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Abstract. Glycoprotein (GP) IIblllla complex (Integrln allbll3) Is the most abundant
plateletreceptor. It servesas an Inducible receptor for adhesive proteins and is the
best-studied member of the integrin family. Its majorglobal structural features have
beenelucidated mainly during the lastdecade. Since1995,therehas been a substan-
tial Increase In structural Information on adhesion molecule domains. The crystal
structures of Isolated Integrln I domains havebeensolved. Although a highresolution
picture ofa wholeintegrin molecule isnotyetavailable, thecrystal structures together
with biochemical, mutagenesis and modeling data provide a useful framework for
interpreting currentexperimental evidence on structure-function correlations of inte-
grin molecules and for guiding further experiment. The aim of this mlnirevlew is to
updatea previous onesummarizing recent (1995-98) functional andstructural dataof
GPlib/llla andotherIntegrins in the perspective ofan emerging model of thestructure,
andbidirectional signaling mechanism through, integrin allbll3' [P.S.E.B.M. 1999, Vol 2221

The integrins represent a large family of receptors con-
stitutively expressed on the surface of all nucleated cells in
the body. Integrin-mediated signals regulate cell-cell and
cell-extracellular matrix interactions, which are important
events in a wide variety of biological processes, such as
embryonic development, morphogenesis, hemostasis and
thrombosis, wound healing, immune system function, and
metastasis (I). Integrin receptors are heterodimers consist-
ing of a 120-180-kDa a-subunit noncovalently associated
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with a 90-IIO-kDa [3-subunit. Both subunits are type-l
membrane glycoproteins with a single membrane-spanning
domain. At present, 8 [3 and 17 a subunits have been char-
acterized (2), and these subunits combine in a restricted
manner to form more than 22 different dimers, each of
which exhibits a distinct ligand-binding profile.

The bulk of each integrin subunit is extracellular and
contains an activation-dependent ligand-binding domain for
extracellular matrix proteins, soluble macromolecules, or
counter-receptors on the surface of apposed cells (3, 4).
Integrins mediate both adhesion and bidirectional trans-
membrane signaling. Integrin function appears to be regu-
lated by conformational changes and receptor clustering.
Thus, the information flow that effects changes in the ad-
hesive state of integrin receptors switching from a resting
integrin to a ligand-binding competent receptor is regulated
by intracellular events and is referred to as affinity modu-
lation or inside-out signaling. Following receptor occu-
pancy, the binding information is transduced across the
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plasma membrane in a process termed outside-in signaling
that triggers integrin clustering (avidity modulation) and
attachment to the membrane skeleton (5-8). The relative
contribution of affinity and avidity modulation to ligand
binding varies with the integrin type. Both processes play
complementary roles in regulating alIb133 activation (7).

Glycoprotein (GP) IIblIlla complex (integrin aUbl33) is
the most abundant platelet adhesion receptor. Integrin
a ubl33' a calcium-dependent heterodimer, is a receptor for
fibrinogen, fibronectin, vitronectin, von Willebrand factor,
and thrombospondin, and mediates platelet aggregation,
firm adhesion, and spreading. Integrin aUb133 is probably the
most thoroughly studied integrin receptor and a paradigm
molecule of the integrin protein family. Structure-function
correlations of integrin aUb133 have been the subject of re-
cent reviews (3, 9). In addition, clues provided by studies
from other integrin receptor systems have contributed to our
understanding of the molecular basis of integrin-mediated
bidirectional information transfer. These findings support
the concept that integrins share common mechanisms for
affinity modulation and regulated adhesion (1, 5-8, 10-15).
Furthermore, integrin signaling pathways synergize with
other receptor pathways to enhance or dampen signals elic-
ited by each receptor (16). The aim of this review is to
summarize structural data gathered from recent studies on
GPIIblIlIa and other integrins that may contribute to a gen-
eral model of integrin function.

