
States Biochemical Corp., using 50 pCi of [cx-~*P]~CTP 
(Amersham Inc.). The filters were washed 4 X 15 min, 45 
OC, in 2X SSC and 0.1% SDS (1X SSC is 150 mM sodium 
chloride and 15 mM sodium citrate, pH 7.0) before autora- 
diography. The phage library screenings involving high- 
stringency hybridization were performed as described by 
Maniatis et al. (1982). 

DNA Sequencing. cDNAs were subcloned in M13mp18 
(Yanisch-Perron et al., 1985) and sequenced by the dideoxy 
chain termination method (Sanger et al., 1977) from their 
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extremities. The nucleotide sequence displayed in Figure 2 
has been determined on both strands by reconstituting a linear 
sequence from overlapping stretches. The coding strand was 
sequenced by using the 5' ends of the cDNA clones d10, d14, 
1.4, 1.1, 1.3, 1.7, d15, and 1.5 (Figure ld,e) and subclones 
constructed with the EcoRI, HindIII, and BgflI restriction sites 
(Figure IC). Two specific oligonucleotides were used to initiate 
sequencing reactions at positions 748 and 261 1 (Figure 2). The 
noncoding strand was sequenced by using the 3' ends of the 
cDNA clones 1.7, 1.1, and 1.8 (Figure ld,e) and subclones 
constructed with the Hind111 and BgflI restriction sites (Figure 
IC) and PuuII at position 1782. Specific oligonucleotides 
initiating sequences at positions 3330, 2815, 2365, 1026, and 
675, respectively (Figure 2), were used to fill the gaps in the 
noncoding strand. 

The nucleotide and amino acid sequence analyses were 
performed with the PCGENE program (Intelligenetics Corp., 
Mountain View, CA). 

RNA Hybridization Analysis. RNA was purified from 
chick embryo fibroblasts according to the guanidinium/cesium 
chloride method described by Maniatis et al. (1982). Poly- 
(A+) RNA was then purified with oligo(U)-Sepharose 4B 
(Pharmacia) using the manufacturer's recommendations. Two 
micrograms of poly(A+) RNA was electrophoresed through 
a 0.8% agarose/l6% formaldehyde gel (Maniatis et al., 1982) 
and transferred by capillary action to a Biotrans nylon mem- 
brane, 0.2 pm (ICN). RNA blots were prehybridized over- 
night at 42 "C in 5X SSPE, 50% formamide, 5X Denhardt's 
solution, 10 mg/mL carrier DNA, and 10 mg/mL yeast 
tRNA [20X SSPE is 3.6 M NaCI, 0.2 M NaH2P04, and 20 
mM EDTA, pH adjusted to 7.4; 1 X  Denhardt's solution is 
0.02% BSA, 0.02% poly(vinylpyrrolidone), and 0.02% Ficoll 
type 4001. The probe was 50 ng of the 5-kb-long d10 cDNA 
that was gel-purified and random-labeled as described above 
for the isolation of clones. The RNA blot was washed 4 X 
30 min with 1 X SSC/O.l% SDS at room temperature and then 
2 X 15 min with 0.1 X SSC/O.l% SDS at 65 "C. RNA sizes 
were determined by running in parallel a RNA ladder of 
known molecular weight markers (Bethesda Research Labo- 
ratories) and by hybridizing the RNA blot with probes specific 
for transcripts of known sizes, including actin (1.75 kb) and 
the 0, integrin subunit (3.75 kb). 

Production of Antipeptide Sera. Oligopeptides were syn- 
thesized on solid phase at the Howard Hughes Medical In- 
stitute by Dr. C. Turk. Their sequences are 
CKRVRPPQEEQEREQLQPHENGEGTSEA for the C 
peptide and CKIKISAPKEDEKNETFSREDNRNHRIS for 
the L peptide. These correspond to N-terminal cysteines added 
to amino acids 989-1015 and 829-855 in the primary sequence 
of the chick a, sequence (see Figure 2). The peptides were 
coupled to sulfo-MBS (PIERCE)-activated KLH (Calbio- 
chem), using a ratio of 7.5 mg of peptide/mg of KLH. The 
amount of free sulfhydryl-containing peptide was determined 
by Ellman's method ( 1  959) with DTNB, as well as by quan- 
tifying the disappearance of free peptide during the coupling 
reaction. Rabbits were immunized with 1 mg of KLH-peptide 
complex in Freund's complete adjuvant and then boosted with 
0.5 mg of antigen in Freund's incomplete adjuvant. Immun- 
izations were performed either at the UCSF animal care fa- 
cility or at Caltag Laboratories (South San Francisco, CA). 
Sera collected after the third boost were highly reactive to the 
peptide alone by ELISA or to the native protein by immu- 
noprecipitation. The polyclonal antibodies that react with the 
PI subunit were raised against the last 23 C-terminal residues 
of this subunit as described by Tomaselli et al. (1988). The 
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LM609 monoclonal antibody that recognizes specifically the 
a,& complex was generously provided by Dr. D. Cheresh. 

Cells. Chick embryo fibroblasts (CEFs) were prepared from 
E9 or E10 embryos (Feather Hill, Petaluma, CA) according 
to Rein and Rubin (1968). All experiments described here 
were performed with confluent or subconfluent secondary 
cultures. 

Cell-Surface Iodination and Immunoprecipitations. CEFs 
were surface labeled according basically to Tomaselli et al. 
(1988). Briefly, about lo7 cells were collected and iodinated 
with 1.0 mCi of Na1251 in 1 mL of PBS with lactoperoxidase 
(PBS is 0.2 g/L KC1, 0.2 g/L KH2P04, 2.16 g /L  Na2HP- 
04-7H20, and 8 g/L NaCl). The reaction was stopped by 
successive washes of cold KI ( 5  mM) in PBS. Cells were lysed 
on ice 30 min in 1 mL of extraction buffer and then centrifuged 
20 min at 12000g. The extraction buffer is PBS, 1 mM CaC12, 
1 mM MgC12, 1 mM PMSF, and 1% Triton X-100. The 
supernatant was preincubated 2 times successively with 100 
pL of Sepharose CI-4B 5 min and centrifuged 1 min at lOOOOg 
each time. The resulting supernatant was used immediately 
for immunoprecipitation or kept at 4 "C a few days or frozen 
at -80 "C. 

