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ABSTRACT: The glycoprotein (GP) IIb/IIIa heterodimer functions as a receptor for fibrinogen, von Willebrand 
factor, and fibronectin on activated platelets; it is dysfunctional in the bleeding diathesis Glanzmann's 
thrombasthenia. This receptor is a member of the integrin family, which includes homologous membrane 
receptors involved in a number of different cell-cell and cell-matrix adhesive interactions. Knowledge of 
the sequence and organization of the GPIIb and GPIIIa genes will help in understanding evolutionary 
relationships and functional homologies of this family of adhesion protein receptors and will facilitate analysis 
of molecular defects responsible for thrombasthenia. Using the GPIIb cDNA as a probe, we have isolated 
overlapping genomic clones encompassing the entire coding region, the 5'- and 3'-untranslated sequences, 
and the immediate flanking regions for the GPIIb gene. The gene spans approximately 17.2 kilobases (kb); 
all but approximately 2.6 kb of intronic DNA sequence has been determined. The GPIIb gene contains 
30 exons whose demarcations do not correlate with previously suggested functional domains. Two intron/exon 
borders have the rare GC splice donor sequence instead of the consensus G T  sequence. There are at least 
seven complete and three partial AluI sequence repeats within the intron sequences. RNase protection, 
S1 nuclease analysis, and primer extension studies using human erythroleukemia (HEL) cell RNA and platelet 
RNA map a major transcription start site 32 base pairs (bp) 5' to the beginning of the coding region; however, 
there are no canonical consensus TATA or CAAT boxes in the region immediately 5' to the proposed cap 
site. The immediate 5'-flanking sequence of rodent GPIIb demonstrates complete identity near the proposed 
cap site with its human counterpart, but again, no TATA or CAAT boxes are apparent. 

%e GPIIb/IIIa complex, a calcium-dependent heterodimer 
present in platelet membranes, is the binding site for fibrinogen 
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(Jennings & Phillips, 1982; Bennett et al., 1982, 1983), fi- 
bronectin, and von Willebrand factor (Ruggeri et al., 1982; 
Ginsberg et al., 1983) on activated platelets. Glycosylated 
GPIIb has a Mr of 136000 on SDS-PlYacrYlamide gels and 
contains two disulfide-linked subunits: a heavier M, 125 000 
subunit and a lighter M, 23 000 subunit (Jennings & Phillips, 
1982). G P I I I ~  is a single-chain disulfide bond rich glyco- 
protein with an ~nreduCd Mr Of 95 000 that iIKX"Xm 
to 1 10 000 following disulfide reduction (Jennings & Phillips, 
1982). Defects or deficiencies of the GPIIb/IIIa heterodimer 
underlie the autosomal recessive bleeding disorder Glanz- 

tWin  family of " h r a n e  adhesion receptors that mediate 
cell-cell and cell-matrix interactions. This family includes 

1 Division of Hematology and Oncology, Hospital of the University mann's thrombasthenia. GP1lb/llla is a member Of the in- 
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the fibronectin and vitronectin receptors found on a wide 
variety of cells, and the LFA-1, p150,95, and Mac-1 complexes 
found on leukocytes and lymphocytes (Hynes, 1987). As in 
the GPIIb/IIIa complex, other integrins are composed of two 
different chains, an a (GPIIb-like) chain and a /3 (GPIIIa-like) 
chain. The cDNA sequences for a number of the integrin a 
and /3 chains, including GPIIb and GPIIIa, are now known 
(Tamkun et al., 1986; Argraves et al., 1986; Suzuki et al., 
1987; Poncz et al., 1987a; Zimrin et al., 1988; Fitzgerald et 
al., 1987a,b; Bray et al., 1987; Kishimoto et al., 1987b; Corbi 
et al., 1987; Bogaert et al., 1987; Rosa et al., 1988; Aranout 
et al., 1988). Analysis of the deduced amino acid sequences 
indicates that all a and p chains appear to have an N-terminal 
signal peptide and a single transmembrane domain near the 
C-terminus. GPIIb, like a number of the other a chains, is 
cleaved after translation into two disulfide-bonded subunits. 
As in other a chains, the heavier GPIIb subunit contains four 
potential calcium-binding domains, while the lighter subunit 
contains a hydrophobic transmembrane domain and a short 
hydrophilic cytoplasmic domain. GPIIIa contains four cys- 
teine-rich repeats and a hydrophilic cytoplasmic domain. 
While the a and /3 chains have no protein homology, there is 
approximately 40% amino acid identity among the various a 
chains as well as among the @ chains of the integrin receptors 
(Hynes, 1987; Phillips et al., 1988). 

The integrins can be divided into at least three families, on 
the basis of the specific /3 chain that is present (Hynes, 1987; 
Phillips et al., 1988). GPIIIa is the /3 subunit present in the 
platelet GPIIb/IIIa receptor and in the widely distributed 
vitronectin receptor (Ginsberg et al., 1987; Zimrin et al., 1988; 
Fitzgerald et al., 1987b). The white cell LFA-1, Mac-1, and 
p150,95 receptors contain a common /3 subunit (Hynes, 1987; 
Phillips et al., 1988). In leukocyte adhesion disease, all three 
receptors are defective, and in several well-studied examples, 
the disorder appears to be secondary to an absence of ex- 
pression of the @ subunit (Kishimoto et al., 1987a). 

Knowledge of the organization of the genes for a and /3 
integrin genes is essential for complete understanding of both 
their evolutionary relationships and the regulation of their 
tissue-specific expression. To this end, we have used a full- 
length GPIIb cDNA (Poncz et al., 1987a) to isolate and 
characterize overlapping genomic clones containing the entire 
gene and its 5 ' -  and 3I-flanking regions. 
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Rodent GPIIb cDNA (Poncz et al., 1989) was isolated from 
a rat megakaryocyte cDNA library in Agtl 1 (kindly provided 
by Robert Rosenberg, MIT). A HindIII 250-bp 5' fragment 
from the rodent GPIJb cDNA was used to isolate 5'-GPIIb 
genomic clones from a partial Sau3A rodent genomic library 
in EMBL3A (kindly provided by Richard Hynes, MIT). 

Subcloning of Restriction Fragments, Generation of Dele- 
tion Mutants, and Sequence Determination. Restriction 
fragments from genomic clones were electroeluted from aga- 
rose gels and subcloned into linearized M 13mpl8 and/or 19 
phage (Messing, 1983). Clones in both orientations were 
identified with S 1 nuclease digestion combinations of single- 
stranded DNA from M13 clones (Poncz et al., 1982b). The 
size of the Ba13 1 deletion mutants generated by digestion of 
double-stranded DNA was evaluated by S1 nuclease digestion 
of heteroduplexes with single-stranded phage containing the 
full-length complementary insert (Poncz et al., 1982b). The 
DNA sequence of overlapping deletion mutants was deter- 
mined by the dideoxy chain termination technique (Sanger 
et al., 1977) using either the Klenow fragment of Escherichia 
coli DNA polymerase or modified T7 DNA polymerase (Se- 
quenase) (Tabor & Richardson, 1987) with either a universal 
M 13 primer or specifically designed oligonucleotide primers. 

Southern Blot Analysis of Genomic DNA. Southern blot 
analysis of genomic DNA from a panel of normal controls was 
done as recommended by the manufacturer (GeneScreen Plus, 
Du Pont, DE) and probed with either radiolabeled 1.5-kb 5', 
1 .O-kb middle, or 0.8-kb 3' Sac1 fragments of GPIIb as well 
as with the full-length cDNA. Information derived from these 
blots and from DNA sequence analysis was used in the con- 
struction of the restriction map shown in Figure la.  

RNA Preparation. Total cellular RNA from HEL cells 
induced with 1.25% (v/v) DMSO (Tabilio et al., 1984), HL60 
cells (Collins et al., 1977), and K562 cells induced with lo-* 
M phorbol 12-myristate- 13-acetate (TPA) (Lozzio & Lozzio 
1975) were isolated either by the guanidinium thiocyanate 
(GTC)/cesium chloride banding technique (Ullrich et al., 
1977; Poncz et al., 1987b) or with GTC/acid phenol 
(Chomczynski et al., 1987). Total platelet RNA was prepared 
from fresh platelets obtained from a normal individual by 
GTC/acid phenol. 

Primer Extension. Primer extension of GPIIb mRNA was 
performed with a 30-mer oligonucleotide (double underlined 
in Figure 1) and AMV reverse transcriptase (Geliebter et al, 
1986). Briefly, the oligonucleotide was end labeled with T4 
polynucleotide kinase to 1 X lo9 dpm/pg, annealed to 10 pg 
of total HEL cell RNA, and extended with AMV reverse 
transcriptase in the presence of 100 pg/mL actinomycin D 
and triphosphates. The products of the primer extension re- 
action were fractionated on a 6% (w/v) denaturing poly- 
acrylamide sequencing gel. 