Inside-Out Signaling

Inside-out signaling appears to involve the propagation
of conformational changes from the cytoplasmic domains of
integrins to the extracellular ligand binding site in response
to intracellular signaling events. Many studies have docu-
mented that the cytoplasmic tails of both integrin subunits
are involved in modulation of the receptor activation state.
Integrin cytoplasmic domains are plausible substrates for
cellular kinases. Activation of platelet aUb133 in response to
thrombin is mediated by heterotrimeric G-proteins that ap-
pear to act through protein kinase C (PKC). Experimental
evidence suggests that one of the mechanisms that regulates
exposure/closure of ligand-binding sites on aUb133 in re-
sponse to activators of PKC is phosphorylation/dephos-
phorylation of a Ser/Thr residue in the 133 subunit (17). On
the other hand, the involvement of tyrosine phosphorylation
in the enhancement of the binding affinity of integrin aUb133
remains controversial. Hence, although tyrosine phosphor-
ylation of the 133 cytoplasmic domain (740 -762) has been
shown to be required for integrin-cytoskeletal interactions
(18), mutational studies strongly argue against a role of
tyrosine phosphorylation in GPIIblIIIa activation (19). Hers
et al. (20) have reported that the relative contributions of
Tyr and SerlThr kinases in alIb133 exposure differ among
different platelet aggregation agonists.

Apart from kinases and phosphatases, R-ras, a member
of the small GTP-binding protein family, has been shown to
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activate integrins (21); however, the molecular basis of this
regulation is not known.

An emerging concept is that the highly conserved mem-
brane-proximal sequences of both integrin ae91GFFKR995)
and I3C I7LLitiHDR724) subunits lock the integrin receptor
in a default low-affinity state (11, 15, 22, 23) (Fig. 1). The
ability of the membrane-proximal portion of the integrin
cytoplasmic domains to regulate integrin affinity may de-
pend on an interaction between those favoring close asso-
ciation of the integrin subunits. Thus, it has been proposed
that activation of GPIIblIIIa by alanine substitutions of a
R995 and I3D723 may be ascribed to disruption of a salt
bridge and the consequent release of a constraint that main-
tains the receptor in an off state (22). Other association
mechanisms have been put forward, however. Haas and
Plow (24) have provided evidence for the ability of the
distal GPIIb cytoplasmic portion e99PLEEDDEEGE1OO8)
and GPIIIa 721IHDRKEFAKFEEERARAKWD74o to form
a binary complex that stabilizes a complex-specific confor-
mation, and a ternary complex with Tb3+. Complex forma-
tion between the aUb and 133 cytoplasmic tails involves their
carboxyl- and amino-terminal aspects, respectively, and
a structural model has been proposed (25). On the other
hand, Melker et al. (26) have found evidence suggesting
that the role of the GFFKR motif varies among different a
subunits. These authors reported that the two Phe in the
GFFKR motif of the integrin a6 A subunit are essential for
heterodimerization.

The 133 cytoplasmic domain 744NPLy747 and Ser752

also appeared to be important in the regulation of the affin-
ity state of aUb133 since point mutations in these regions
inhibit activation of the receptor (18) and generate a Glanz-
mann's thrombasthenia phenotype (3).

Interactions with intracellular partners may also con-
tribute to the affinity modulation of integrins. Using the
yeast two-hybrid system, several intracellular proteins have
been identified that interact with the cytoplasmic domains
of integrins (12). The calcium-binding protein calreticulin
binds to synthetic peptides displaying the GFFKR motif
(27). Its physiological relevance has been questioned, how-
ever, because this protein is generally localized in the en-
doplasmic reticulum, and a homologous protein, calnexin,
serves as a chaperone during integrin subunit biosynthesis
but does not associate with the mature integrin (1).

Integrin aUb133 has been shown to form a stoichiometric
association with CD9, an abundant platelet membrane pro-
tein that belongs to the tetraspan superfamily of four trans-
membrane domain-containing proteins (16), and the com-
plex is present in resting platelet membranes (28). The
CD9-aubl33 association appears to involve hydrophobic in-
teractions, suggesting that the proteins may interact via their
transmembrane domains. Another intracellular regulatory
protein for integrin a ub133 is Clls, a 191-residue calcium-
binding protein with sequence similarity to calcineurin B
and calmodulin that binds specifically to the aUb cytoplas-