Immunoprecipitations were performed by mixing (5-1 0) X 
lo6 cpm of surface-labeled CEF extract with 10 pL of serum 
in a total of 0.5 mL. This mixture was incubated overnight 
at 4 "C on a shaker, then added to a 75 pL of protein A- 
Sepharose (Pharmacia), incubated 45 min at 4 "C, and then 
centrifuged for 1 min at 1OOOOg. The pellet was washed 5-7 
times with extraction buffer. Finally, 50 pL of electrophoresis 
sample buffer (4% SDS, 150 mM Tris-HC1, pH 6.8, 20% 
glycerol, and bromophenol blue) was added to the washed 
pellet with or wtihout P-mercaptoethanol for SDS-PAGE 
analysis in reducing or nonreducing conditions. The samples 
were boiled 5 min and loaded on 6% SDS-PAGE gels, with 
a 5% stacking gel (Laemmli, 1970). Molecular weights were 
determined by comparison with molecular weight standards 
purchased from Bio-Rad Corp. (myosin, 200K; P-galactosi- 
dase, 116K; phosphorylase B, 97K; BSA, 66K). 

In immunodepletion experiments, extracts of surface-labeled 
CEFs were mixed 7 times successively with 10-pL aliquots of 
integrin P,-speCific plyclonal antibodies followed by incubation 
with protein A-Sepharose and centrifugation. Subsequently, 
the extract was incubated sequentially with two aliquots of 
protein A-Sepharose and was centrifuged after each incuba- 
tion. Finally, 10 pL of a,-specific (anti-C peptide) serum was 
used to form an immunoprecipitate. A positive control was 
performed in parallel, with seven precipitations using nonim- 
mune rabbit serum before the final a,-specific immunopre- 
cipitation. 

RESULTS 
Isolation of cDNA Clones. The cDNA clone VNR-2 and 

the 0.8-kb PstI restriction fragment of VNR-8 (Figure la )  
contain the whole coding sequence of the human vitronectin 
receptor a subunit (Fitzgerald et al., 1987). These restriction 
fragments were used to screen a chick embryonic cDNA li- 
brary at low stringency (T ,  -47 "C). Six overlapping clones 
have been purified and sequenced from their extremities. None 
of them contained the 5' end of the main open reading frame 
(ORF). Figure Id illustrates the alignment of these clones 
relatively to the main ORF (Figure IC). In order to obtain 
the missing 5' part of the coding sequence, another cDNA 
library (chick brain E13) was screened both at low stringency 
with an EcoRI-BglII 1.2-kb restriction fragment (Figure 1 b) 
from the 5' end of the human VNR-2 clone and at high 
stringency with the most 5' cDNA (1.4) isolated during the 
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FIGURE 1 : Restriction map of the probes and purified cDNAs. (a) 
Map of the EcoRI (R) and PstI (P) restriction fragments and Eco- 
RI-BglII (B) fragment in (b), from human a, cDNAs used as probes 
for screening at low stringency. ( e )  Restriction map of the purified 
chick cDNAs. The box indicates the location of the main open reading 
frame. (EcoRI, R; BglII, B; Pstl, P; HindIII, H). (d) Map of the 
six chick embryonic (E10) cDNAs (1.1, 1.3, 1.4, 1.5, 1.7, 1.8) purified 
with the probes mentioned in (a). (e) Map of six cDNAs (d10, dl 1, 
d12, d14, d15, and d17) purified from a chick brain (E13) cDNA 
library. 

first screening. Six cDNAs that were positive with the 1.4 
cDNA probe were purified (Figure le). One of them, d10, 
was 5 kb long and positive with both probes. It contains the 
5’ end of the coding sequence as well as 32 base pairs of the 
5’-untranslated sequence and 1.9 kb of 3’-untranslated se- 
quence. 

Main Coding Sequence Analysis. The nucleotide sequence 
was determined by reconstituting a continuous sequence on 
both strands from overlapping partial sequences obtained from 
10 different cDNAs and their subclones. This nucleotide 
sequence and the deduced amino acid sequence of the main 
open reading frame are presented in Figure 2. The cDNA 
sequence includes 3 102 nucleotides of open reading frame and 
32 and 361 nucleotides of 5’- and 3’-untranslated regions, 
respectively. Two nucleotide substitutions in individual cDNAs 
have been found at positions 1252 and 2087. In the first case, 
the substitution eliminates an EcoRI site found in the two most 
5’ clones from the E10 library in all the cDNAs purified from 
the El  3 library that overlap this site. Both substitutions affect 
third codon bases that do not change the encoded amino acid. 

The translation of the main open reading frame (Figure 2) 
defines a 1034 amino acid long polypeptide that shares 83% 
identity with the sequence of the human vitronectin receptor 
a, subunit (Suzuki et al., 1986; Fitzgerald et al., 1987) and 
is less than 40% identical with that of any other integrin a 
subunit published so far. Therefore, this sequence appears to 
be the chick homologue of the human a, subunit. 

