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ABSTRACT Glycoprotein Ib is a surface membrane gly-
coprotein of platelets that functions as a receptor for von
Willebrand factor. It is a heterodimer composed of an « and a
B chain linked by a disulfide bond(s). A phage Agtll cDNA
expression library prepared from mRNA from a human
erythroleukemia cell line, HEL, was screened using an affinity-
purified antibody to the glycocalicin portion of the o chain of
glycoprotein Ib. Eleven positive clones were isolated and
plaque-purified. The largest cDNA insert was 2420 nucleotides
in length and coded for a leader sequence of 16 amino acids, a
mature protein of 610 amino acids, and a stop codon. It also
contained 42 nucleotides of 5’ noncoding sequence and 497
nucleotides of 3' noncoding sequence, including a poly(A) tail.
The amino acid sequence of the a chain of GPIb predicted from
the cDNA agreed completely with the sequence of 156 amino
acids that was determined by Edman degradation of peptides
isolated from human platelet glycocalicin after digestion with
trypsin or Staphylococcus aureus V8 protease. The extracyto-
plasmic domain of the a subunit of GPIb contains several
noteworthy structural features, including a region of seven
tandem repeats of 24 amino acids that are homologous with
those present in leucine-rich a,-glycoprotein. The extracyto-
plasmic domain also contains two hydrophilic regions, one rich
in charged amino acids and a second rich in serine and
threonine residues. The region rich in serine and threonine
includes five repeats of nine amino acids as well as the majority
of the O-linked carbohydrate sites present in the molecule. The
extracytoplasmic domain is followed by a potential transmem-
brane segment of approximately 29 amino acids and a potential
intracellular domain of approximately 100 amino acids located
at the carboxyl end of the molecule.

The initial hemostatic response to blood vessel injury is
platelet plug formation. One of the critical events in this
reaction is the adhesion of platelets to the subendothelium.
Adhesion requires the binding of platelet membrane glyco-
protein Ib (GPIb) to von Willebrand factor (vWF) following
the binding of vWF to the subendothelial matrix.

GPIb is present on the platelet plasma membrane as a
heterodimer composed of an a chain (GPIba) and a B chain
(GPIbp) linked by a disulfide bond(s). The heterodimer has
an apparent molecular mass of 160 kDa. Following reduction,
GPIba and GPIbB migrate with molecular masses of 145 kDa
and 22 kDa, respectively, as determined by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (1). Both chains
appear to be integral membrane glycoproteins containing
hydrophobic transmembrane domains (2). During platelet
lysis in the absence of protease inhibitors, GPIba is cleaved
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by an endogenous calcium-dependent sulfhydryl protease
(3), which gives rise to glycocalicin, a soluble polypeptide of
a molecular mass of 140 kDa. This fragment originates from
the amino-terminal part of the molecule (4). Further digestion
of glycocalicin with trypsin yields a highly glycosylated
polypeptide fragment termed ‘‘macroglycopeptide’” with a
molecular mass of 118 kDa (5) and a smaller fragment with a
molecular mass of 45 kDa. The 45-kDa fragment includes the
amino terminus of GPIba and contains the binding sites for
vWF (6, 7) and thrombin (6, 8).

GPIb contains a large amount of carbohydrate, which is
present on both GPIba and GPIbB. This carbohydrate is
predominantly in the form of O-linked hexasaccharides rich
in sialic acid (9-11). The O-linked carbohydrate chains are
located almost exclusively in the macroglycopeptide portion
of GPIba. Smaller amounts of N-linked oligosaccharide
chains are also present on both chains.

GPIb forms a macromolecular complex within the platelet
plasma membrane with GPIX, a glycoprotein of M, 17,000
(12, 13). GPIb is also associated with actin filaments of the
membrane skeleton through an interaction with an actin-
binding protein (14, 15). This complex is apparently disrupted
by proteolysis of the actin-binding protein during platelet
activation (16).