RNase Protection. Protection of uniformly labeled RNA 
transcribed from genomic DNA was performed as previously 
described (Zinn et al., 1983). An EcoRI/SalI 1.9-kb fragment 
(which contains 1253 bp of 5'-flanking sequence, exon 1, and 
403 bp of the first intron and is shown as the cross-hatched 
area in Figure la) was cloned into pGEM 32. This construct 
was then truncated by the removal of eight bases of GPIIb 
exon 1 and all of the first intron by double digestion with 
EcoRI and NcoI. The DNA fragment was then treated with 
S1 nuclease to produce blunt ends and religated with T4 ligase. 
To perform RNase protection experiments, 0.5 p g  of each 
construct was first linearized with HindIII, and then tran- 
scribed in vitro with [ c Y - ~ ~ P I ~ A T P ,  the other three tri- 
phosphates, and T, RNA polymerase. The 32P-radiolabeled 

MATERIALS AND METHODS 

Isolation and Characterization of Genomic GPIIb. The 
human genomic library used in these studies was prepared 
from leukocyte DNA of a patient with thalassemia (Semenza 
et al., 1984). Clones positive for GPIIb were isolated from 
this amplified library by screening with a 1.9-kb GPIIb cDNA 
fragment representing the 3' end of the GPIIb coding region 
and with a 460-bp cDNA fragment [generated by Ba13 1 di- 
gestion of the full-length cDNA (Poncz et al., 1982b)l con- 
taining the 5 '  end of the 3.3-kb GPIIb cDNA. Probes were 
radiolabeled with [ c Y - ~ ~ P I ~ C T P  by use of DNAse-generated 
calf thymus DNA random primers (Maniatis et al., 1982). 

Purified clones were subjected to single and double re- 
striction enzyme digestion. The digests were size fractionated 
on agarose gels, stained with ethidium bromide, and photo- 
graphed. Gels were then blotted (Southern, 1975) onto 
Genescreen-Plus (New England Nuclear, Boston, MA) ac- 
cording to the manufacturer's recommendations and probed 
with radiolabeled GPIIb cDNA to localize exon sequences in 
the genomic inserts. 
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................. II ut  I I I I  I ..I+ ' Ta'9 
I ................. Xb8 I 

-1253 
GTCAACGGATCAGAAAATAGC~G~TGTGGCTATGGTTACCCCTAGCGGACCTCTTWTC~ 

CCTGAGAACCTGCTTTTTTGGGAAGGCATGAGTGCCAGTAA~CTTGGCACTCCTCCTCTTCCGCTTACCGAGA~ 
ATGACTTTGCCTTTCTGCTCTCATCCCTTCACTTTGTCACCCTATGTTTGCATCTTCCATCCTTAGTGTGTGT 
TTCCATCCATCCAGTCTTTCGCAATACACGTACTACACATTGGACTCTTGGGTAGTCTCTAGGGCTGTAGCAA~G 
CCTTGCTCCCAAGGGACTCATTTACACAATCCTGTGAACGGACCAAGAGT~CAGTGTGCTCAATGCTGTGCCTACG 
TGTGTTAGCCCACGCGGCCAGCCTGAGGAGTCAGGGAAGGCTCCCCTAGG-GCCCC~CCA~TCAAGTCTTA 
ATGGTTAAAGAGCTCCATCACCCAAAAAGGATTGAGGGCCTACCTTCAACTGAACAGCT~T~T~TCTCA~C 

C T G T C C C C A G C A C T G A C T G C A C T G C T G T G G C C A C A C T ~ G C T T G G C T C A A ~ C G ~ G G A G ~ G T ~  

AGC T TCAGGTTTTATCGGGGGCAGCAGCTTCTCCTTCCCCGACCTGTGGCCAAGTCA-G-CCACAGCTGT 
ACAGCCAGATGGGGGAAGGGAGGAGATTAGAACTGTAGGCTAGAGTAGACAAGTATGGACCAGTTCACAATCACGCTA 

b 

TGTGAGTCAAAATTCCCTGGCTCCACTTTATC~TCCTTGCCACCTAGACCAAGGTCCATTCACCACC 

TATGGCTGGTTGAGGGGTCCTAGAAGGAGGAAGTGGGTWTGCCATATCWGATACAGA 

TCCCAAGCAGAAAGTGATGGTGGCTTGGACTAGCACGGTGGTAGTAGAGAT~GGT~GATTCAA~GACAT~ 
A T A G G C A ~ G G A C A T G ~ ~ ~ T A T T C T C A G ~ G G G G A G G A G T C A T G G C T T T C A G C - T ~ G C A T C  

C G T T G C T C A G C A A G T T A C T T G G G G T T C C A G T T T ~ G A C T T C C T G T ~ G ~ T C T ~ ~ G G A G G A G  
CACCCTCTGGGTGGCCTCACCCACTTCCTGGCAATTCTAGCCACCATGAGTCCA~GGCTATAGCCCTTTGCTCTGCC 

GAGCTGGCCC -1 

+1 (cap site) 
ATTCCTGCCTGGGAGGTTGTGGAAGAAGGAAGATGGCCAGAGCTTTGTGTCCACTGCAAGCCCTCTGGCTTCTG~ 

e x o n l ( 3 3 )  m a r a 1 c p 1 q a 1 w 1 1  e 

GTGGGTGCTGCTGCTCTTGGGACCTTGTGCTGCCC~CCTGGG€CTT~CCTGGACC-GTGCAGCT~CCTT 
w v l l l l g p c a a p p a w a l n l d p v q l t f  

CTATGCAGGCCCCAATGGCCCAGTTTGGATTTTCACTGGACTTCCACAAGGACAGCCATGGGAG~GAGCCGT~G 
y a g p n g s q f g f s 1 d f h k d s h g r(220) 

GGAAGTTGGGGTATTGGGCAGGACCCCTCCCCATCACTGCTTCTGGGGGCTTC~GTTTCCCATTTGCGATA 
GCAGTTGAGCAAGGTGACTTGTGGGGCCTATTCAGGTTGATTTCTTGTCAAGAATGTTGGGGTCCAGGGGACTGGCTC 
AGGTGAAGGTATAAGGGCAGGGCACATGTGGGCTGATGGGCACTGAAAACTA~GCAAGAA-GGGAAGACAAGAG 
TTGATGCTTTATTTTTTCCCCAAGGGTCAGTn;TATGAACCACTCCACCCT~-CCTTGAAATG~GAGAGGAGGC 
CGGGCGCGGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGG~GATCACCTGAGGTCGA~TTCG 

alu-----------------_--------------------------------_--------_-------- 
A G A C C A G C C T G A C C A A C A T G G A G A A A C C C C G T C T C T A C T A A A A A T A C P  GAGGCCAGGCA ................................................................... > alu---- 
CAGTGGCTCACACCTGCAATCCCAGCACTTTGGGAGGCAGAGGTGGGCAGATCATGAGGTCAGGAGTT~GACCA~ .............................................................................. 
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C T G G C C A A T A T G G T G A A A C C C T G T C T C T A T T A A A A A T A C A G T C C C  
AGCTACTCGGGAGGCTGAGGTAGGAGAACTCACTTGAACCCCGGGAGGTGGAGGTTGCAGTGAGCTGAGACTATGCCACT 

<--------------------- approximately 2000 b p  of intron ....................... > 
CTGCAGGTCAACGGATCTGCTAGGGTCCTCCTATCAGCACACACACTCCAGCCCCACTTTAGAGGTACCCGCTACCTT 
CCCTCATTAAAACCAGCTCTCAAGAGGGGAGGGGATCTGGT~CAGTCTAGGCAGGCATTCCAGG~GCATGTGAACCCGCTGG 
TTCTTGTTGCGGGTGGAGGATGGAGGTGTGTTGTACAGAGTTTAGGTCTTTTTCAGCAAAGATCTCCAAACCCCGGGTGT 
TCAAAATCAAACCAAAGGGGATTATAGTCCCAGCTCTACTCA~CTCACTGGTTACTTTAGC~CGAGATTGCCCTC 
GCTGAGAGTCGGTTTCACTGTCCATAAGATGAAGAAGTACATCACGGTGGTCTGTGAGGTGTCATTGAG~GAT~ 
T C C A G T G C C C C C A T G C C A C A ; G G C C T T C G ; G C A G T G C T C C T C T G  
CSCGGCGCTCACCCAGCTTTCCTATGCBGAG,GSCCATCGTGGTGG~CGCCCCGCGGACCCTGGGCCCCAGCCAGGAG 

exon2(3660)v a i v v g a p r t 1 g p s q e 

GAGACGGGCGGCGTGTTCCTGTGCCCCTGGAGGGCCGAGGGCGGCCAGTGCCCCTCGCTGCTCTTTGACCTCCGTGAG 
e t g g v f 1 c p w r a e g g q c p s 1 1  f d l(3782) 

TCCCAGGCAAGGAGAGCAAGGTTGGGGT~GAGGGACGTGGACTGCCCGGGCTT~GCGCCC~CCCCTTCTTGTGCC 
exon 3 (3873) 