The different human amino acids are listed in Figure 2 
below the chick residues, and the nonconservative changes are 
also highlighted with an asterisk. The N-terminus of the chick 
a, sequence starts with a 21-residue-long putative signal se- 
quence. Although it is less than 25% conserved with its human 
equivalent, sequence analysis indicates that it has the features 
of a signal sequence including appropriate amino acids at  
positions -1 and -3 (von Heijne, 1986). After cleavage of this 
peptide, the 1015 amino acid long mature polypeptide has a 
calculated molecular weight of 11 2 502. Fifteen potential 
N-glycosylation sites (Asn-X-Thr/Ser) are present (Figure 
2). Of these, 80% (1 2) are conserved in the human sequence. 
Assuming an average contribution of 2500 daltons per gly- 
cosylation site, we obtain an expected molecular weight of 
150 002. This chick a, sequence contains all of the specific 
features typical of an integrin a subunit. In the N-terminal 
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half of the sequence, there are seven repeats, the last four of 
which have a putative Ca2+ binding domain (DxD/NxDD/ 
GxxD). In the C-terminal portion are a highly hydrophobic 
and presumably transmembrane domain followed by a short 
cytoplasmic domain. Out of 32 residues, 30 of this cytoplasmic 
tail are identical in the human a, sequence (Figure 2). The 
18 cysteines of the human a, sequence are conserved in the 
chick subunit, but surprisingly, an additional 19th cysteine 
residue is present in the latter sequence at position 317 between 
the second and third Ca2+ binding domains. Like the human 
a, subunit, the chick sequence has a putative protease cleavage 
site in the extracellular domain between residues 857 and 858, 
in a segment relatively close to the transmembrane domain. 
With the possible exception of a4, this cleavage site (RR.D) 
satisfies the consensus observed so far among the cleaved 
integrin a subunits, that is, K/R-R-E/D (Takada et al., 1989). 
Analysis of the chick a, protein presented below provides 
evidence that this potential cleavage site is actually used to 
generate a large extracellular fragment linked by a disulfide 
bond to a small transmembrane fragment containing the cy- 
toplasmic tail. The C-terminal domain of the large fragment 
is comparatively poorly conserved between the chick and hu- 
man a, subunits, with only 36% identical residues in the last 
25 amino acids. This chick sequence segment is hydrophilic 
and is also highly antigenic (see below). 

The cDNA clones extending the furthest 3’ (d10 and d l  1, 
Figure le) exhibit a stretch of poly(A) at  their 3’ end. The 
absence of a consensus polyadenylation site (AATAAA) in 
the immediate 5’ vicinity of this site suggests that this may 
not be the true polyadenylation site of the mRNA, but rather 
an internal A-rich sequence. In this case, part of the poly(A) 
stretch may not be encoded in the mRNA but may instead 
reflect a sequence complementary to the poly(dT) primer used 
in the construction of the library. 

R N A  Blot Hybridization. When RNA blots of chick em- 
bryo fibroblast poly(A+) RNA were hybridized with d10 
cDNA as a probe, multiple transcripts were detected (Figure 
3). The main transcript is about 9 kb long, and two minor 
products are 6.6 and 5.6 kb long. The presence of a major 
mRNA of 9 kb suggests also that the main polyadenylation 
site is several kilobases further 3’ than the d10 cDNA 3’ end. 
It is presently unclear whether the existence of several poly- 
(A+) transcripts reveals the presence of alternatively spliced 
transcripts, different initiation sites, or alternative poly- 
adenylation sites. The oligo(A) stretch found about 2 kb 
beyond the coding sequence at the 3‘ end of some purified 
cDNAs (e.g., d10 and d l  1, Figure le) is compatible with the 
latter hypothesis. 

a,-Specific Antisera. To analyze the protein product en- 
coded by this chick a, cDNA, we coupled synthetic peptides 
derived from this sequence to keyhole lipet hemocyanin (KLH) 
to generate polyclonal antisera in rabbits. We chose two 
sequences which were both hydrophilic and located in a C- 
terminus position. The first peptide (C) was the cytoplasmic 
domain, and the second peptide (L) was the predicted C- 
terminus of the large extracellular fragment expected to be 
generated during integrin maturation by proteolytic cleavage. 
While extracellular, the latter sequence is not very well con- 
served with its human counterpart (9 out of 27 residues are 
conserved) and therefore seemed likely to be antigenic. Both 
peptides proved to be highly antigenic in rabbits. In fact, as 
illustrated in Figure 4, immune sera to both peptides precip- 
itated a specific set of proteins from surface-labeled chick 
embryo fibroblasts (lanes 2 and 4) that are not precipitated 
with preimmune sera (lanes 1 and 3). 
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COCOCGGGGC CGGGCCGOOI ~ O C O O O  C C A M C O C  OCTOCajOCO TCDCTWTGC 6 0  
W A A  I R A  S L L  -11 

TGAOCTOCOC GCTGAC- GCCCGCGCCT TCMCCTGGA CGCCOAGCGG CCOOCCETGT 120 
L S C A  L T A  A R A  F N L D  A E R  P A V  1 0  

V D S  E .  . .  t 
ACTCGGOCOC CGAajGcAOC T A C T T W T  T r r X ' G T G G A  CTTCTTCOCT CCCGACDCCT 180 
Y S G A  E G S  Y F G  F A V D  F F A  P D A  30 

P v s  
* .  

CCTCGATGTT TCTTCTGGTG U E X C T C C M  AAGCAAACAC CTCCCAGAOC MTGTGGTAG 2 4 0  
S S I W F  L L V  G A P  K A N I T  S Q S  N V V  SO 

R T P G I  
* t  

AAGGGGGTCA GGTOCTOCAA TGTAACTGGA ATTCCMCAG GAACTOCCAG CCCATCATCT 300 
E G G Q  V L Q  C N W  N S N R  N C Q  P I 1  7 0  

K D S T R  E .  