~Igure 1. A working model for integrin Clllbl33' Cartoon of intra- (open) and inter- (shadowed) ~olecular domain connectivities in nonactivated
Integrin Clllb133 (3, 43). This figure is not to scale. The thin arrows indicate interdomain associations. N- and O-glycosylation sites are depicted
as -a and -0, respectively. Ibp, putative intracellular integrin-binding protein; Mne, platelet plasma membrane; Ca, calcium-binding site with
~alcium (e) bound; Ct, C-terminal; Cys-rich, cysteine-rich domain of 133' Thick arrows indicate conformational changes that propagate
Information back and forth between the cytoplasmic and the ligand-binding domains of Clllbl33' The amino acid sequences of the cytoplasmic
tails of the subunits are depicted below the Clllb133 model. Regions involved in affinity modulation of the integrin receptor and binding to
133-endonexin are boxed. A proposed calcium-binding domain within the C-terminal region of Clllb is also boxed and labelled Ca2+. The
structures of the proposed I domain of 133 (residues 110-350) and the predicted l3-propeller domain of Clllb (residues 15-452) are shown at the
upper left and right sides of the figure. The models are based on the x-ray crystal structure of the I domain of Cl2 (pdb accession code 1AOX)
and on the theoretical model of the Mac-1 (ClM) l3-propeller (pdb accession code 1A8X), and were rendered with MOLSCRIPT. Selected
a-helices 3, 4 and 5 and l3-strands B, C, and D are labeled, and structural features linked to integrin function are highlighted: M, a putative
cation (e) in the MIDAS site of the GPllla l-dornaln. Unlike the Cl subunit, direct evidence for metal binding to this region of 13 subunits has not
been provided; lsi, ligand-specificity loop; ami, affinity modulatory loops; sl, subunit interface. In the 13-propeller model, the ligand binding face
~Ibf) Is located on the upper region of the domain. Residues of Clllb,Cl5, and Cl4, which have been implicated in ligand binding and are clustered
In loops between the W2 and W3 and W3 and W4 repeats, are depicted in ball-and-stick or space-filling models, and this region is labeled with
a star. The ligand-binding region of Cl subunits may include residues from additional loops. The calcium-binding face (cbf), depicted here with
four calcium ions (e) bound, lies on the lower part of the 13-propeller and may playa structural rather than a ligand-binding role. ct, C-terminal;
nt, N-terminal. Insert, cartoon of isolated Clllb133' based on an electron microscopic image of the integrin, revealing that the extracellular
(N-terminal) portions of the subunits fold into a globular head (about 8 x 10 x 10 nrn") that is connected to the membrane by two rod-like
segments extending 12-16 nm from one side.

lUic domain (29). Calcineurin B and calmodulin are known
regulatory proteins of various enzymes and membrane pro-
teins.

Whereas ILK (integrin-linked kinase) binds to the 131'

132' and 133 cytoplamic domains (12), proteins that bind spe-
cifically to individual integrin 13 cytoplasmic domains in-
clude ICAP, a 131 integrin cytoplasmic domain-associated
protein-I (12); cytohesin (which binds to 132) (12); and 133-
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endonexin, a novel Ill-amino acid polypeptide that inter-
acts selectively with the cytoplasmic sequence 756NITy759
of the 133 integrin (30). The functional relevance of any of
these integrin-associated proteins awaits further definition.
Furthermore, the evidence suggests that multiple pathways
lead to the activation of integrins.

The short cytoplasmic tails of aUb and 133 associate
between themselves and with other intracellular proteins in
a specific and complex manner that is critical for heterodi-
mer assembly and maintenance of the latent state of the
integrin. Whereas the membrane-proximal GFFKR is con-
served in the a cytoplasmic domains, the 13 cytoplasmic
sequences are more variable, suggesting that the precise
cytoplasmic associations may vary depending on the sub-
unit composition of the heterodimeric integrin.

Piecing Together the Puzzle: Structures of In-
tegrin Ligands and of Integrin Ligand Binding
Sites. Integrin ligands. The majority of integrin ligands
are either cell-surface molecules of the immunoglobulin (Ig)
superfamily or large, modular extracellular molecules.
Since 1995. there has been a substantial increase in the
structural information on adhesion molecules. The structure
of isolated domains of modular integrin-binding proteins
has been solved by NMR or x-ray crystallography (31-33).
These structures reveal features important for integrin rec-
ognition: In particular, an invariant carboxylate, implicated
in adhesion, is prominently displayed usually on a distinc-
tive loop (between l3-strands C and D of the Ig domains of
VCAM-l (34, 35) and MadCAM-l (36)) but also on a
l3-strand (ICAM-l (37, 38) and ICAM-2 (39)). The RGD
motif involved in the binding of non-Ig ligands (i.e., fibro-
nectin and snake venom disintegrins) to their integrin re-
ceptors is also prominently displayed on loop regions of
various integrin-binding proteins (3, 40). The RGD motif
shares little structural similarity with the integrin-binding
motif in VCAM, MadCAM, or ICAM molecules other than
the exposure of the aspartic acid residue. In fact, all integrin
ligands possess a critical carboxylate (usually an aspartate
but also a glutamate) as a key feature of their integrin-
binding motifs. These structures, together with mutational
data and the crystal structures of integrin I domains (see
below) provide insights into how these molecules function
as integrin ligands. Current knowledge is consistent with the
concept that, upon binding, the critical carboxylate of the
ligand completes the coordination sphere of a metal ion in
the ligand-binding site of the receptor. However, the cation-
carboxylate bond may not account for the total binding en-
ergy. The rest of the energy as well as the ligand specificity
may arise from further interactions between complementary
surfaces of the integrin and the ligand.