TTCCBGGTGATGAGACCCGTGTAGGCTCCCAAACTTCCTTCAAGGCCCGCCAAGGACTGGGGGCGTCGG 
r d e t r n v g s q t l q t f k a r q g l g a s  

TCGTCAGCTGGAGCGACGTCATTGTGGTGGGGCCCCGCGGTACAGGGCACAGG~~TCGGGGGCAGGGACACTGGG 
v v s w s d v i v (3970) 

GCCAGGAGGAGCCCAAGTCTCGCGCCCCGTCCCCATCTGTGGCCCTTTCT~GCCTGCGCCCCCTGGCAG~CTGGA 
exon 4 (4007) a c a p w q h w 

ACGTCCTAGAAAAGACTGAGGAGGCTGAGAACGACGCCCGTAGGTAGCTGCTTTTTGGCTCAGCCAGAGAGCGGCCGCC 
n v l e k t e e a e k t p v g s c f l a q p e s g r  

GCGCCGAGTACTCCCCCTGTCGCGGGAACCACCCTGAGCCGCATTTACGTG~TGATTTT~GCGCCAGCTAC 
r a e y s p c r g n t 1 s r i y v e n d f.(4171) 

GACCTGGCCCCGCCCACTCGCGACG~TTGGCCCCGCCCCCCATCGGATCCCGCCCCCAGCGCCGCAGCCCTTGCT~ 
GGATCTGGCCTCGCCCCAGGGCCCCGCCGACTCAAGGCCCCGCCCCTGTCCCCCAGCCCTCCTCCGGGCTCGCGCGCG 
CCTCCCTTCACCCCTGGGCTGACCCCTCCTCCTTGTCTCCTCBGGCTGGGACAAGCGTTACTGTTACTGTGAACGCGGGCTTCAG 

exon 5 (4421)s w d k r y c e a g f s 

C T C C G T G G T C A C T C A G ~ G A G T A G G G A G C G C A G  
s v v t q (4471) 

GACTTCCCTTCCBGGCCGGAGAGCTGGTGCTTGGGGCTCCTGGCGGCTATTATTTCTTAG~CGTGCC~TCCGTAC 
exon 6 (4545) a g e 1 v 1 g a p g g y y f 1 (4591) 

ACCTCCCTCCCTTCTCGCGGCCGAACGGAGACCGCTTTGGGCTTCACACCCGCTGTCCCTCCCGCCCTBGGTCTCCTGG 
exon 7 (4589) g 1 1 

CCCAGGCTCCAGTTGCGGATATTTTCTCGAGTTACCGCCCAGGCATCCTTTTGTGGCACGTGTCCTCCCAGAGCCTCT 
a q a p v a d i f s s y r p g i l l w h v s s q s l  

CCTTTGACTCCAGCAACCCAGAGTACTTCGACGGCTACTGGG~CACCGCCATTCCAGACTTCCAGCACCCCGAGG 
s f d s s n p e y f d g y w (4719) 

GTCACCGCCCACCGCAGACGGTCAGGTCCTGCCCCTGTGGGAGCCTCCATGGCCACCCCTGCCGGCCAACCCACCGCC 
TAAGCCGCTCCCGCCCTCCGCTCCTGCGCTTCCCCGCAGACCGCCCACCTCCCATGCGCCCACCGCTCCCTTCCACTG 
CGGACTCGTAGCGCAGCCTGGGGCAGGGCTTGGCCCCTCGAAGGCCTCCGTTTTTCCATCTGCACAATGCAGGGCTGG 
GGCTGAGTGGCCTTAATCTCCTCCTTCTTTGCCCTCCGTCCCCTCTGTGCTTCCTCCCCTGG~GACTAATTTGCG 

exon 8 

CCCTTGTCCTCBGGGTACTCGGTGGCCGTGGGCGAGTTCGACGGGGATCTCAACACTACAG~G~TCCACTTAG 
(5080) g y s v a v g e f d g d 1 n t t (5128) 

GGCGGGAGTTGGGTAGCCCAGCCCGGGGAGGAGCGCCTTCCTGlLAATCTCCCCTATGTAGCTGGGTGCAG~CGGGGA 
GCGGGAAGTGGGTAGGTTCTAAGGCTCTCATTCCCTGAGCCTGGCTCTCCCTATCGCCBGAATATGTCGTCGTGTCGTCGTGCCCC 

exon 9 (5283) e y v v g a 

CCACTTGGAGCTGGACCCTGGGAGCG~AAGTGCCCCCACCACTGGGCCTCCCGAAGCCCCTTATCCCAGTTCTCAGG 
p t w s w t 1 g a (5327) 

CTGACAACTCCTGAGCGCCCCCCACCCCCGCCCCGCCTCCACCAAACCACCCTTTCTCACCTGGAGTGGGAGGTTGCT 
T T G G G T A C A A G A A T G A T G C T C T C G C C T G C G C T G T C C G T G C T  

exon 10 (5499) v e i 1 d s y y q r 1 h 

CGGCTGCGCGGAGAGCAG~GGGGGCCAGGTCCCAGTGGGCGTGGCTGGGTGGAGGGG~CTGAGACTTCA~TAT 
r 1 r g e q (5553) 

TTCATGGGAGGTGAGGGCCCTTCTTAAAGAGGATGCTTGTC~~GGCGT~TGATGGTGCTCCTCATCTT~ 
exon 11 (5691) 
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ATGGCCCTAGGTCGTATTTTGGGCATTCAGTGGCTGTCACTGACGTCAACGGGGATGG~GAGGAGGGACATGCCCCCACCCC 
m a s y f g h s v a v t d v n g d g (5744) 

TACCCAGTTGGGTCCCAAATTACCAGAGCTGCCCCTCTGTCTCCCTTTCCTAGCCCTAGTCTCACGTATCCACT~G 
GAACAGGAGAGCAAGGGTCGGGAGATTTGGCCCTAGCCTAGCCCCAATATACCCCTGGTCCAGTCCCATGTAACCACTCATC 

exon 12 

TGGCCCA~GAGGCATGATCTGCTGGTGGGCGCTCCACTGTATATGGAGAGCCGGGCAGACC~CTGGCCGAAG 
(5935) r h d 1 1  v g a p 1 y m e s r a d r k 1 a e 

TGGGGCGTGTGTATTTGTTCCTGCAGCCGCGAGGCCCCCACGCGCTGGGTGCCCCCAGCCTCCTGCTGACTGGGCTCATCACAC 
v g r v y l f l q p r g p h a l g a p s l l l t g t  

AGCTCTATGGGCGATTCGGCTCTGCCATCGCACCCCCTGGGCGACCTCGACCGGGATGGCTACAATG~GAG~GAG 
q 1 y g r f g s a i a p 1 g d 1 d r d g y n (6145) 

A G G A G C C C T A C T T G G A A T G C A G G G G G T P A A C A G C C A C T C A A  
TGGGTTTTAAGTGGAG~TATAAGTATGTGGGAATTA~CACATGGGGTGCTGAGT~GAGCAGATGGGAGAGTT~GACT~ 
T T A G G W L G T G T T T G C C T T A A T C C A A G C A A G A G A C A A T G A C  
GAGTGACTTCACAGATATTTAGGACTCGGA~ATTAGGACTTGGTGGGAGACTGGATGTGGGGCCAGGGGAGAGGTTG 
G A G T T G G G T G C C T G T G A T G G C C T C C A C T G G A A C T C A  
CAGTTCAGCTCTGGACCTGTTGA~~~~TTGGGTGGAATTTAGGCG~TATCCAAA~CAGTTGGGAGTGG 
CTCTCCCCGCTTCCACAAGTCTGAATGGGAGACAGGGGTTTGG~GTGGATGAGGTCCCGGGACCTGTGA 
A A T A A G A G G C C C A G G A T A G A G C C C T A G G G A G C A A A A G C A T  
CAGAGGAGTGTCCAGAGAGGGAGGA~GAACCCAGGGGGGTCTGATGGCCCGGGACT~GGAAGAGCATGCGTT~G 
AGCATGCACAGGAGGAAGTGGGCGCTGCAGCTCCTGCTGCTGCTG~GATA~TTAGGTGGGGCTGGA~TA~ 
CATGGGCTTTAGCAAGAAGAGGGTGCCAG~TGGTGGCTCATACCTGTAAGTGGAGTCCCAGCTACTTGGGAAATTGAAGCAG 