TCGACTCCAC AGGCAACAGA GATTTTGCTC CTGATGATCC ACTGGAATTT AAGTCTCATC 360 
F D S T  G N R  D F A  P D D P  L E I  K S H  90 

. . . . I  

A Y K  

AGTGGTTTGG AOCATCTGTG AGATCCAAAA ATGATAMAT TCTQXTTGT GCCCCATTGT 4 2 0  
Q W F G  A S V  R S K  N D K I  L A C  A P L  110 

Q 

ATCACTGGAG AACTGAAACA AAACMGAGC GAGAGCCTGT G m C T T G T  TACCTGTTTG 180 
Y H W R  T E T  K Q E  R E P V  G T C  Y L F  1 3 0  

n F Q .  

ATGGATCTM ATCTGTGGAA TATGCACCCT GCAGGTCGAC TACCATTGAT GCAGATEOOC 5 4 0  
D G S X  S V E  Y A P  C R S T  T I D  A D G  I50 

Q D  
I .  

T T  

AAGGATTTTG CCAAGGTGGA TTTAGTATTG ACTTCACAAA GGGAGACAGA GTCCTGCTTG 600 
Q G F C  Q G G  F S I  D F T K  G D R  V L L  170 

A 

GAGWLCCTGG CAGTTTTTAC TGGUUOGCC AGCTCATTTC TGATCGAGTG GCAGAGATTT 660 
G G P G  S T Y  W O G  Q L I S  D R Y  A E I  190 

Q 

TGGCTAAATA TGACTCCAAA GTCTAUGTA CAMATATGA CGACCAGTTA GCAACCAGAC 720 

" 3  P N  I N N  
L A K Y  D S K  V I S  T K Y D  D Q L  A T R  210 

. *  t .  

CTGCTAGTOC TGCTTTTGAT GACAGCTACT TOOOTTATTC TGTGGCTGTT GGAGACTTCA 780 
P A S A  A F D  D S Y  L O P S  V A V  G D F  230 
T O  I 

GTGGTGATGG CATAGAAGAC TTTGTATCAG GAGTCCCAAG AOCAGCAAGA ACTCTAGGCA 8 4 0  
S G D G  I E D  F V S  G V P R  A A R  T L G  250  

111 . .  . 
B " 
TGGTGTCTAT CTACAATGGG AAAAACATGT CTTCCATGTA CAACTTCACT GWLGAGCAGA 900 
n v s ~  Y N G   en S S H Y  N P F T  G E Q  210 

Y D L 

TGGCTGCTTA TTTTGGCTAT TCAGTGGCTA CTACAGACAT TAATGGGGAC GATTACACAG 960 

F A A ,  

ATTTGTTTAT TGGAGCCCCC CTTTTTATGG ATCGAGGTTC TGATGCXAAA CTTCAAGAGG 1020 
D L F I  G A P  L F W  D R G S  D G K  L Q E  310 

~ A A Y  F G Y  E V A  T T D I  N G D  D Y T  290 

1 1 1 )  

Y 

TCGOCCAAGT TTCCATTTGT CTTCAAAGAG CTTCTGGAGG GTTTCAGATT GCAAAGCTGA 1080 
V G Q V  S I C  L O R  A S G G  F Q I  A K L  330 

v s  D T T  

ATGGTTTTGA GATATTTGCA AGATTCGGCA GTGCTATTOC ACCTCTGGGT GATCTAGACC 1 1 4 0  
N G F E  I F A  R I G  S A I A  P L G  D L D  350 

V 
I1111 

AGGATGOCTT TAATGATATT GCAGTAGCTG CACCETACGG TGGAGAGGAC AAGAGAGGAC 1200 
Q D G F  N D I  A V A  A P Y G  G E D  K R G  310 

I K 

TTOTCTATAT CTACAATGG4 AGAOCAACTG GTTTGAATOC AGTCCCATCA C G U T T C T T G  1260 
L V Y I  Y N G  R A T  G L N A  V P S  R I L  390 
I F 5 Q 

AAGGGCAGTG GOCTGCTCGT ACTATGXAC CCAOCTTTGG GTACTCGCTG AAAGGAGCCA 1 3 2 0  
E G Q W  A A R  T I P  P S F G  Y S L  K G A  410 

S II 

CAGACGTOGA CAUAATGGA TATCCAGACT TGATTGTTGG AGCCTTTGGT GTTGATACAG 1380 
T D V D  K N G  Y P D  L I V G  A F G  V D T  430  

I R 

CTGTTTIOTA TAGGGCCAGA CCAGTTATTA GAGTGAATOC TOCCCTTGAA GTTAATCCAA 1 4 4 0  
A V L Y  R A R  P V I  R V N A  A L E  V N e P  450  

I I V )  

I T G Y 

C C A T T C T h  CCCAGAAAAC AAAOCTTGTT CACTGGSAGA TGTAMAGTT TCATGCTTCA 1 5 0 0  
T I L N  P E N  K A C  S L A D I I V K V  S C F  410  
5 T P GTA L Q D  

II ..t 

AAGTAAAGTT CTGCTTAAAA GCAGATGGCA AAGWAAGCT CCCTAATTCT CTCAATTTTC 1560 
K V K F  C L K  A D G  K G K L  P N S  L N F  490 

V R K  
. *  

N R  

AAGTGGAGCT GCTGTTGGAT AAACTGAAGC AAAAAGGAOC TATAAWAGA GCTCTCTTTC 1620 
Q V E L  L L D  K L K  Q K G A  I R R  A L F  510 

TCCACAOCAA ACAGCCTAOC CACTCCAAGA ACATGACTAT TACAAAGGGA GOCAMATGA 1680 
L H S K  Q P S  H S K  N I M T I  T K G  G K ~  530 

Y R S  S R  I. 
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ATTGTGAAGA ACTTGATGCT TTTCTGAGGG AIQAAXTGA ATTTAGAGAC AAATTAACTC 1 1 4 0  
N C E E  L D A  F L R  D E S E  F R D  K L T  550 