Two lines of evidence support the importance of GPIb in
adhesion. First, patients with Bernard-Soulier syndrome
suffer from a severe and potentially fatal bleeding diathesis
characterized by defective platelet adhesion (17). The Ber-
nard-Soulier syndrome is an autosomal recessive disorder
marked by the deficiency of GPIb, GPV, and GPIX (18).
Second, platelet adhesion to a vWPF-containing collagen
matrix under conditions of high shear can be abolished by
preincubation of the platelets with a monoclonal antibody
raised against GPIb (19).

The glycocalicin moiety of GPIb contains two binding sites
for thrombin, including one of high affinity and one of low
affinity (8). The function of thrombin binding to GPIb is
unclear. Platelets from patients with Bernard-Soulier syn-
drome show a diminished response to thrombin but can still
be activated at high thrombin concentrations (20).

Studies on the molecular biology of platelet proteins have
been hampered by difficulties in isolating megakaryocytes in
large amounts and by the absence of significant amounts of
mRNA in platelets. Martin and Papayannopoulou (21) have
recently described an undifferentiated human erythroleuke-
mia cell line, HEL, that expresses platelet proteins, including

Abbreviations: GP, platelet membrane glycoprotein; GPIba and

GPIbg, a and B chains of GPIb, respectively; vVWF, von Willebrand
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platelet membrane proteins GPIIb/IIla. HEL cells also
express a molecule on their surface that is immunologically
similar or identical to platelet GPIba (22-24), and expression
of this GPIb antigen is enhanced following induction of HEL
cells with phorbol 12-myristate 13-acetate (23). In the present
studies, HEL cells induced with phorbol 12-myristate 13-
acetate were chosen as a source of mRNA to construct a
Agtll cDNA expression library. This library was then em-
ployed for the isolation of cDNA clones coding for GPIbe. '

MATERIALS AND METHODS

Bacterial alkaline phosphatase, T4 DNA ligase, the Klenaw
fragment of Escherichia coli DNA polymerase I, and nucle-
ase BAL-31 were purchased from Bethesda Research Lab-
oratories. dATP[a-*°S] and deoxynucleotide triphosphate/
dideoxynucleotide triphosphate sequencing mixes were ob-
tained from Amersham.

Glycocalicin was purified to homogeneity from human
platelets by a two-step procedure utilizing affinity chroma-
tography on wheat germ agglutinin-Sepharose and monoclo-
nal antibody (C7E10)-Sepharose columns as described pre-
viously (25). Purified glycocalicin was used to immunize
rabbits, and the antibodies were purified from the serum by
ammonium sulfate precipitation and affinity purification on
glycocalicin-Sepharose. The purified antibodies were shown
to be monospecific by immunoblotting of whole platelet
lysate. The antibodies were radiolabeled with Na!?I using
IODO-GEN (Piérce) to a specific activity of 1 X 10° cpm/ug
(26).

Purified glycocalicin was reduced, carboxymethylated,
and digested with trypsin. Peptides were separated by HPLC
on an Altex C3 column using a linear gradient system
composed of 0.1% trifluoroacetic acid and 0.08% trifluoro-
acetic acid in 80% acetonitrile. A total of six distinct peptides
were purified to homogeneity and sequenced with a Beckman
890C sequencer. A second sample of glycocalicin was digest-
ed with Staphylococcus aureus V8 protease using the same
conditions used for trypsin, and four homogeneous peptides
were sequenced.

mRNA was extracted from HEL cells using a modification
of the guanidine isothiocyanate method (27) after induction of
the cells for 48 hr with 160 nM phorbol 12-myristate 13-
acetate. Poly(A)-RNA was isolated by chromatography on
oligo(dT) cellulose (28), and 5 ug of RNA was used for the
preparation of a Agtll cDNA library as previously described
(29).

Recombinant phage were initially screened with the
labeled affinity-purified antibody to glycocalicin by the meth-
od of Young and Davis (30). Positive phage were identified
and plaque-purified. A 1.1-kilobase cDNA cading for GPIb
was then radiolabeled with 3P by nick-translation and was
used to rescreen the cDNA library.