GAGAATCTCTTGAACCCGGGAAGTGGAGGTGGAGGTTGCACTGAGCTGAGCTTGCGCCACTACTGCACTCCAGCCTGGGTGA~ 

GAGCAAGACTCCATCTCAACCAAAATAAAAAAAAAAATAGAGAAAGAAAGGAAGAAAWGAAGGGGAGGTTAm 

GGTGACAGTGACAT~TTGATTCAGGCCAAGATAGGGTCAGAAGCCAGAATGCAACTGGGGTAAGGTATGAATGGAGA 
TGAAAAATTGGATGCAGCTAAGTGGAGTGTAGACAGCTCTTTCAACCAGGGCTCATTTTGTGGT~GGAATTTGAGGAATA~GGA 
AAAAAAAAAACATGTTTGACTATAAG?+GGAAAAAGAGAAAAGGTGATCACAGA?AAGAGATGAGGGTCAACGGGAAGAT 
T A T T T C A A T G T G G A A G A A C A T G T A G T A G G T T G A A A A T G A T T C C  
CTGTGATGCCTCAGGGGGTGGGAGGGTGACTGGCCCAGTGTCAGGGTGAAGGAAGGAAACCTCTTCCAGGGT~TG 
GGGAAAGGGAAAAAGAAAGTTGGTGTGGGATTATAGCATAACAGTGGGCTGCCTCTCTTCCTGAAGTAAGTGGAGGAGATTACG 
TCACCTGCTGAAGGAAGTGTGGGGGGTCTGGGAGTTTGATGGAATGGAGAAGGCTA~TAGATGCTAGATGGCCAG 
GCACGGTGGCTCACACCTGGAATCCCIiGCACTTTGGGAGGCCGAGGCAGGAGGATCACTG~GCCTAGGAGTTTGA~ 

C C A G C C T G G C C A A C A T A G G G A G A T C T C G T C T C ~ T ~ T T T T T ~ T T A G C T G G G C A T G G T G G C T A T A G T C T ~  

ACTGCTTGGGAAGCTGAGGTGGGAGGATTGCTTTAGTCCAGAAGGTT~GGCTGCAGTAAGCCATGGTTGCACCACTG 
CACTTCAGCCTGAATGACAAGTGCAA~CTGTCTTAAAAT~TTT~GGGCTTGGGCACGGTGGCTCACACCT 

alu------------- 
GTAATCCAGCACTTTGGGAGCCCAAGGTGGGCAGATCACTT~GGTCAGGAGTTCGA~TCAGCCTGGCCAATGTGGT 

GAAACCCCGTCTCTACTGAAAATACAAAAATTAGCCGGGCCGGGCATGGTGGTAGGCGCCTGTAATCCCAGCTACTGAAGA~ 

CTGAGGCACAAGAATCACTTTAACG~GGAGGCAGAGGTTGCAGTGAGCCGAGATCGCACCACTGCACTCCAGCCAGG 

A C A A C A G A G C G A G A C T C C A T C T C A A A A A A A A A A A A A T T T T A G G G A A T A T T  

alu---------------------------------- 

.............................................................................. 
> ................................................................. 

alu--------------------------------------------------------------------------- 

> ................................................... 

.............................................................................. 
________________________________________-------------------------------------- 
________________________________________-------------------------------------- 

> ............................................ 

AGCTCAGGAAAGTTTTACAGTCATCTAGG~GGCTGAATAACAATCAGCCACTTCCTTTCTGTTACTCCTTC~CA 
exon 1 3  (8577) d 

TTGCAGTGGCTGCCCCCTACGGGGGTCCCAGTGGCCGGGGCCAACGTGCTGGTGTTCCTGGGTCAGAGTGAGGG~TGA 
i a v a a p y g g p s g r g q v l v f l g q s e g l  

GGTCACGTCCCTCCCAGGTCCTGGACAGCCCCTTCCCCACAGGCTCTGCCTTTGGCTTCTCCCTTCGAGGTGCCGTAG 
r s r p s q v l d s p f p t g s a f g f s l r g a v  

ACATCGATGACAACGGATACC~G~GCCCTGGACTGCCTCCAGCTA~TGCCCAACGAAAGGCCCTTGGACATTCG 
d i d d n g y p (8760) 

CTGGAAGTGCCAAGAGACACGGCCAGGGCTCATGCTCATGCCTGGCCTGGTGTCCCACTATGGACTGC~GAGGGGCTGGGTG?+ 
A A C C T C C A G T G G G G G A G G T G G T G T G G G G A A C C C C T G G G A A T C T  
GACCCATTCCTCGATGTCTAT~CCTGATCGTGGGAGCTTACGGGGCCAACCAGGTGGCTGTGTACAG~GA~CT 

exon 1 4  (8993) d 1 i v g a y g a n q v a v y r (9039) 

GGCTCCAGGGGCGGGATGGGGAAGGTCCTGTGCCATCAAGAGGAGGCCAG~CAGGAGGAGCCACAACTGGCAAGCCTA 
CCCCATCACCCTATCCCATC~GCTCAGCCAGTGGTGAAGGCCTCTGTCCAGCTACTGGTGCAACGATTCACTGAATC 

e x o n l S ( 9 1 5 8 )  a q p v v k a s v q 1 1  v q d s 1 n 

CTGCTGTGAAGAGCTGTGTCCTACCTCAGACCAAGACACCCGTGAGCTG~GAGGAGGCAGA~GCATGGGCCTT~ 
p a v k s c v 1 p q t k t p v s c (9262) 

GGATCTGGGACCTCAGAAAGGCTCCAACCCCCTGAGCCCCACTTACGTCTTTGC~CTTCAACATC~GATGTGTGTTG 
exon 16  (9346) f n i q m c v 
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GAGCCACTGGGCACAACATTCCTCAGAAGCTAT~GAGTGG~TGAAGGGGGCGGAGGGAGGTGGGCTTGGACTCCC 
g a t g h n i p q k l ( 9 4 0 2 )  

CCGGAGGCTGGCCAGGGAGGTCCTGACTCTTCTGCTTGCCCTGCC~CCCT~TGCCGA~TGCAGCTGGACCGGCA 
exon 17 (9494) s 1 n a e 1 q 1 d 1: q 

k p r q g r r v l l l g s q q a g t t l n l d l g g  

AAAGCACAGCCCCATCTGCCACACCACCATGGCCTTCCTTCG~CGCCCAGGCAGGGGATTGGCAGGGCTGGGAGA 

GAAGCCCCGCCAGGGCCGGCGGGTGCTGCTGCTGGGCTCTCAACAGGCAGGCACCACCCT~CCTGGATCTGGGC~ 

k h s p i c h t t m a f  1 r  (9646) 

GTAGAACTTACCCACTGGACTTGTTCATCTAGCCCTGGGGCACTGAGCTGGGTGCTGTGAGTCCGGGGGTGGTCAGGA 
CACAGGTGCCTACTGGCCAGGAGAAGGTGGGATGTGTATGGTAGCAAGATGGCCTGACTCTTGCCCCTGTCCT~GAT 

exon 18 (9834) d 

GAGGCAGACTTCCGGGACAAGCTGAGCCCCATTGTGCTCAGCCTCAATGTGTCCCTACCGCC~CGGAGGCTGGAATG 
e a d f r d k l s p i v l s l n v s l p p t e a g m  

a p a v v 1 h g d t h v q e q (9960) 
GCCCCTGCTGTCGTGCTGCATGGAGACACCCATGTGCAGGAGCAG~GG~CAGGCAGGGA~GGCCAGGGAGGTGC 

AGGACCCCTGATAGCAAATCGATTAGGGTTAGTGCCAAGTCACAATGTAACCC~CCTTGATGTCATTCC~ 
CCCTAATGAAAACCTCAAAATCCAGCCAGTCATGGTGGCTCACACCTGTAATCCCAGCACTTTGGGAGACCGAGGCAG 

alu----------------------------------------------- 
GCAGATTGCCTGAGGTCAGGAGTTAGAGACCAACCTGGC~CATGGT~CCCATCTCTACT~TA~ 

AAATTAGCCGGGTGTGGTGACGCAT~CTGTAATTCCAGCTACTCGGGAGGCTGAAG~G~GAATCACTTGAACCCA 

GGAGGCAGAGGTTGCAGTGAGCCAAGAGTGTGCCACAGCACTCCAGCCTGGGTGACAGAGCAAGACTCTGTCT~ 

AAAAAAAAAAAAGCCAGGCGCAGTG~CTCACGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCGGGTGGATCACGA 

G G T C A G G A G A T C A A G A C C A T C C T G G C T A A C A C A G T ~ C C C C G T C T A C T ~ T A ~ T T A G  .................................................................... > alu----- 
CTGGGCGTGGTGGCGGGTACCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATGGCGT~CCCCGGGGGCG 

GACGTTGCAGTGAGCCGAGATAGTGCCACTGCACTCCAGCCTGGACGACAGAGCGAGACTCCGTCTC~T~ 

AAACACCTGAAAATCCCAGTTCCCCTAAGCTCTGATGT~TTGACAAACCCTGACATTGTCCCAAACCTC~TA 
---> 
TAACCCGAGCCCCGATACCATCTA~CTCCTTTTCGTCCTCAGATCTTCTTACTCCCTAAGCCCCTATGT~CCC 
CAAGCCCACTGTTTTCCTAACCCTGATGTAATCCCT~CCTCACACATCCCCAACTTACCCGCACACCC~TGT~ 

.............................................................................. 

.............................................................................. 

.............................................................................. 

.............................................................................. 

.............................................................................. 