1 Y  

C C A T T A W T  TTTTATGGAA TATCOTCTTG A T T A C M M C  AOCTGTAGAT GCMCAGGAT 1800 
P I T I  F W E  Y R L  D Y K T  A V D  A T G  570 

R A T  

TOCATCCTAT CCTCMCCAG TTCATCCCTG CTMTATGAG CAGACACXA CACATTCTGC 1860 
L H P I  L N Q  T I P  A N I W S  R O A  H I L  590 

0 r I 

TGGATTGTGG TGAGGATAAT ATCTGCAAAC C U T G G A  GGTTTUGTA AGAAGTGATC 1920 
L D C G  E D N  I C K P  K L E  V S V  R S D  610 

V D 

AGAAGAAGAT CTACATTEOT GATGACAATC CCTTULCACT GATTGTCACT GCTGAGAATC 1980 
Q K K I  Y I G  D D N  P L T L  I V T  A E N  630 

K O  . .  
A A G a c A A S  AOCCTATGAA GCAGAGCTCT TTGTCATTGT TCCOCCTCAA G C A a T T T C A  2010 
O G E G  A Y E  A E L  F V I V  P P Q  A D F  650 

I S I  L 
* ( I  

TTGGTGTTGT T C G G M T M C  G A G a T C T A G  CMGACTGTC GTGXXATTT MAACTGAGA 2100 
I G V V  R N N  E A L  A I L S  C A F  K T E  670 

ATCAAACTCG CATGGTGGTT TGTGACCTGD GAAATCCCAT GMAGCAGGA ACTAAWTAT 2160 
N ~ Q T R  n v v  C D L  G N P ~  K A G  T K L  690 

Q Q 

TAGCTOOCCT GCGTTTCAGT GTGCACCAOC AATCCGAAAT GGATACCTCT GTGAAGTTTG 2220  
L A G L  R F S  V H Q  a r e a  D T S  V K F  110 

ACTTGCAGAT CCGAAGTTCC AATCTGTTTG ACMTCTAAG TCCTGTAGCA TTCTATCAGG 2280  
D L O I  R S S  N L F  D N e L S  P V A  F Y Q  1 3 0  

Q K V  V S H K  . . .  . t . *  

TTGACCTTOC CATTTCAGCA GCTGTTGAM TTAGAQXGT GTCATCTCCT GATCACATAT 2340 
V D L A  I S A  A V E  I R G V  S S P  D H I  750 

V L  

TCCTTCCTAT TOCAAATTGG CAGCCCMGG A W T C C T G A  M C A G M G A T  GATATGDDC 2 1 0 0  
F L P I   AN^ P P I  E N P E  T E D  D I G  710 

P E H  E V  . .  
CTCTAGTTCA GCATATCTAT GAGCTGAGAA A C M T Q X C C  MGTGCTTTC AOCAAGSTGA 2460 
P L V O  H I Y  E L R  N N G P  S A F  S K V  790 

V 5 A .  

TGATGACTCT GCAGTGOCCT TACMATACA AAAACTATAC ACTCTTGTAT ATTGTTCAAT 2520 

L H  N N  L H  . n n r ~  Q W P  Y K Y  K N I Y T  L L Y  I V Q  810 

* .  
ATCACATTGA TGGTCCCATO AACTGCACTT CTGATATEO. GATWTCCA r m m r r A  2580  
Y D I D  G P ~  N I C T  S D ~ E  I N P  L K I  830 

R 

AGATTTCTOC TCCTAAAGAG GATWAAAGA ATGAAACGTT TAGCAGGGAA GATAACCGCA 2640 
K I S A  P K E  D E K  N @ E T F  S R E  D N R  850  

S L O T  T D V A G Q  G E  
t . .  * t * *  . .  

ATCATCGTAT CAGTCGGAGA GATTTMCTG CCATTGUGG AGACOTGCAA ACCTTGSGCT 2100 
N H R I  S R R  D L T  A I E G  D V Q  ~ L G  8 7 0  
0 L T I  4 A L S  I n  
t t  . .  
GTGGAAATOC TGATTGTTTA AAGATAGTCT GXAAGTTGG CCACCTGGAG AGGGGGUGA 2760 
C G N A  D C L  K I V  C Q V G  H L E  R G K  890 

V Q  R D  
1 .  

GTGCAATATT GTATTTMAG TCACGACTTT GGACCULMC TTTCATGAAT AAAGAMATC 2820 
S A I L  ~ L K  S R L  W T Q T  F M N  K E N  910 

V L E 

AGAATCACTC CTATTCCCTT CAATCATCTG CTTCOTTCAA TGTAATAGAG TTCCCTTACA 2880 
Q N C H S  Y S L  Q S S  A S F N  V I E  F P Y  930 

K 

AGAACCTTTC TTTTGAAGAT ATTCACAATT CTACAGTGGT TACTACAAAT ATTACATGGG 2 9 4 0  
K N P L S  F E D  I H N l S T V V  T T N B I T W  950 

P I  T L V 
e t  

GCATTCAACC ACAGCCTATG CCTGTGCCAG TGTGGGTTAT AATTTTAGCT GTCCTAGCAG 3000 
G I Q P  Q P W  P V P  V ~ V I  I L A  V L A  970 

A 
TM 

GATTATTGCT CTTGGCTOTT CTAGTOCTCO TTAPOTACAG GATGGGCTTT TTCAAACGTG 3060 
G L L L  L A V  L V L  V W Y R  ~ G F  F K R  990 

F 

TGAGACCACC TCAAOAAGU CAA~OIIUOAG A A c f f i c r m  GXACATGAA AATGGGSUG 3120 
V R P P  O E E  O E R  E Q L Q  P H E  N G E  1 0 1 0  