Integrin ligand-binding sites. Both, the a and the 13
subunits of integrin contribute to the ligand-binding capa-
bility of integrin aUbl33' Although a recombinant soluble
form of Gf'Ilb/Illa, which assumes an active, ligand-binding
conformation has been produced (41), the three-di-
mensional structure of the heterodimer (or of any other in-
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tegrin) has not been solved. Therefore, our understanding of
its structure and molecular determinants of ligand binding
are incomplete. Thus, it is not clear whether the a and 13
subunit ligand-binding regions define an extended binding
surface exhibiting subsites for different ligand structural de-
terminants, or are arranged into discrete nontopologically
related binding pockets. It also remains unclear whether the
relative disposition of a and 13 subunit binding sites is con-
served in different heterodimers. The extended-a/l3-
binding-site hypothesis is supported by studies showing that
photoactivatable RGD and fibrinogen 'Y-chain peptides,
which bind, respectively, to sites in 133 and aUb' crosslink to
regions of both aUb133 subunits (3). On the other hand, the
nontopologically related-binding-surfaces hypothesis is fa-
vored by experimental evidence showing that the a and 13
subunits of integrin a5131 bind simultaneously to the syn-
ergy region (PHSRN sequence in the 9th type III repeat) and
to the RGD motif (in the 10th type III repeat) of fibronectin
(42), respectively. The x-ray crystal structure of a recombi-
nant fibronectin fragment spanning F7-FlO type III repeats
reveals that both binding sites are located 35 Aapart on the
same face of the molecule (40). A scale model of the fibro-
nectin/integrin interaction (see Fig. 5 in Ref. 40) shows that
the synergy region and the RGD loop are easily accessible
to the globular head of a single integrin molecule.

Structural studies are only available for the ligand-
binding I domains of the a subunits of a Ml3z, a Ll3z, and
azl3l' although a wealth of information exists about residues
and epitopes of both integrin subunits conferring biological
activity. Clues for understanding the structure and function
of the prototypic platelet integrin aUb133 published before
1995 have been reviewed (3, 9, 43). More recent biochemi-
cal, structural, and modeling data, which provide a good
framework for further studies, are summarized below.

Integrin I domains. Seven of the 17 integrin a sub-
units contain a 200-amino-acid-inserted domain, referred to
as the I (or A) domain. It shows homology to the collagen-
binding A domains of von Willebrand factor and is involved
in ligand binding (44). The crystal structures of the I do-
mains of aM (45), a L (46), and az (47) have been reported.
The I domains adopt the dinucleotide-binding (Rossmann)
fold with a central parallel Bvsheet surrounded on both sides
by a-helices (Fig. I). The domain also contains a metal-
binding site (called the metal-ion dependent adhesion site or
MIDAS) at the top of the l3-sheet which is critical for its
adhesive function. In the crystal structures, a magnesium
ion is coordinated (directly or through water molecules) by
five oxygenated residues: the sequence DxSxS plus noncon-
tiguous aspartate and threonine residues. In the crystal struc-
ture of the aM I domain, the sixth coordination site is oc-
cupied by a carboxylate oxygen atom from a neighboring I
domain, and the authors proposed that under physiological
conditions, this site might be provided by the conserved
acidic residue of integrin ligands (45) (see the docking
model of the I domain of LFA-l with domain Dl of



ICAM-l in Fig. 5 of Ref. 38). Furthermore, the DxSxS
motif is present in all known integrin 13 subunits, and there
is growing evidence for the functional importance of this
motif in ligand binding by 131 and 133 integrins (3, 48-50).
Relevant to this point, Chen et at. (51) using chemical cross-
linking have identified the binding site for an LDV-based
inhibitor of a 4131 within residues 130-146 of a4 , a region
that contains the DxSxS motif.