.............................................................................. 

exon 19 (10931) 

CCCTCTBGACACGAATCGTCCTGGACTGTGGG~GATGACGTATGTGTGCCCCAGCTTCAGCTCACTGCCAGCGT~ 
t r i v l d c g e d d v c v p q l q l t a s v  

GAGGAGGCCTCCCATTCTGCCCGACCCTGGCCCTTTCTGCCTATCATACCTGCTCCACACCTTAGTCCCCTCTTTTCC 
(10999) 

CACATCCTGGGCCCAGACCCAGGCTCCCTGGCTTCACTCCTCTTTCCCCAC~GACGGGCTCCCCGCTCCTAGTTGGG 
exon 20 (11133) t g s p 1 1 v g 

a d n v l e l q m d a a n e g e g a y e a e l a v h  
GCAGATAATGTCCTGGAGCTGCAGATGGACGCAGC~C~GGGCGAGGGGGCCTAT~GCAGAGCTGGCCGTGCAC 

CTGCCCCAGGGCGCCCACTACATGCGGGCCCTAAGCAATGTCGAG~TGGCCCCCACCCTGG~CAGTACCCGGGA 
1 p q g a h y m r a 1 s n v e (11281) 

CCTGGGAGGCACTGGAGCCTTGGCTCTCTCATCTCCCTCCCTGAGAGTCCCTCTTCTCTTCTGCTTTGCTGT~GA 
TGTAATTTTTTTTTTAATTTGGAGGAGGATACTTGCTAATGGTCAGTCAGAATTC~CTCTATTAC~CCAG 
AAAAACAFLAAAAGGTTTAGGAACC~TGTTAACAG~CCTCTGTTAACATTTGGTG~TTTCCTTCCAGTCTTT~ 
TTCAATATTGACTCACACTCACATAAGTATATATTTATTTTTTATGTTGTTAATATAGTTTATAATAATGGGGGTCAT 
ACTCTAATGTTTTGTGTTTTTTATTTCCAAAATGAAAATGCCT~GTAGTAGTGCTACAGCAATACACACACTAG 
CATGTGACAGTCCCTTGAGCGACCCCACCCCAAGAAACCCCCCCCTCCCTACCTTGGCACACAAATCTTCT 
TCCAAGGG~GCTTAAATATATATATATGATGCTCTGTAATTTCTTTCTTGGAACTGCCTTCCT~G~TT 

exon 21 (11869) g f 

TGAGAGACTCATCTGTAATCAGAAGAAGGAGAATGAGACCAGGGTGGTGCTGTGTGAGCTGGGC~CCCCATGAA~ 
e r l i c n q k k e n e t r v v l c e l g n p m k k  

GAACGCCCAGGTG;IGGCTGCTGGGTCGTGGTACCGSGTCTCCAC~GGGGCTCATGAATAACCAGATTTTAGGGGTGA 
n a q (11962) 
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GAGGTTGAGGCAG~TCACTTGAACCTGGGAGGTGGAGGTTGCAGTGAGCCGAGATCATGCCACTGCACTCCA~ 

C T G G G T G A C A G A G T G A G A C T C C G T C T C G G A A A A A A A A A A A C T  

GGAGGCCACATTCAGGGCAGGGCTGTCCTAAGTGGGGGCACTTGGGCAGTGACCTTGGCCCTCCTCATCTCCC~TAG 

.............................................................................. 
> ................................................... 

exon 22 (12572) i 

GAATCGCGATGTTGGTGAGCGTGGGGAATCTGGAAGAGGCTGGGGAGTCTGTGTCCTTCCAGCTGCAGATACGGAG~ 
g a a m l v s v g n l e e a g e s v s f q l q i r s  

ACTGACCTGGCGAGCGTGCCTACCCACCACCCTTCCCCCGTCTGACCCCCGTGCA~GCCCCTCAGGTCCCTTCCAT 
(12652) 

ACAGAAGGGTCTTTCGAGGCCAGGCGCAGTGGCTCACACCTGTAATCCCAG~CGTTGCGAGGCCAAGGCAGAAGGAT 
alu------------------------------------------------- 

C A C T G G A G G T C A G G A G T T G G G A C C A G C C T G G C C A A C A T G G T ~ C C C C A T C T C T A C T ~ T A T ~ T T A G C T ~  

GCATGGTGGTGCGCACCTACTCCCAGCTACTCGGGAGGCTGAGGCAGGAGAATAGCTTGAACCGAACCTGGGAGGT 

GGAGGTTGCAGTGAGCTGAGTTGGGCCACTGCACTGCACTCCAGCCTTCCAGCCTGGGCGACAGTGCGAGATTCTATCTCAA 

AAGAAAAAAAAAAAAAGGTCTTGAAGAAGCCTGGTTCCTGGTTCCCTTTCTTCCTCAGAGATTTAGCGAGTCTTGGAGCCCTAGA 

GGAAGTTCTTTCCCAGGTCTAACTTCAGTGTGGCATGCTCTTTGTATAATTAGCTCTCTCT~CTCTCT~TTCT 
GGCCTCACCCCCAGAAAGTCCTGGGCTGGTGTCCCTGGCCCTGTTTCTCCTCATCCCCTCCCCTCT~CAAGAA~G 

.............................................................................. 

.............................................................................. 

.............................................................................. 
> ---------------- 

exon 23 (13268) k n s 

CCAGAATCCAAACAGCAAGATTGTGCTGCTGGACGTGCCGGTCCGGGCAGAGGCCCAAGTGGAGCTGCGAGG~GAGA 
q n p n s k i v l l d v p v r a e a q v e l r g  

GGCCAGGGGTGGAGAAGGGAGATGGCATTCAGGCATTCAGGGCTCT~CTCCAGGGGGCGCTGGGGAAACCTCACAGGCCAATCA 
(13348) 

GGGCATCACACTCTCTCTGGGGGTCTTGGGCACCTGC~GAACTCCTTTCCAGCCTCCCTGGTGGTGGCAGCA~GA 
exon 24 (13473) n s f p a s l v v a a e e  

AGGTGAGAGGGAGCAGAACAGCTTGGACAGCTGGGGACCCAAAGTGGAGCACACCTATGAGGTATTGGGGGAGCCTCGC 
g e r e q n s 1 d s w g p k v e h t y e (13573) 

GTCCCTGGCTGGGGTGAGCGGGTCCTCAGAACTCCGGGGTGdGG~GCTAAGCTCCCCACACCCTGCCACCACCACCCCT 
exon 25 (13672) 

l h m n g p g t v n g l h l s i h l p g q s q p s  

d l l y i l d i q p q g g l q c f p q p p v n p l k  

TCSGCTCCACAACAATGGCCCTGGGACTGTGAATGGTCTTCACCTCAGCATCCACCTTCCGGGACAGTCCCAGCCCTC 

CGACCTGCTCTACATCCTGGATATACAGCCCCAGGGGGGCCTTCAGTGCTTCCCACAGCCTCCTGTCAACCCTCTCAA 

G~AAGAGCTGGGTGGAAGAAAGACCTGGGACCTGGGAAGGCGGCCCCAGACCAACCACCGGGGCACCTCTGTGGGCTGGGGTTC 
(13824) 
GGGGGAGACCTGGGCCTGACCACTCCTTTGCCCCCCC~GTGGACTGGGGGCTGCCCATCCCCAGCCCCTCCCCCATT 

exon 26 (13940) v d w g 1 p i p s p s p i 

CACCCGGCCCATCACAAGCGGGATC~~CAGATCTTCCTGCCAGAGCCCGAGCAGCCCTCGAGGCTTCAGGATC~ 
h p a h h k r d r r q i f l p e p e q p s r l q d p  

GTTCTCGTAGTGAGCAGGCTCTCTGGTCTCGGGCCCGGCCTCCCCGGGACCCACGGGGCAGAGGGGATGGGAGGAG~ 
v 1 v (14066) 

AGAGGGGTCCGGGTGTGCTGTGGGCCTCTGTGGGCCACGCTTGGTCCCTGGGAGCACTTCAAGTGAACATGGAGGA~ 
ATGCTGGCTTGTGTCTGGGGTGAGCTGAAAGACACTTGCACTTTTT~GCTTCCCAGTACGTT~G~GCAT~ 
CAATGCCAAAGCAAGGTTATCATAGATCTGAGCATTGTGCGCTGGGGGAT~CCCTCCCTG~TCTCTGG~CTATGT 
GAGCAAGCCCGTGGAAAGACAGCATCC~GCTTGGATCCAAGGCCCTTCCTGATGGGAAGGCCACC~TTCCT~C 

exon27(14544) s c d s a p c t v v q c d 1 q e m a r g 

GCAGCGGGCCATGGTCACGGTGCTGGCCTTCCTGTGGCTGCCCAGCCTCTACCAGliTGGGGTGGGCCGTGGTGGGGCG 
q e a n v t v 1 a f 1 w 1 p s 1 y q (14662) 