Phage DNA was prepared by the liquid/lysis method and
purified by cesium chloride banding (31, 32). The cDNA
inserts were isolated by digestion with EcoRI and subcloned
into pUC18. The inserts were then digested with appropriate
restriction enzymes or with exonuclease BAL-31 (33) and
were subcloned into phage cloning vectors M13mp18 and
M13mpl9 for DNA sequencing. Sequence analysis was
performed by the dideoxy chain termination method (34)
using deoxyadenosine 5’'-[a-[*’S]thio]triphosphate. Se-
quences were stored and analyzed using the GENEPRO
computer program (Riverside Scientific, Seattle).
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I'The sequence of one of these clones, AGPIb2.4, is being deposited
in the EMBL/GenBank data base (Bolt, Beranek, and Newman
Laboratories, Cambridge, MA, and Eur. Mol. Biol. Lab.,
Heidelberg) (accession no. J02940).
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RESULTS AND DISCUSSION

Four million recombinant phage from the HEL cell Agtll
expression library were screened with the 1%I-labeled affin-
ity-purified antibody to glycocalicin. One of the positive
clones (AGPIbl.1) was plaque-purified and its cDNA insert
was sequenced by the dideoxy chain termination method.
DNA sequence analysis of this clone revealed that it coded
for a polypeptide with an amino acid sequence that was
identical to that obtained from the peptides of glycocalicin.
The cDNA insert was then nick-translated and used as a
hybridization probe to rescreen the HEL cell cDNA library.
Ten additional positive clones were identified and six were
plaque-purified. Three clones contained cDNA inserts that
were approximately 2.5 kilobases in length. One of these
clones, A\GPIb2.4, was subjected to DNA sequence analysis.
The restriction map and cloning strategy for the two clones
(AGPIbl.1 and AGPIb2.4) are shown in Fig. 1. Over 90% of
the sequence was determined for both strands. The nucleo-
tide sequence and predicted amino acid sequence for the
cDNA insert coding for human GPIba are shown in Fig. 2.
The cDNA was 2420 nucleotides in length and included a
short 5’ untranslated segment of 42 nucleotides followed by
a region coding for a signal peptide of 16 amino acids and a
mature protein of 610 amino acids. A TGA stop codon
(nucleotides 1921-1923) was followed by a 3’ noncoding
region of 497 nucleotides. The 3’ noncoding sequence includ-
ed a polyadenylylation signal of AATAAA that was located
19 nucleotides upstream from the poly(A) tail.

The initiator methionine was followed by a putative signal
peptide of 16 hydrophobic residues. This signal peptide is
unusual in that it has a proline at position —1. This is very rare
and is thought to be incompatible with correct signal proc-
essing (35). The amino acid sequence of the mature protein
predicted from the cDNA agrees entirely with that obtained
by Edman degradation of the peptides prepared from human
platelet glycocalicin (underlined in Fig. 2). The extensive
sequence identity provides strong evidence that GPIba
derived from HEL cells is the same as that from platelets. The
amino acid sequence predicted by the cDNA is also consist-
ent with that published by Handa et al. (7), who reported an
amino-terminal sequence for GPIba (His-Pro-lle; H P I) and
two other sequences for fragments obtained by digestion with
S. aureus V8 protease. It also agrees completely with that
determined by Edman degradation of platelet glycocalicin by
Titani et al. (36). The nucleotide sequence of AGPIbl.1 and
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FiG. 1. Restriction map and cloning strategy for two cDNA
inserts coding for human GPIba. The length and direction of
sequencing are indicated by the arrows under the respective clones.
The 5’ untranslated sequence is indicated by an open bar, the coding
sequence by a solid bar, and the 3’ untranslated sequence by a
hatched bar.
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FiG. 2. Nucleotide sequence and predicted amino acid sequence for the cDNA insert coding for human GPIba. The amino terminus of the
mature protein starts with +1, whereas the negative numbers (—16 through —1) represent the signal sequence. Amino acid sequences obtained
by Edman degradation are shown with a single underline, and the polyadenylylation or processing signal and poly(A) tail are shown with a double
underline. The potential transmembrane region is identified with a double overline. Potential N-linked glycosylation sites are shown by solid
diamonds.