GTACATCAGA AGZTTAAGCA GAGTTTTAIC TGTMGACAT TCTAMACTT a w m c c r  3180 
G T S E  A 101s 

N T 

ACATCTTAGT TACAAATAU GGCTTCCCCC T T U G W L C M  AAACACTCAT G A C E C M O O  3240 
ATGATGGTGT CAGGAGATAT CAGCACATAC ATLUTAAGA DCUTATATT TAAATCCTCA 3300 
TTTTTGTATT AATCATGTCC A T A U T G T W  CTMCACGTC T O C A C R i A X  TGTGTGTGAA 3360 
AACCOTTAAG TAMATGTAG TGCTATGAGT TTGCTTATTG GGATGTAGGA GACATGTTTT 3 4 2 0  
TAACAGACCG ACTTTATATG AOCTACTACA GACTCTTCAC A C A O C T G U C  CCUCAGCTT 3 4 8 0  
CCATAGATAC TTGAA 3495  

FiGuRE 2: cDNA and deduced amino acid sequence of the chick a, subunit and comparison with the human a, subunit amino acid sequence. 
Amino acids are abbreviated with the single-letter code. The amino acids in the mature human a, sequence that are different from the residues 
in the chick a, sequence are mentioned below the corresponding chick residues. Nonconservative substitutions are indicated by an asterisk. 
Amino acid substitutions within the following groups were considered as conservative: A, S, T; M, I, L, V; D, E; F, Y ,  W; R, K; N,  Q. The 
three amino acids residues in the human a, sequence that do not have chick equivalents are listed with a (#). The four putative metal binding 
(I-IV) and transmembrane (TM) domains are underlined. The arrows pointing upward indicate the two potential cleavage sites: after the 
signal peptide (between residues -1  and 1 )  and within the extracellular domain (between residues 857 and 858). The 15 potential N-glycosylation 
sites are followed by a (a). 
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FIGURE 3: RNA hybridization analysis. Chick embryo fibroblast 
poly(A+) RNA was electrophoresed through a denaturing agarose 
gel, transferred to a membrane, and probed with the chick a, subunit 
d10 cDNA. The numbers at left indicate RNA size standards in 
kilobases. 

A B 

1 2 3 4 5 6  1 2 3 4 5  

200 - 
2 0 0  - 

66 - 
66- 

FIGURE 4 Immunoprecipitation of chick embryo fibroblasts (CEFs). 
Surface-labeled CEF extracts were immunoprecipitated with (1)  
preimmune and (2) immune sera raised against the C peptide of the 
chick a,, subunit, (3) preimmune and (4) immune sera raised against 
the L peptide of the chick CY, subunit, and ( 5 )  integrin &specific serum 
and (6 )  a,&specific monoclonal antibody LM609. After protein 
A-Sepharose precipitation, the samples were washed and electro- 
phoresed in nonreducing (A) and reducing (B) conditions. The gels 
were then dried and autoradiogra hed. The numbers at left indicate molecular weight markers X IO- P . 

By comparing in Figure 4 lanes 2 and 4, we can see that 
the immune sera raised against the C and L peptides immu- 
noprecipitate the same set of integrin subunits migrating at 
M, 150K, 1 IOK, 94K, and 84K in nonreducing conditions. 

FIGURE 5: Immunodepletion with anti-& polyclonal antibodies. 
Surface-labeled CEF extracts were immunodepleted 7 times with 
successive doses of anti-& subunit serum (lanes 1-7). The depleted 
extract was then mixed with the serum raised against the C peptide 
derived from the chick a, subunit cytoplasmic domain (lane 8). An 
identical CEF extract sample was depleted 7 times with normal rabbit 
serum and finally was depleted 7 times with normal rabbit serum and 
finally immunoprecipitated (lane 9) with the same a,, subunit specific 
serum used in lane 8. 

The M, 150K band, which migrates at M, 127K in reducing 
conditions, has a molecular weight consistent with that pre- 
dicted by glycosylation of the chick a,, amino acid sequence. 
Its calculated molecular weight is 150K, and the expected 
fragment sizes after proteolytic cleavage at position 857 are 
122K and 28K. After reduction and denaturation, the a, 
subunit migrated with a molecular weight close to that pre- 
dicted for the large fragment, indicating that the two fragments 
were linked by a disulfide bond. The short, transmembrane 
fragment is too small to be visualized in Figure 4. 

The three lower molecular weight protein bands appear to 
be multiple subunits coprecipitating with the avian a,, sub- 
unit. The larger and most abundant of these migrates at  M, 
1 10K when nonreduced, and comigrates with a,, at M, 127K 
in reducing conditions. This band migrates with precisely the 
same mobility as the lower band immunoprecipitated in lanes 
5A and 5B with a & subunit specific serum. The upper bands 
in lanes SA and SB appear to be mixtures of the &associated 
a subunits. The second band which coprecipitates with the 
a,, subunit has the same mobility as the b3 subunit that is 
visualized in lane 6, using the a$3 complex specific monoclonal 
antibody (LM609). Finally, a lower band of 84 kDa in 
nonreducing conditions indicates that a third 6 subunit is 
probably coprecipitating with some a,, subunits. This could 
be os or a novel @ subunit. This band is unlikely to be a 
breakdown product of or o3 because it is not present in 
immunoprecipitates of 8, or heterodimers (Figure 4, lanes 
5 and 6). 

The a, subunit was first characterized in association with 
a p3 subunit (Pytela et al., 1985; Suzuki et al., 1986), but more 
recently two other 0 subunits have been shown to form het- 
erodimers with a,,. A BX subunit has been found in some 
carcinoma cells, which is slightly larger than p3 (Cheresh et 
al., 1989a), and a flS subunit in osteosarcomas that migrates 
below the o3 subunit (Freed et al., 1989). A possible existence 
of a,& heterodimers was suggested by vitronectin-integrin 
binding that could be inhibited by the &-specific CSAT mo- 
noclonal antibody (Buck & Horwitz, 1987). 