GGGCCGGGCCTTCTGGGCCGGGACCACTTTGCTCTGGGAGGGGCGGGGTTTGGTGTGG~GG~G~GAGAGGGAA 
GGCAAGGTTTACTTTGGGGGTTGCAGTGGGATTAGGTCAGAGGCAGGGCTTCCCCGCCGGGTGTGG~CCTGGACTC 
C G T G C A A C C A A T A G G C C T C T T G T G G G T G T A A A C G G C T T T C T T T G T G  

exon 28 (14898) r p 1 d q f v 

CTGCAGTCGCACGCATGGTTCAACGTGTGTCCTCCCTCCCCTATGCGGTGGCCCCGCTCAGCCTGCCCC~GGGGAAGCT 
l q s h a w f n v s s l p y a v p p l s l p r g e a  

CAGliTGAGTGTGGGGGGATGGAGCAGAGACCAGTCCTGCAG~CCCATTGTCCCCCAGTCAGTGCCCAGCCAG~G 
q (15000) 
TCTGAGGGGTGGTACGGGTGGGTGGCATGGCTGGCTGGAGGTCACCAGCCTGAGGTTTGAGTCTTTGTGAAAGGCAGGTGTC 
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AAGGTGACTGAGGAGACACGTGGGTTTGCCCCBGGTGTGGACACAGCTGCTCCGGGCCTTGGAGGAGAGGGCCATTCC 
exon 29 (15187) v w t q 1 1 r a 1 e e r a i p 

AATCTGGTGGGTGCTGGTGGGTGTGCTGGGTGGCCTGCTGCTGCTCACCATCCTGGTCCTGGCCATGTG~G~~G 
i w w v l v g v l g g l l l l t i l v l a m w k  

GTGTGAAGGACGGTGGAGTCCCCAGCGGGGCACAGGCTTGGCTCTGCCCTGCCTCACAGGGAGTC~GGAGAGATGGT 
(15304) 

GGCCCACCCAAGTGGGTAATCCAGGGACCAGGGGTCTATGTCTCCACTATTAGAATGTCATTCTCGTCCAGGGGGGTG 

GCTCACACCTGTAATCCCAGCACTTTGGC.GGC~GCSTTTAGATCACCTGAGGTCAAGAGTTCGAGACCAGCCTGG 

CCAACATGGTGAAACCCCATCTCTACTAAAAATACC~TTAGCCGGGCGTGTTGACACATGCCTGTAATCTCAGCTA 

CTCGGGAGGCTGAGGCAGTAGAATTGCATGAACCC~GG.GGCGGAGGTTGCAGTGAGCCGAGATCACACCACTGCACT 

CCAGCTTGGGCAACAGAGCGAGCCTCCATC~C~~~~~-~~~.C~TAG~~TGTCTTTCTCTAGTAGAGC~ ..................................................... > 
GGCAAFLACAAACACA~GTCATTCTCCTGGGG~CCCTGTCC~GACACATACCACTGGAAAGGATAGCACCTGAAAT 
TCTGAGGCCTTTAGACAC~CCTGCCACCFU"IAAAG~TTC~G.GGATATAGAGGGTATAGAGGGTGTAAGTCCTGCCTTC 
A G G ~ T T C C T G G C T G G T C T C ~ G G A C I W G ; I T G C A C T T  
AGGATTGGTCTAGACCCT.rlTTCCATACCTTCCTATGTGGCCCTGGAGGGTCACTCGCTCCTCTGCACCTGGAGGAGTC 
TCAAGCACACTGAAGGG;GACATGGTGCTTTTGAG~G~CCACGCACTAG~CCCACAATAATC~TACATATCAT 
CATATGCTCGAGTCATGCAGACA~CTTCAGTATAA~TTCCAGGCTGGGCGTTGGTGGCT~CACCGGTAA 
AATCCCAGCACTTTGGGAGGCCGAGGTGGG 

alu---- 

.............................................................................. 

.............................................................................. 
________________________________________-------------------------------------- 

<---------------------- approximately 600 b p  of intron ....................... > 
TTCTGCGCTGGTCCAGGGAGGTGCT~~ATATGCTAGCATACTTCCT~CATGTGCTCTGGGGCCAG~TCATCTGTA 
TACCCTGACCTTGGCCCCCGTGTACCCCCBGGTCGGCTTCTTCFAGCGGAACCGGCCACCCCTGGAAGAAGATGATGA - 

exon 30 (16975) v g f f k r n 1: p p 1 e e d d e 

AGAGGGGGAGTGATGGTGCAGCCTACACTATTCTAGCAGGAGGGTTGGGCGTGCTACCTGCACCGCCCCTTCTCCFAC 
e g e ter (17035) 

AAGTTGCCTCCAAGCTTTGGGTTGGAGCTGTTCCATTGGGTCCTCTTGGTGTCGTTTCCCTCCCAA~~GCTGGGCT 
ACCCCCCCTCCTGCTGCCTAATAAAGAGACTGAGCCCTG*ATKTGAUTGC 

(17219) 

\ Larger /smaller subunits 
C 

Signal 
peptide Calcium binding domains Transmembrane 

domain 

FIGURE 1: Organization of the human GPIIb gene. (a) The area encompassed by the two genomic clones (hGPIIb-5' and hGPIIb-3'), the 
distribution of exons (solid boxes) and Alu repeats (arrows), the EcoRI/SaZI fragment used in defining the transcription start site (cross-hatched 
area), and the total areas sequenced (solid horizontal line) are indicated on the top three lines. Below is a restriction map derived from sequence 
analysis and Southern blot studies. Alu repeats are indicated as horizontal arrows under the top exon/intron diagram. The direction of the 
arrows indicates the orientation of the Alu repeat. (b) The 18.4-kb sequence of the GPIIb gene and its immediate 5'- and 3'-flanking regions 
is shown, with number +1 starting at the transcriptional start site. Exons are numbered at their first and last coding base, and the encoded 
amino acid is shown. Splice donor and acceptor sequences of each exon/intron border are underlined. Alu repeats are shown as a dashed-arrow 
underline. A 13-base region in exon 1 that concurs with the Alu repeat consensus sequence is dot underlined. The 30-mer oligonucleotide 
used in the primer extension and RNase protection experiments is doubly underlined in exon 1. Potential promoters are boxed in the 5'-UT 
region, and a pair of near-perfect inverted repeats is underlined by a pair of solid-line arrows. The asterisk after exon 30 refers to the polyadenylation 
site as previously determined from cDNA sequence analysis (Poncz et al., 1987). (c) Distribution of exons along the cDNA sequence is shown. 
The term "larger/smaller subunits" refers to the M, 125 000 and 23 000 subunits into which mature GPIIb is cleaved during its intracellular 
processing. 

antisense RNAs were hybridized with 20 pg of total cellular 
R N A  from DMSO-induced HEL cells and then incubated 
with RNases A and T,. RNase-resistant hybrids were de- 
natured, and their sizes were determined on a denaturing 

urea-polyacrylamide gel. 
SI Nuclease Mapping of the Cap Site. Total HEL cell 

R N A  was hybridized to radiolabeled antisense genomic DNA, 
essentially as described by Favaloro et al. (1980), except that 
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the probes were generated by primer extension of the 5’-GPIIb 
genomic 1.9-kb €coRI/Sall fragment in M 13 phage with the 
universal primer, [ c ~ - ~ * P ] ~ C T P ,  the three other dNTPs, and 
Sequenase (U. S. Biochemical Co., Cleveland, OH). Probes 
were fractionated on a Sephadex (3-50 column and coprecip 
itated with 15 kg of total cellular RNA. After annealing 
overnight at 52 OC, heteroduplexes were digested with 3000 
units of S 1 nuclease (Bethesda Research Laboratory, Bethesda, 
MD) at 40 OC for 1 h. The products were resolved on a 6% 
(w/v) polyacrylamide sequencing gel and bands visualized by 
autoradiography. 

Oligonucleotides and Labeled DNA Size Markers. Oli- 
gonucleotides for DNA sequence analysis, primer extension, 
and S1 nuclease studies were synthesized by the phosphor- 
amidite technique (Beaucage & Caruthers, 1981) on an A p  
plied Biosystems 380B DNA synthesizer. DNA size markers 
were T4 polynucleotide kinase generated end-labeled fragments 
from a Hael 11 digest of &X 174. 

Computer Analysis. Data storage and computer analysis 
was done on a Macintosh SE  microcomputer with DNA In- 
spector IIe program (TEXTCO, West Lebanon, NH). Alu 
repeats were found by comparison with the known Alu con- 
sensus sequence (Schmid & Jelinek, 1982). Initial alignment 
of the 5’ rat and human GPlIb flanking sequence was achieved 
by dot matrix analysis on the same program. 