Lee et al. (45) have proposed that the ligand-binding
domain of integrin 13 subunits may adopt an I-domain-like
fold, and a structure prediction appears to support this hy-
pothesis (52). The proposed region in GPIIIa corresponds to
residues 110-350 (Fig. 1). Interestingly, when the sequence
CTSEQNC of 131 was replaced by the corresponding se-
quence of 133177CYDMKTTC184 (where cysteines 177 and
184 are linked by a disulfide bond in GPIIIa (3, 43)), the
ligand specificity switched from that of a vl3l to that of a v133

(53). In the I domain-like model, this highly divergent se-
quence among integrin 13 subunits is located in a loop struc-
ture between l3-strands Band C on the same side of the
domain and near the MIDAS motif (labeled "lsl" for ligand
specificity loop, in Fig. 1). The results suggest that the
predicted loop structure is a key determinant of integrin
ligand specificity. On the other hand, regions 217-298 and
324-366 of GPIIIa form part of the subunit interface in the
alIb133 heterodimer (3, 43) (Fig. 1). In the proposed 1-
domain fold these regions would correspond to a4-I3D-a5
and a6-a7, respectively. The cx4, as, and cx6 are located on
the same side of the domain (labeled "si" for subunit inter-
action, in Fig. 1), in line with the proposed structure-
function correlation model. Moreover, the region around
GPlIIa Arg214 (located in the loop I3D-cx4) has been in-
volved in the conformational change(s) leading to the acti-
vation-dependent exposure of the ligand-binding site (3),
and the region of GPIIIa 217-231 (loop I3D-cx4 and N-
terminal part of helix (4) is cryptic in resting GPlIb/IIIa and
becomes exposed following platelet activation (3). Using
synthetic peptides, McDowall et al. (54) have shown that
peptides covering the cx4-I3D loop, the I3D-a5 loop, and
helix cx5 of the I domain of CXL define an area involved in a
Conformational change necessary for conversion to the
high-affinity state of integrin cxL132' Moreover, the region of
131 207-218 (which corresponds to GPIIIa 198-209 and
encompasses the loop between I3C and helix cx3 in the I
domain model) (Fig. 1) contains epitopes for both activating
and inhibitory antibodies (3, 50). Similarly, Zhang and Plow
(55) have reported that two short and spatially proximal
epitopes of the I domain of a M132(l00P cxl-I3B and loop
I3C-et3 and N-terminal region of et3, labeled "aml" for af-
finity modulatory loop in Fig. 1) are involved in the modu-
lation of the adhesive activity of this receptor. Hence, in the
proposed fold, these structural elements lay on the same side
of the domain (front face in Fig. 1), suggesting that the
MIDAS motif, the ligand-specificity B-C loop, the subunit
interface (helices cx4-(5), and the affinity modulatory re-
gion(loops cxl-I3B and I3C-cx3) are topologically related.

Mapping the Ligand Binding Site in Non-I-
Domain a SUbunits. A number of potential ligand inter-
active sites have been identified in non-I-domain-containing
integrin cx subunits, mainly aIlb' a 4, and as, Domain-
swapping experiments indicate that the amino-terminal one-
third (residues 1-334) of a llb defines the ligand recognition
specificity of integrin a Ub133 (56). Similarly, recombinant
as(229-448) appears to constitute the minimal domain
of as131 for fibronectin recognition (57). The ligand-bind-
ing domain of CX4 has been narrowed down to the N-ter-
minal portion (residues 108-268 (58), 152-203 (59), and
181GAPGSSYWTGI90 (60)) of the molecule by mapping
the epitopes for function-blocking antibodies and alanine-
scanning mutagenesis. This sequence is relatively well con-
served among integrin a subunits. Mutations to alanine of
residues G184, Tyr 189, Tyr 190, Phe '?', and Gly193 within the
homologous region of GPIIbe84GAPGGYYFLGI93) sig-
nificantly blocked binding of a uh133 to soluble fibrinogen
and, in contrast to most of natural GPIIb mutations occur-
ring in Glanzmann's thrombasthenic platelets, did not affect
cell surface expression of aIlh133 (61).

The loop of GPIIb 147RGNTLSRIYVENDFSWD_
KRy I66 defined by the disulfide bond between Cys 146_
Cysl67 has also been implicated in the ligand binding func-
tion of CXUb133 (62). Alanine substitution of each of the oxy-
genated residues within this loop did not significantly affect
surface expression of a ubl33' Only the Asp l63/Ala mutation
abolished the ligand binding function of the integrin, indi-
cating that this residue might be critical for ligand binding.
The involvement of this loop in ligand binding is also sup-
ported by the report that a double mutation in CXs (S IS6GI
W1S7S, which corresponds tolS6YVlS7 in a Uh) blocked the
interaction of a peptide ligand to a sl3l (63).