AGPIb2.4 differed for codon 396—i.e., GAG (glutamic acid;
E) in the former (shown in Fig. 2) and GGC (glycine; G) in the
latter. This is probably the result of a cloning artifact but may
also represent an allelic polymorphism. The size of the cDNA

coding for GPIba was 2420 nucleotides, which is in good
agreement with the size of the mRNA estimated at 2.5
kilobases by blot hybridization of total HEL cell mRNA (data
not shown).
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FiG. 3. Hydropathy plot of the amino acid sequence of human
GPIba employing the method of Kyte and Doolittle (37) using a
window of 15 residues. The two major hydrophobic stretches (-1 to
—15 and 486 to 514) represent the signal peptide and the putative
transmembrane domain, respectively.

Four potential asparagine-linked glycosylation sites (N X
S/T) are present in the molecule and are located at residues 21,
159, 346, and 382. A reduction in molecular mass of 12 kDa
occurs for GPIba when HEL cells are grown in the presence of
tunicamycin (24). This suggests that carbohydrate is probably
attached to all of the four potential binding sites.

On the basis of the predicted amino acid sequence, the
amino acid composition for the mature protein is calculated
to be: Alaz(,cy89ASp24G|U31PhezzGly:;5Hi514“612Ly526LCU1()0~
MetsAsnysProgsGlnys ArgysSergThrygVals, TrpygTyrys. This
yields a molecular mass of 67,192 for the protein freed of
carbohydrate. This composition is in good agreement with
that obtained for GPIba from a 24-hr acid hydrolysate.

Hydropathy analysis (37) of the amino acid sequence of
GPIba revealed several hydrophobic domains in the mole-
cule (Fig. 3). These include a signal peptide at the amino
terminus and a putative membrane-spanning segment, which
is approximately 29 amino acids in length (double overline in
Fig. 2). The potential membrane-spanning region is flanked
by charged amino acids, which may serve to anchor the
protein in the membrane. Two major hydrophilic regions are
present in GPIba. The first begins at about residue 250 and
extends approximately 60 residues towards the carboxyl
terminus. This region is rich in highly charged amino acids,
including aspartic acid, lysine, arginine, and glutamic acid.
Within this stretch of amino acids, there is an abrupt
transition at residue 288 from positively charged to negatively
charged amino acids. The second major hydrophilic stretch
(residues 320-420) is rich in serine and threonine and prob-
ably contains the majority of the O-linked carbohydrate. This
region also contains five repeats of nine amino acids with a
consensus sequence of T T - E P T P - P (Fig. 4 Upper). A
computer-assisted search of the Protein Sequence Data-
base** revealed that many proteins have sequences similar to
this region of GPIba. These proteins include a number of viral
envelope and nucleocapsid glycoproteins as well as several
eukaryotic cell surface proteins. These similarities may
indicate a conserved signal for O-linked glycosylation.

GPIba contains nine cysteine residues, all of which are
present in the apparent extracytoplasmic domain. Two cys-
teine residues are located immediately preceding the putative
membrane-spanning segment. One (or both) of these cysteine
residues may form a disulfide bond(s) with the B8 chain of
GPIb. It is unlikely that either of these cysteine residues
participates in intrachain disulfide bonds, as this would
prevent the release of glycocalicin from GPIba by limited
proteolysis without reduction. The remaining seven cysteine
residues are located in the glycocalicin portion of the mole-

**Protein Identification Resource (1986) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 10.0.
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Amino Acids

(position)
363-370
T T|S|E P[V]P|E[P[A P N N 371-383
T T|L|E P T P|S|P 384-392
TT|P|E P T[S E[P[APSP  393-405
rrpg_g__r__plr P 406-414