RESULTS 

Isolation and Sequence Analysis of Human Genomic GPIIb 
Clones. The 16.5-kb genomic clone hGPIIb-3’ was isolated 
after 1 X lo6 plaques of the amplified human EMBL3A li- 
brary were screened (Figure 1 a). Restriction endonuclease 
mapping, Southern blot analysis with full-length GPlIb cDNA, 
and subsequent DNA sequence analysis demonstrated that 
hGPllb-3’ contained the majority of the GPIlb coding region 
but did not encompass the 5’-UT region and the first 188 bp 
of the coding sequence. Rescreening of 3 X lo6 recombinants 
using a 460-bp 5’-GPlIb cDNA fragment identified the 14-kb 
overlapping clone hGPlIb-J’, which contains additional 5’ 
sequences (Figure 1 a). 

The continuous DNA sequence of the GPlIb gene is shown 
in Figure 1 b. The distance from the transcript cap site to the 
polyadenylation signal is 17.2 kb, of which the DNA sequence 
of 14.3 kb has been determined. Portions of two introns were 
not fully determined (between exons 1 and 2 and between 
exons 29 and 30). An additional 1.2 kb 5’ to the transcript 
cap site was also analyzed (Figure 1 b). One difference from 
the published GPllb cDNA sequence was detected (Poncz et 
al., 1987a): a G instead of a C was present at position 10951 
of exon 19 in the genomic clone. This change represents an 
error in the original publication. This results in a change in 
amino acid 602 of the heavier subunit from a serine to a 
cysteine, increasing the number of cysteines in mature GPIIb 
from 17 to 18. 

A restriction endonuclease map containing exon locations 
is shown in Figure la. This information is derived from a 
combination of restriction sites determined from sequence 
analysis and genomic blotting studies. 

Analysis of the GPIIb DNA Sequence. (A) Intron-Exon 
Organization. The GPllb gene consists of 30 exons ranging 
in size from 45 to 249 bp and introns ranging in size from 77 
to approximately 2800 bp. There is no obvious relationship 
between the position of the exon/intron borders in the gene 
and proposed functional domains in the protein (Figure IC). 
The signal peptide and part of the N-terminus of the mature 

i 
FIGURE 2: Primer extension analysis. In lane PE, a single band 
indicated by the arrow at 207 bp was seen as the primer extension 
product by use of total HEL cell RNA and a 30-mer oligonucleotide 
primer to a region in exon 1 (double underlined in Figure 1 b). The 
DNA sequence ladder used as a size marker was derived from the 
same oligomer as a primer and the 5’-flanking EcoRI/Sall GPllb 
gene fragment as template. 

protein are contained within the first exon; the site of cleavage 
between the heavier and lighter subunits is located within exon 
26; the putative transmembrane domain is present in its en- 
tirety within exon 29 along with additional extracellular and 
cytoplasmic sequence; the 20 amino acid cytoplasmic domain 
and the 3-UT region are contained in exon 30; and the DNA 
sequences coding for the four putative calcium-binding do- 
mains are divided between exons 9 and 10, 12 and 13, 13 and 
14,and 14and 15. 

(B) Splice Junctions and Introns. The exon/intron splice 
junctions conform to the previously described consensus se- 
quence (Mount, 1982) with the exception of the donor se- 
quences between exons 5 and 6 and 8 and 9, which are GC 
instead of GT. There are at least seven complete and three 
partial A h 1  repeat sequences (shown as dashed arrow lines 
in Figure 1 b and as arrows in Figure 1 a) (Schmid & Jelinek, 
1982). All are in the same 5’ to 3’ orientation and all are found 
within introns. Of interest, the coding region of the first exon 
contains a very partial Ah-like sequence, including a perfect 
13-base match with the Alu consensus sequence (dot under- 
lined in Figure 1 b). This stretch includes the entire conserved 
CCAGCCTGG motif found in both rodent and primate 
Alu-like repeat sequences (Schmid & Jelinek, 1982). 

(C) Transcription Start Site. The transcription start site 
was determined by three separate approaches. Primer ex- 
tension studies using the 30-mer double underlined in exon 
1 in Figure 1 b revealed a single band of 207 nucleotides (n), 
consistent with a 5’-UT region of 32 n beginning with an 
adenine residue (Figure 2). The position of the transcription 
start site was aligned with the DNA sequence of the genomic 
1.9-kb €coRI/Sall GPllb fragment by use of the identical 
30-mer as a primer for DNA sequence analysis. 

RNase protection experiments using HindIII-linearized 
pGEM 3 2  containing the 1.9-kb €coRI/Sall fragment (shown 
as the cross-hatched area in Figure la) as the transcriptional 
template annealed to HEL cell RNA demonstrated a major 
doublet of approximately 219-223 n (Figure 3). Similar 
studies with total platelet RNA demonstrated the same size 
RNase-protected bands (data not shown). Additional ex- 
periments using a pGEM 3 2  construct from which the 
Ncol/€coRI fragment (containing eight bases at the 3’ end 
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FIGURE 3: RNase protection experiment. RNase protection exper- 
iments using total RNA from HEL cells (lane 1). K562 cells (lane 
2). and HL60 cells (lane 3) and the full-length EcoRI/Sull 1.9-kb 
insert (cross-hatched area in Figure la) in pGEM 3 2  that had been 
linearized with Hindlll are shown. Lane 4 is identical with lane 1 
except that the Ncol-truncated vector was used. The marker lanes 
(M) are T, polynucleotide kinase end-labeled 4 x  1 74 Hue1 I I fragments. 
The anticipated major bands are indicated by the arrows in lanes 1 
and 4. The band indicated by the asterisk (*) is not reproducible. 

of exon 1 and all of intron 1 within the 1.9-kb fragment) had 
been removed prqhced a doublet of approximately 208-21 3 
n. These results are consistent with a 5'-UT region of a p  
proximately 28-35 n and agree with the primer extension 
study. The doublet present in these experiments likely r e p  
resents incomplete digestion of the RNA heteroduplex by 
RNases. 

SI nuclease experiments were performed with single- 
stranded M 13 phage containing the same 1.9-kb EcoRIISalI 
fragment as a template for synthesizing [c~-~*P]dATP-labeled 
antisense strand DNA. A major band of approximately 
222-227 n was seen consistent with a 5'-UT region of 34-39 
bases (Figure 4). 

(D) 5'-Flanking Region. Approximately 1.2 kb of the 5'- 
flanking sequence was contained within the 5' genomic GPIIb 
clone. Inspection of the sequences immediately upstream from 
the proposed cap site reveals that there are no TATA or 
CAAT box sequences characteristic of RNA polymerase I1  
transcribed genes (Breathnach & Chambon, 198 1 ). The se- 
quence ATAAGAAAA wcurs at -54 and is interrupted by 
a single G. Such an interrupted TATA consensus sequence 
can be functional but at a reduced level (Poncz et al., 1982a; 
Surrey et al., 1985). There is a TATA sequence at -220, and 
sequences homologous to the CAAT element appear at -1 37, 
-234, -248, and -333. A potential SPI binding site is also 
present beginning at -534 (Briggs et a!., 1986). These po- 
tential promoter sequences are boxed in Figure l b. A near- 

334 

194 

0 

FIGURE 4: S1 nuclease protection. Autoradiograph of SI nuclease 
protection using antisense DNA synthesized from the €coRI/SulI 
1.9-kb insert in single-stranded M 13 and total HEL cell RNA as 
described under Materials and Methods. The anticipated band is 
indicated by the arrow. The marker lane (M) represents end-labeled 
$x I74 Hue11 I fragments. 

perfect (1 5 /  16 bases) inverted repeat is also present at pit ions 
-567 to -552 and 4 6 0  to -445, and these are underlined with 
a solid arrow in Figure lb. The biological activity of these 
sequences needs to be explored further in functional assays. 

( E )  Comparison with Rodent 5LFlanking Region. A dot 
matrix comparison of the 5'-flanking regions of rat and human 
GPllb genes is shown in Figure 5a. Analysis demonstrates 
that there is homology between the two genes that extends for 
at least 340 n into the 5'-flanking region (Figure 5b). The 
first 90 n of the coding regions of the two GPIIb genes have 
approximately 72% homology, while the 5'-UT regions have 
78% homology including identity around the proposed tran- 
scription start site from -2 to +8. There is about 65% hom- 
ology in the 5'-flanking region to base -340. Of interest is 
that neither of the two possible TATA boxes mentioned above 
at bases -54 and -220 is present in the rat sequence, suggesting 
that neither is functional. 