Interestingly, although some reports have suggested
that a-chain Ca2+-binding sites may interact directly with
ligands (3, 9, 43), the putative ligand-binding region of a

4
does not include any of its calcium binding repeats. In
agreement with this conclusion, Pujades et al. (64) showed
that mutations of the three CX4 "EF-hand" Ca2+-binding sites
had no effect on binding of soluble monovalent or bivalent
VCAM-l to cx4131' In the same line of evidence, Niewiar-
owska et at. (65) used peptide-specific antibodies as probes
of the topology of the Ca2+-binding motifs of cxub133 and
concluded that all four Ca2+-binding sites are partially ex-
posed and are not in close vicinity of the ligand recognition
domain. Moreover, in agreement with domain mapping by
limited proteolysis of GPIIb/IIIa (3, 43), mutational studies
indicate that the calcium-binding domains of GPIIb are not
necessary for complex formation with GPIIIa (66). Analysis
of platelet Glanzmann thrombasthenic phenotypes linked to
mutations in the calcium-binding domains of GPIIb (67,68)
demonstrate their importance in maintaining the proper
aIlh133 conformation required for intracellular transport of
the heterodimer to the cell surface. Thus, the Ca2+-binding
domains may playa structural rather than a ligand-binding
role.
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A 4-fold helix-loop-helix (HLH) arrangement for the
calcium-binding domain in the a L integrin subunit has been
proposed (69). On the other hand, the N-terminal approxi-
mately 440 amino acids of non-I-domain integrin a subunits
are predicted to fold into a 13-propeller domain built by
seven four-stranded 13-sheets arranged in a torus around a
pseudosymmetry axis (70). In this model, the Ca2+-binding
sites of a Ub are at the lower part of the 13-propeller domain
model in loop regions joining 13-strands 1 and 2 of repeats
W4, W5, W6, and W7, as depicted in Figure 1. The ligand-
binding site is hypothesized to lie in the upper surface of the
domain (70). The HLH and the 13-propeller domain model
are clearly mutually incompatible with regards to the struc-
ture of the calcium-binding sites.

In the 13-propellerdomain model, residues G184, TyrI89,

TyrI90, Phe191, and Gly193 of aUb' and the homologous resi-
dues Tyr187, Trp188, and Gly191 of a4 , whose mutation to
Ala affects cell adhesion to fibrinogen (61) and to VCAM-l
and CS-l (59), respectively, are clustered in a loop between
the W3 and W4 repeats of the predicted 13-propeller struc-
ture (Fig. I). The Cys146_Cys167 disulfide bridge is in the
loop joining the fourth 13-strand of W2 and the first 13-strand
of W3. These two loops are adjacent in the proposed 13-pro-
peller model (Fig. 1). Although the experimental evidence is
limited (~O, 71), the proposed models may be useful for
interpreting current data and guiding further experiments.

Subunit Association. Domain mapping of GPIIbl
ilia by limited proteolysis indicated the existence of com-
plex intra- and intermolecular connectivities in the hetero-
dimer (3) (Fig. 1). Regions of GPllla including residues
217-298 and 324-366 (a4-13D-a5 and a6-a7 in the pro-
posed l-domain fold), together with regions of the C-
terminal half of the GPIIb heavy chain (486-553; 696-734;
and 780-817) and the membrane-proximal part of the GPIIb
light chain (residues 30-75), form part of the subunit inter-
face in the aUb133 heterodimer (3, 43). In addition, the
amino- and C-terminal portions of GPIIb have been shown
to be in close association in resting aUb133 (see Figs. 1 and 2
in Ref. 3). In agreement with this low-resolution domain
model, Huang et al. (72) have shown that folding of the
proposed I domain of 132 is not complete until after asso-
ciation with aL' suggesting that the 132 domain may be in-
timately associated with the a subunit. Also in agreement
with the domain connectivity model, is the report that the
Ca2+-binding domains are not involved in heterodimer for-
mation and that regions amino-terminal to the calcium-
binding domains of GPIIb (1- -200) playa role in integrin
subunit association (66).