In  order to further investigate the presence of a,& heter- 
dimers,  immunodepletions using a &specific polyclonal 
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antibody were performed as illustrated in Figure 5. Extracts 
from surface-labeled chick embryo fibroblasts (CEFs) were 
depleted 7 times successively, resulting in a virtually complete 
depletion of &containing heterodimers (Figure 5, lanes 1-7). 
When the @,-depleted extract was mixed with a,-specific an- 
tibodies to immunoprecipitate the remaining a,-containing 
heterodimers, the amount of protein migrating with the mo- 
bility of the PI subunit was strikingly diminished (lane 8) after 
the PI depletions, compared to a control (lane 9) depleted 7 
times with normal rabbit serum. This indicates that one p 
subunit precipitated by the a,-specific antiserum is indeed 6,. 
As shown in lane 8, even after extensive depletions with PI ,  
there is still a faint band located at  approximately the same 
position as PI,  at about 110 kDa. It is therefore possible that 
another /3 subunit, that comigrates with the Dl  subunit in 
nonreducing conditions, coprecipitates with the a, subunit in 
CEFs. Alternatively, it is possible that the @,-specific poly- 
clonal antibody is unable to completely deplete the PI heter- 
odimers due to a limited affinity of the antibodies. However, 
the latter possibility seems unlikely because the same PI- 
specific antiserum was able to deplete completely another a@, 
heterodimer (data not shown). 

Inspection of Figure 5 indicates that the amount of a, in 
lane 8 was not strongly reduced by depletion with the P1 
antibody compared to controls, as would be expected if the 
majority of the subunits was present in a,& heterodimers. The 
most likely explanation for this is the presence of a large 
proportion of monomeric a, subunits in the extract, dissociated 
from @ subunits after cellular lysis. Consistent with this 
possible explanation, a high apparent ratio of a, subunits 
compared to /3 subunits was seen in each experiment in which 
an a,-specific serum was used for immunoprecipitation, in 
contrast to the ratio observed with a p,-specific serum (Figures 
4 and 5). 

As another demonstration that a, associates with P1, a gel 
was overloaded with an excess of a,-specific antibodies and 
their immunoprecipitated products. After electrophoresis, we 
were able to detect the presence of PI subunits in the immu- 
noprecipitate by using the P,-specific monoclonal antibody 
WlBlO in an antigen blot (data not shown). 

DISCUSSION 
We have cloned and analyzed chick cDNAs that are ho- 

mologous to the human vitronectin receptor a subunit (a,). 
We have also raised specific antibodies to the subunit encoded 
by these cDNAs and analyzed the heterodimeric receptors that 
it forms in CEFs by immunoprecipitation and SDS-PAGE. 

The chick amino acid sequence deduced from the purified 
cDNA clones is very similar to the human a, subunit; 83% 
of the 1015 amino acids are identical. An additional 6% of 
the residues have been substituted by a homologous amino 
acid. This high sequence conservation between two a subunits 
is much higher than the similarities observed between different 
integrin a subunits in the same organism (<45%). Moreover, 
this amino acid conservation is comparable to the 85% con- 
servation that has been observed between the chick and human 
integrin 6 ,  subunits (Tamkun et al., 1986; Scott Argraves et 
al., 1987). We therefore assume that the subunit described 
in the present paper is the chick homologue of the vitronectin 
receptor a, subunit (Suzuki et al., 1986; Fitzgerald et al., 
1987). 

Analysis of the different structural domains of this a, 
subunit indicates that the putative transmembrane and cyto- 
plasmic domains of the chick and human a, subunits are 
particularly well conserved (95%), as they are in the PI sub- 
units (100% conserved) of the same two species. This high 
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conservation between cytoplasmic domains from homologous 
subunits in different organisms contrasts with the diversity 
observed between cytoplasmic domains from different subunits 
in the same organism [cf. Marcantonio and Hynes (1988) and 
Takada et al. (1989)]. This suggests that the cytoplasmic 
domains of the a subunits are functionally important, as it has 
been directly demonstrated for the 0, subunit [e.g., see So- 
lowska et al. (1989)l. 

The putative Ca2+ binding domains of the integrin a sub- 
units are also likely to have important functions. They are 
highly conserved (91%) between the human and chick a, 
subunits. Association of the a and 0 subunits has been shown 
to require Ca2+ in the platelet heterodimer GPIIb/IIIa, also 
named a,,& (Fitzgerald & Phillips, 1985). In addition, in- 
tegrity of integrin heterodimers is necessary for the ligand 
binding activity of avian PI integrins (Buck et al., 1986). 
Calcium is required for the binding of the vitronectin receptor 
to peptide ligands (Cheresh et al., 1987). Binding of the I 
domain containing integrins a2Plr aLFA.,P2, and aMAC-l& re- 
quires Mg2+ [cf. Santoro (1986) and Dransfield and Hogg 
(1989)l. 