DISCUSSION 
Two genomic clones encompassing the entire GPIIb gene 

were isolated with the GPllb cDNA as a probe. The gene for 
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:ggg::a:acca:g:acca:tacaaccgtgg:cc:tggt::agta:g:cag:gc b GCCAGATGGGGGAAGGGAGGAGATTAGAACTGTAGGCTAGAGTAGACAAGTATG 

tgtg:a::::tgt:t::a::t::::gg::g:::::a:::::::::ca:-:::tt:::a:::ac::ag::: 
GACCAGTTCACAATCACGCTATCCCAAGCAGATGATGGTGGCTTGGACTAGCACGGTGGTAGTAGAG 

ga:aaaggggat:: :tg:gcctg:ggc:::g:aa:t:::a:t:c:::::t:::ag:g-g:gct: :tct** 
ATGGGGTAAAGATTCAAGAGACATCATTGATAGGCAG~GGACATGGTAA~~-CTATTCTCAG 

ag:gaa::ga::agca:::a:::c:g:t:::c::::-::tat:c:c:::acagac:ct::ct:::::a:t 
GAAAGGGGAGGAGT-CATGGCTTTCAGCCATGAGCATCCACCCTCTGGGTGGCCTCACCCACTTCCTGGC 

:g:c::::agc:gtgtg::::::a::::::tc::::c:::ca::::t:c::::a:::c:tgag:::---- 
AATTCTAGCCACCATGAGTCCAGGGGCTATAGCCCTTTGCTCTGCCCGTTGCTCAGCAAGTTACTTGGGG 

----- agc ::::::ccg:a::::::g:..:t::gga::tg:::::...-...-...’ . .  ... ... . . . .  :t:a:::::: 
TTCCAGTTTG~GACTTCCTGTGGAGGAATCTGAAGGGAAGGAGGAGGAGCTGGCCCA~TC 

::::t:a:::ca::tg::g::::::::::::::::::::::ca:: g:gtg a:ta::::g: 
CTGCCTGGGAGGTTGTGGAAG~GGAAG~GCCAGAGCTTTGTGTCCACTGCAAGCCCTCT 

FIGURE 5:  Comparison of human and rodent GPIIb 5’ sequence. (a) A dot matrix comparison of the 5‘ region of rat and human GPIIb genes 
is shown. Exon 1 for both sequences is shown as thickened lines on the ordinate and abscissa. Numbering is from the transcription start site. 
(b) Direct sequence comparison is shown with rodent differences from the human sequence shown above the human sequence. The ATG triplet 
coding for the first amino acid is underlined. Potential TATA and CAT box sequences are underlined. Identity between the two sequences 
is indicated by a -:” in the rodent sequence. A --* refers to a missing base in that sequence. 

GPIIb spans approximately 17 kb on the long arm of chro- 
mosome 17 (Bray et al., 1987; Sosnoski et al., 1988) and 
contains 30 exons whose sizes range from 45 to 249 bp, a 
pattern typical of other eucaryotic genes (Traut, 1988). The 
sum total of the GPlIb exons from this genomic analysis and 
the previous cDNA work (Poncz et al., 1987) is 3334 bp, 
consistent with the 3.3-kb GPIIb band seen on Northern blots 
of HEL cell RNA (Poncz et al., 1987). One nucleotide dif- 
ference from the published cDNA sequence was noted: a G 
is present at nucleotide 1899 instead of a C (Poncz et al., 
1987a). Review of the cDNA sequence confirmed the nu- 
cleotide as G. The amino acid at codon 602 of the heavy chain 
is, therefore, a cysteine instead of serine at codon 602, indi- 
cating that mature GPIIb has 18, instead of 17, cysteine 
residues. This is consistent with peptide sequence analysis 
(Phillips, 1988). The 18 cysteine residues occur at homologous 
positions in the vitronectin and fibronectin receptor CY subunits, 
suggesting similar overall protein folding. 

An analysis of the 5’ and 3’ ends of the GPIIb gene has 
recently been published (Prandini et al., 1988). Our sequence 
differs from their genomic 5’-flanking sequence in that an extra 
T between -214 and -213 is present in their sequence. 
Whether this difference represents a polymorphism or se- 
quencing error is not known. 

Loftus et al. (1987) reported the isolation of a cDNA 
containing a region of GPIIb involved in adhesive function. 
Comparison of their sequence with ours shows identity of 
amino acids 38-218 in their sequence with amino acids 
784-964 of the full-length GPIIb coding sequence. The 5’ and 
3’ sequences bordering these amino acids in their sequence are 

not present within the GPIIb genomic sequence. The sequence 
5’ to amino acids 38-218 of their sequence is a partial Alu 
repeat. Amino acid 38 corresponds to the start of exon 24. 
However, the sequence of the intron between exons 23 and 24 
does not contain an AIuI repeat and has no similarity to this 
5’ sequence. This Alu sequence most likely represents unre- 
lated DNA fused to GPIIb cDNA. Amino acid 218 of their 
sequence terminates in the middle of exon 28. A comparison 
of the sequence 3’ to their partial GPIIb cDNA sequence with 
the GPIIb genomic sequence does not reveal any areas of 
identity or similarity. This 3’ sequence is also likely to rep- 
resent unrelated DNA fused onto the GPIib cDNA rather 
than unprocessed intronic sequence. 

Gilbert (1978) and Blake (1978) proposed that exons may 
have originally represented separate functional or structural 
units of proteins and that they may have been used as cassettes 
to construct novel genes. A number of genes, such as that for 
the LDL receptor, appear to have been constructed from 
cassetted functional exons (Sudhof et al., 1985). For other 
genes, the division into exonic subunits that correlate with 
functional domains is not as clear. It has been suggested that 
while exons may originally have had separate functions, their 
borders have become obscured with time, because of either 
shifts from the original splice junctions or exon fusion or fission 
(Traut, 1988). Although many of the functional domains of 
GPllb have yet to be determined, those identified have no 
relationship to exon structure. One possible exception is the 
distribution of the calcium-binding domains within GPIIb. 
Three of the four calcium-binding domains in the rat calmo- 
dulin gene have exon borders near their center similar to those 
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of GPIIb, suggesting that these domains may have been de- 
rived from a common functional unit (Nojima & Sokabe, 
1986). Sequence analysis of genes for other integrin a subunits 
may provide further insights into the relationship between 
exons and biological function. 

GPIIb exons 5 and 8 have GC instead of G T  splice donor 
sequences. This rare splice donor sequence has been described 
in other genes, such as those of a-crystallin (King & Piati- 
gorsky, 1987), adenine phosphoribosyltransferase (Broderick 
et al., 1987), and avian adult a-globin (Dodgson & Engel, 
1983). Studies performed in vitro indicate that genes con- 
taining GC at splice donor junctions can be properly spliced 
(Padgett et al., 1986). Since the thalassemic patient from 
which the genomic library was constructed had no history of 
unusual bleeding and the gene frequency for Glanzmann’s 
thrombasthenia is low, it is likely that these GC splice junctions 
are the normal sequence. 

GPIIb contains at least seven complete and three partial 
A h 1  repeats, representing approximately 20% of the total 
intron sequence analyzed. AluI repeats are dispersed 
throughout the genome at a frequency of 1 per lo4 bp (ap- 
proximately 5-10% of the genome) (Schmid & Jelinek, 1982). 
However, a number of genes have a higher than expected 
number of AluI repeats, including those for prothrombin 
(Degen & Davie, 1987), 0-tubulin (Lee et al., 1984), thymidine 
kinase (Flemington et al., 1987), and adenosine deaminase 
(Wiginton et al., 1986). The reasons for increased frequency 
of these repetitive DNA sequences is not known, but they may 
potentiate gene deletions due to unequal homologous recom- 
bination events. 

Unlike GPIIIa, which is part of the vitronectin receptor as 
well as of the platelet fibrinogen receptor (Ginsberg et al., 
1987; Zimrin et al., 1988; Fitzgerald et al., 1987b) and which 
is found on many different differentiated cell lines, GPIIb 
expression is limited in vivo to the megakaryocyte lineage. As 
part of our studies to better understand the regulation of GPIIb 
expression, we have analyzed the 5’-flanking region of the 
GPIIb gene to determine the transcriptional start site by three 
separate approaches: primer extension, RNase protection, and 
S 1 nuclease experiments. These studies are consistent with 
a 5’-UT region 32 n in length as also concluded by Prandini 
et al. (1988). The 5’-UT region is within the 20-1004 range 
for similar regions found in most vertebrate mRNA species 
(Kozak, 1987), and the sequence flanking the start site is 
consistent with those for other genes. 

The absence of canonical TATA and CAAT boxes usually 
found in the immediate 5’-flanking sequence of RNA polym- 
erase I1 transcribed genes is unusual but has been noted 
previously for several other nonhousekeeping genes (Bienz- 
Tadmor et al., 1985; Mignotte et al., 1989). Recently, a short 
sequence immediately surrounding the cap site of the murine 
deoxynucleotidyl transferase gene, which also lacks a TATA 
box in the expected location, was demonstrated to initiate 
accurate transcription, though at a low level (Smale & Bal- 
timore, 1989). The sequence around both the rat and human 
GPllb transcriptional start sites conforms not only to the 
known cap site consensus (Corden et al., 1980; Bucher & 
Trifonov, 1986) but also to this weak promoter element, 
supporting the thesis that the GPIIb gene may be able to 
function without a TATA box. A comparison of the human 
gene with the rodent GPIIb gene reveals that several of the 
potential upstream TATA boxes in the human sequence are 
not conserved in  the rat, suggesting that these may not be 
functional. Further studies using functional expression assays 
are needed to confirm the role of this region in the promotion 
of expression of the GPIIb gene. 
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