The a subunit 13-propeller and the 13 subunit I domain
of integrins a M132 and aL132 may associate, since both are
dependent on heterodimer formation for folding (72, 73).
The region 599-718 of aM (450-570 in aUb) that follows
the 13-propeller domain is predicted to fold into a structur-
ally independent 6-7 13-strandeddomain, and the following
subregion, from residues 725-729 (573-577 in aUb) may
directly associate with the 132 subunit, or its conformation
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may depend on associations elsewhere with 132 (73). The
involvement of regions of the C-terminal half of the o-sub-
unit in the formation of functional heterodimers is also sug-
gested by a study showing that a Glanzmann thrombas-
thenic phenotype is associated with deletion of amino acids
817Leu_Asn826 of the GPIIb heavy chain and insertion of
eight different residues (74).

Conformational Changes. The structural basis of
the activation-dependent conformational change and the
structural changes that propagate information back and forth
between the cytoplasmic tails and the ligand-binding site in
the globular head remain elusive. Both relative movements
of domains (quaternary structure changes) that unmask the
ligand-binding site and conformational changes within the
ligand-binding domain (tertiary structure changes) that alter
the properties of the ligand binding pocket may operate
within integrins. Hence, the observation that the interaction
of monoclonal antibodies with the extracellular, membrane-
proximal region of GPIIIa triggered fibrinogen binding to
the globular head of integrin a ub133' proved that a long-
range conformational change can be propagated along the
integrin (75). Similarly, activating monoclonal antibodies
bind to the cysteine-rich region of 131 integrin (76, 77).
Fluorescence resonance energy transfer studies have indi-
cated that platelet activation correlates with a change in the
relative orientation of the integrin a ub133 subunits (78).
Comparison of the limited proteolysis degradation patterns
of the non-RGD-binding (off state) and the RGD-binding
(activated state) of integrin aUb133 indicates the existence of
dramatic interdomain movements involving regions cover-
ing helices a4 and a5 and the 13D-a4 loop of the proposed
13 subunit I domain and the N-terminal half (including the
13-propeller domain) of the a subunit (79). A conforma-
tional shift of as relative to 131 has also been reported for
integrin a s131 (80, 81). However, whereas Tsuchida et al.
(80) interpret their results as an indication of relocation of
the as subunit to uncover the cysteine-rich region of 131'
Mould et al. (81), suggest that the conformational change
results in exposure of ligand-binding sites near the interface
between the a subunit 13-propeller and the 13 subunit I do-
main. Another model has been presented by Loftus and
Liddington (42). In this model, the 133 I domain sits on top
of the a Ub 13-propeller in the low-affinity state of the inte-
grin, sterically blocking access to the ligand-binding site of
aUb' Receptor activation involves release of the I domain
constraint leading to exposure of the ligand-binding site in
aUb (42). Although experimental confirmation of any of the
models needs resolution of the structures of integrins in
different affinity states, the different models converge to
suggest that the extracellular domains of the a and the 13
subunits change their relative reorientation along the sub-
unit interface during a quaternary structure conformational
transition of the integrin receptor.

Tertiary structure changes within the ligand-binding
domain of the 132 subunit are also indicated by the report
that helices a4 and a5 and the 13D-a4 loop of the I domain



of LFA-l appear to be involved in a conformational change
leading to high-affinity/avidity binding to ICAM-l (54).
Comparison of two crystal forms of the I domain of aM with
bound Mg2+ (closed conformation) and Mn2+ (open confor-
mation) revealed a changed in metal coordination that was
linked to a large (1O-A.) shift of the C-terminal helix, the
burial of two Phe residues into the hydrophobic core of the
Mn2+ form, a direct T209_Mn2+ bond, and the presence of a
glutamate side chain from a neighboring molecule in the
MIDAS site (82). This led to the interpretation that the
different structures may represent different affinity states of
the I domain (82). However, the significance of this finding
remains controversial. On the one hand, crystallographic
studies of CDlla (aL) I domain in the absence or presence
of bound Mn2+ ion did not show major structural arrange-
ments in the metal-binding site (83), and Baldwin et al. (84)
have reported that addition of cations Mn2

+, Mg2+, and Cd2
+

to the metal-free I domain of CDllb (aM) did not induce
conformational changes in the crystalline environment. The
authors (84) suggest that the proposed active conformation
(82) is likely to be a construct artifact. On the other hand, Li
et al. (85) used F302 Wand T209 A mutants to show that
the MIDAS site includes conformationally sensitive resi-
dues that undergo significant shifts in the open versus
closed structures. They suggest that stabilization of the open
structure is independent of the nature of the metal ligand
and that the open conformation may represent the physi-
ologically active form.