Several integrin receptors recognize an Arg-Gly- Asp 
(RGD)-containing sequence in different extracellular matrix 
components (Pierschbacher et al., 1984; Ruoslahti & 
Pierschbacher, 1987). Vitronectin, for example, contains a 
cellular attachment site that contains a single RGD sequence 
(Suzuki et al., 1985). Two RGD binding sites of the vitro- 
nectin receptor a subunit have been recently mapped by 
photoaffinity labeling between amino acids 139 and 349. This 
interval overlaps and precedes the N-terminal side of the first 
three Ca2+ binding domains (Smith & Cheresh, 1990). By 
comparing the chick and human a, sequences within the 
139-349 interval, we can identify residues that did not diverge 
during evolution of these two species and thus might be in- 
volved in the ligand binding specificity of these receptors. To 
eliminate residues not specific for a,, we have also compared 
the same region to the sequence of the a5 subunit of the fi- 
bronectin receptor. The cy5 subunit is more similar in amino 
acid sequence to a, than any other known integrin a subunit, 
but as-containing heterodimers do not bind vitronectin or 
fibrinogen, in contrast to at least some a,-containing hetero- 
dimers (Pytela et al., 1985; Cheresh et al., 1989b). The result 
of such a comparison is presented in Figure 6. It appears that 
residues specific to the two a, sequences are scattered 
throughout the 139-349 interval, but three regions (A, B, and 
C) mentioned in Figure 6 have particularly high numbers of 
them. In the A region, which is located N-terminal to the first 
Ca2+ binding domain (residues 186-204), 1 1 out of 19 residues 
(58%) are conserved between the 2 a, subunits only; 2 others 
(1 1%) are also present in the FNR as subunit. Intriguingly, 
this is the location of an alternatively spliced exon in the 
Drosophila integrin a homologue PS2 (Brown et al., 1989). 
The B and C regions, residues 247-262 and 320-334, re- 
spectively, are located between the first three Ca2+ binding 
domains. Fifty percent of the residues of the B region and 
59% of the residues in the C region are specific to the two 
compared a, sequences. In addition, 3 1% of the residues in 
the B region and 18% of the C region are also shared with the 
a5 subunit. Interestingly, in comparison to the chick and 
human a, subunits, a5 and all other sequenced a subunits have 
additional amino acids inserted in the C region (Takada et 
al., 1989). 

Thus, a,-specific residues do exist in the RGD binding site 
interval (residues 139-349). Forty percent of them are 
scattered, but 60% are concentrated in three regions that are 
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2 2 4  A 

L-r 

* 
I 

chVNR A R T L G M V S I Y N G K N Y 8 8 Y Y N F T  G E Q Y A A  Y F C Y  S V A T 
huVNR 

Y D 11?] L FN-m’ huFNR N L T Y G Y V T I L N G S D I R S L Y N F S C E Q M A S  Y F G Y  A V A A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B 
L---u 

A P L P Y D R C S D C K L Q E V G Q V 
A P L F Y D R 0 S D C K  L Q E V G Q  V 
A P L L Y D R T P D O R  P Q E V G R V Y V Y 

* * -  * >  * - *  
I1 

C I11 
FIGURE 6: RGD binding domains comparison. Amino acid comparison of the RGD binding domain from the human a, subunit (huVNR) 
and its chick counterpart (chVNR), with the homologous sequence from the a5 subunit of the human fibronectin receptor (huFNR). Boxes 
indicate identical residues between chick and human vitronectin receptors (two upper row boxes) or between the three compared a subunits 
(three row boxes). Nonconservative substitutions between the two a, and the as sequences are indicated by an asterisk, using the rule defined 
in the Figure 2 legend. The three main regions, A, B, and C, containing vitronectin receptor specific sequences are underlined by dashed lines. 
Amino acid numbers correspond to the human sequence (Fitzgerald et al., 1987). 

either preceding and/or interspersed between the three first 
Ca2+ binding domains. If the ligand binding domain is re- 
stricted to the RGD binding site and its vicinity, these a,- 
specific residues are likely to have an important role in de- 
termining the binding properties of a,-containing heterodimers. 
In addition to the a subunits, there is also evidence that the 
P chains participate in the ligand binding specificity. Most 
notably, a carcinoma cell line (UCLA-P3) expresses a vitro- 
nectin receptor composed of an a, subunit associated with a 
Px subunit, also called P5 (Cheresh et al., 1989a). This a,& 
receptor exhibits a different ligand binding specificity than 
the a,& heterodimer, that is most likely due to the different 

subunits in these two heterodimers. 
Evidence in this report indicates that a, can form hetero- 

dimers with multiple P subunits in CEFs. Several lines of 
evidence show that one of the 0 subunits associated with a, 
is the PI integrin subunit. After coimmunoprecipitation with 
an a, subunit, this subunit migrates with a mobility identical 
with PI either in reducing or in nonreducing conditions (Figure 
4). Moreover, it can be specifically immunodepleted with 
PI-specific polyclonal antibodies (Figure 5). In addition to 
this PI subunit, two smaller subunits were coimmunopreci- 
pitated with a,-specific antibodies. One of these has the 
electrophoretic mobility expected for the P3 integrin subunit, 
but the other one (84 kDa nonreduced) is smaller than any 
a,-associated /3 subunit described so far (Cheresh et al., 1989a; 
Freed et al., 1989). This small subunit may be another known 
a,-associated P subunit (& or 6s) that migrates faster in CEFs 
due to a difference in glycosylation. Alternatively, it may be 
a novel 0 subunit. 

Since the completion of this work, two reports have appeared 
that demonstrate association of the a, subunit with the integrin 

subunit in two human cell lines, 293 and IMR 32 (Bodary 
& McLean, 1990; Vogel et al., 1990). There is no agreement 
in these reports on the ligand binding specificity of a,P1 
heterodimers. The evidence presented indicates that this re- 
ceptor functions as a fibronectin, but not vitronectin, receptor 
in the neuroblastoma cell line IMR 32 and as a vitronectin, 
but not fibronectin, receptor in the embryonic kidney cell line 
293. One possible reconciliation of these results is that the 
ligand binding specificity of a,@, heterodimers is determined, 
in part, by cell-specific factors, as has been demonstrated for 
ad1 integrins (Languino et al., 1989; Elices & Hemler, 1989). 
Such factors could include differences in splicing, glycosylation, 
or accessory proteins. Taken together with the results in the 
present paper, the data indicate that the a, subunit associates 
with multiple /3 subunits, including PI ,  in both avian and 
mammalian species. They also indicate that the ligand binding 
specificity of the hetercdimer must be determined in each 
cell type in which it is expressed. Clearly, further studies on 
factors modulating its specificity are needed. 
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