TT-EPTP-P Consensus

Amino Acids

(position)
TnI—QEELElYElF 36-46
SLATMPYTR?TQLNLDRCELEIKL 47-70
--QVDGT_I.,_PVLGTLD%SHNQLQSL 71-92
P—LGQTLJALTVLDVISFNRLTSL 93-115
p{L[c|AlL|r 6|L|6 E|L|a E|L|{¥[L]k 6|N|E|L{K[T L|  116-139
PPGLLTPTEIKLEKLSLANNNLTIE’L 140-163
PAGLLNG@EN_L_DTLLLQENSLYI 164-187

P-GLL--LP-L--L-LS-N-LTTL GPIba consensus

P--LL----- L--L-L--N-L--1L Leu-rich consensus
FiG. 4. Tandem repeats in the amino acid sequence of human
GPIba. Consensus sequences derived from GPIba and LRG (38) are
also shown. Residues present three or more times in a given position
are boxed. (Upper) Amino acid repeats between residues 363 and
414. (Lower) Amino acid repeats between residues 36 and 187.

cule; one possibility is that they form three intrachain
disulfide bonds, and one residue remains as a free cysteine.

The amino-terminal portion of GPIba contains the vVWF
binding site within a 45-kDa proteolytic fragment (6, 7). If the
two N-linked carbohydrate side chains were approximately 3
kDa in size, a proteolytic cleavage at either Lys-334 or
Arg-342 would generate tryptic fragments of 43 kDa and 44
kDa, respectively. This amino-terminal fragment also con-
tains seven tandem repeats of 24 amino acids. These repeats
are homologous to a consensus sequence of P—--L L —--
——L--L-L--N-L--L, whichisderived from 13 tandem
repeats in leucine-rich a,-glycoprotein (LRG) of plasma (38).
An alignment of these leucine-rich repeats present in GPIb is
shown in Fig. 4 Lower. Thus far, no physiological function for
LRG has been reported.

The nucleotide sequence for GPIba predicts an intracyto-
plasmic domain of approximately 100 residues. This segment
is thought to be associated with the membrane skeleton
through an interaction with actin-binding protein (14). Al-
though several potential phosphorylation sites (serine, thre-
onine, and tyrosine) are present in this segment, no evidence
exists that they become phosphorylated.

The predicted sequence of GPIba is not homologous with
the adhesive receptors belonging to the ‘‘integrin’’ or ‘‘cy-
toadhesin’’ gene family. This family includes platelet
GPIIb/Illa, vitronectin, and fibronectin receptors, the chick-
en fibroblast fibronectin receptor integrin (CSAT antigen),
and a group of leukocyte adhesion receptors (LFA-1, Mac-1,
p150, and 90) (39). A protein immunologically related to
platelet GPIb is present on endothelial cells and displays
ristocetin-dependent binding of vVWF (40, 41). The function of
this protein, however, is not known.

The present data indicate that GPIba and GPIbg are coded
by different mRN As generated from two different genes. The
two chains do not arise as a result of posttranslational
processing of a precursor protein. It is also possible that the
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FiG. 5. Tentative representation for the a and B chains of human
GPIb based on current information. The potential O-linked and
N-linked carbohydrate chains are shown as solid circles and solid
diamonds, respectively. The number of O-linked chains is under-
represented here. The Leu-rich tandem repeats are shown by open
bars, and the repeats of nine amino acids are shown by solid bars
[modified from Wicki and Clemetson (6)].

developmental regulation of GPlba and GPIbg is indepen-
dent, since GPIba can be expressed in the absence of GPIbS
in HEL cells (24). The function of GPIbg and its role in GPIb
remains to be determined.

In this study, the entire amino acid sequence for human
platelet GPIba has been established. These data strongly
suggest that GPlba is an integral membrane glycoprotein with
an extracytoplasmic domain of approximately 485 amino
acids, a transmembrane segment of approximately 29 amino
acids, and an intracellular domain of approximately 100
amino acids (Fig. 5). The extracytoplasmic portion of GPIba
also contains the seven repeating sequences that are homol-
ogous to the repeating sequence present in LRG.
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