Outside-In Signaling The binding of fibrinogen and
other ligands to activated GPlIbIlUa causes conformational
changes linked to the expression of neoepitopes called LIBS
(ligand-induced binding sites) (3, 9, 43). Regions of GPIIIa
downstream of the proposed I domain and the C-terminal
part of GPIIb have been shown to exhibit LIBS. A current
model (3) suggests that LIBS may arise as a consequence of
subtle changes in the relative orientation of the integrin
SUbunits and that the C-terminal halves of the molecules
may be involved in receptor clustering and outside-in sig-
naling. Considerable amounts of evidence point to a role for
the short cytoplasmic tails of the integrin subunits in driving
the nucleation of large intracellular complexes containing
both cytoskeletal and catalytic signaling proteins. The reac-
tions that initiate and propagate the assembly, as well as the
architecture of the intracellular macromolecular complexes,
are the subject of intense research. A detailed description is
beyond the scope of this paper; however, excellent review
articles have been published recently (7, 8).

Available experimental evidence suggests that the 13
Subunit cytoplasmic tail contains the molecular determi-
nants for cytoskeletal attachment of ligated and clustered
a"b133' In the resting integrin, the a subunit tail blocks the
cytoskeletal interaction with the 13 tail, and ligand bind-
ing appears to remove this block (3, 12). Active regions of
the 133 cytoplasmic domain for cytoskeletal interactions
include 727FAKFEEE733 (binding site for o-actinin),
744NPLYKEAT751, and 7571TYR76o (86). Direct binding of

platelet integrin a IIh133 to talin has been reported. This in-
teraction appears to be mediated through a conformational
epitope of the cytoplasmic domains of both aIIb and 133 (87).

Activation of syk and src are early events of the sig-
naling pathway through ligated and clustered all h133 in
platelets. Full spreading or aggregation is associated with a
cascade of tyrosine phosphorylations of a number of pro-
teins. 133 becomes phosphorylated on tyrosine residues in
response to thrombin-induced platelet aggregation (88), and
a peptide corresponding to residues 740DTANNPLYKEA-
TSTFTNITYRGT762 of the 133 cytoplasmic domain was ca-
pable of binding the signaling proteins SHC (133 peptide

759rnonophosphorylated at Tyr ) and GRB2, when the 133
peptide was phosphorylated at both Tyr747 and Tyr759. The
data suggest that tyrosine phosphorylation may recruit phos-
photyrosine-binding molecules, thereby initiating signaling
pathways. In addition, the highly conserved 744NPLy 747 in
the C-terminal segment of the 133 cytoplasmic domain was
found to be required for triggering autophosphorylation of
the focal adhesion kinase, FAK (89). The structural integrity
of the motif rather than its phosphorylation status appears to
be important for 133-mediated cytoskeleton reorganization
and tyrosine phosphorylation of FAK (90). This suggests
that the NPLY motif may modulate the binding of a protein
required for integrin-rnediated FAK phosphorylation. On
the other hand, the phosphorylation status of Tyr747 is im-
portant for optimal 133 postligand binding events (90).

A mutation in the 133 cytoplasmic tail (Ser752 ~Pro),
known to inhibit activation of a IIh133 in a variant 0 Glanz-
mann's thrombasthenia, also inhibited the ability of the 133
cytoplasmic domain to signal FAK phosphorylation (89),
failed to bind to GRB2, and showed reduced binding with
SHC (86), and profoundly affected cell spreading and 13(3)
localization into focal contacts (91). The mutant GPIlbl
GPIIIaSer752->Pro also had reduced ability to bind 133 endo-
nexin (30), suggesting that a single mutation can block both
inside-out and outside-in GPUb/I1Ia signaling due to the
inability of the mutant integrin to bind cytoplasmic proteins.
Since Ser752Ala substitution mostly restores normal integrin
functions, the structure-disrupting presence of Pro may be
responsible for the receptor's loss of function (91).

Activation and tyrosine-397 autophosphorylation of
FAK (7) provides a docking site for SH2 domains of src
family kinases, and possibly PI3 kinase. Src phosphorylates
FAK at additional Tyr residues, generating an anchor site
for the adapter protein GRB2. The C-terminal domain of
FAK also contains Pro-rich motifs that bind to SH3 domains
enabling the recruitment of more adapters and signaling
molecules and linking integrin engagement with down-
stream signaling events, including the ras and MAP kinase
cascades.
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