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Introduction

 

Integrin mediated cell–cell and cell–matrix adhesion is at the
root of a diverse range of physiological processes. An under-
standing of the molecular mechanisms of integrin–ligand inter-
action requires identification of the recognition sites within the
macromolecular integrin ligands as well as the ligand contact
points within the integrin receptor. A number of discrete rec-
ognition sequences within integrin ligands have been identified
and characterized. Based on high resolution structures for sev-
eral of these recognition sequences, an emerging theme is that
these recognition sites consist of short peptide sequences pre-
sented on extended flexible loops between 

 

b 

 

strands (1–3). By
contrast, an understanding of the sites within the integrin re-
ceptors that define ligand recognition and specificity has been
slower to emerge. This is due in part to the complexity of these
large heterodimeric molecules, the dynamic modulation of
their ligand binding affinity, and their potential for allostery. It
is generally accepted that integrins contain multiple ligand
contact sites, as essential regions and specific residues have
been identified in both the 

 

a

 

 and 

 

b

 

 subunits. The three major
regions are the 

 

a

 

 subunit I-domain, the seven NH

 

2

 

-terminal re-
peats of the 

 

a

 

 subunit, and a conserved region of the 

 

b

 

 sub-
units that appears to be a functional and structural homolog of
the 

 

a 

 

subunit I-domain. Atomic resolution crystal structures
exist only for the 

 

a 

 

subunit I-domain (4, 5), but recent hypo-
thetical atomic models of the other two domains present an
opportunity to build a quaternary model of integrin ligand
binding and allostery in the light of the mutagenesis and bio-
chemical data.

 

The

 

 

 

a

 

 

 

subunit I-domain. 

 

The first crystal structure of an 

 

a

 

subunit I-domain demonstrated that it adopts the dinucle-
otide-binding fold, with a central parallel 

 

b

 

 sheet surrounded
on both sides by 

 

a

 

 helices (5). This fold is very common among
intracellular phosphoryl transfer enzymes, but has not been
observed previously in an extracellular domain. In this class of
fold, the functional surface of the molecules always lies at the
COOH-terminal end of the 

 

b

 

 sheet. In the 

 

a

 

 subunit I-domain,
a unique divalent cation coordination sphere is located there
and has been designated the metal ion–dependent adhesion

site (MIDAS).

 

1

 

 Interestingly, in the 

 

a

 

M

 

 I-domain crystal struc-
ture with bound Mg

 

2

 

1

 

, a glutamate sidechain from a neighbor-
ing I-domain in the crystal lattice completed the octahedral co-
ordination sphere of the metal, leading to the suggestion that
the glutamate behaved as a ligand mimetic. This is consistent
with the fact that all integrin ligands possess a critical aspartate
residue (or glutamate) as a key feature of their integrin-bind-
ing motifs, and mutation of any of the metal-coordinating
sidechains of the I-domain (6, 7) abolishes binding in a domi-
nant negative fashion. The concept of a metal ion providing a
bridge between ligand and receptor has been widely antici-
pated (8, 9), and the crystal data provide tantalizing though not
direct proof of its existence. 

Apart from the highly conserved oxygenated residues that
directly coordinate the metal, the upper surface of the domains
surrounding the MIDAS motif is highly variable. One might
imagine that the metal-Glu/Asp bond contributes about half of
the binding energy, with the rest of the energy and the specific-
ity arising from further interactions (ionic/polar/hydrophobic)
between complementary surfaces of the integrin and ligand.
Two groups have set out to directly test this hypothesis by mu-
tating residues on the MIDAS face. Huang and Springer (10)
used mouse–human chimeras and site-specific mutagenesis to
demonstrate that residues essential for the interaction of lym-
phocyte function–associated antigen–1 (LFA-1) with intercel-
lular adhesion molecule–1 (ICAM-1) were located on the
MIDAS face surrounding the site of metal coordination. Simi-
larly, Rieu et al. (11) showed that residues essential for the
binding of the hookworm pathogen, NIF, a protein that blocks
the binding of natural ligands to 

 

a

 

M

 

b

 

2

 

, cluster around the
MIDAS face of 

 

a

 

M

 

.

 

The 

 

b

 

 subunit I–like domain. 

 

The most highly conserved
region of the integrin 

 

b

 

 subunits is an 

 

z 

 

250 amino acid stretch
located near the amino terminus. Strong support for this re-
gion of 

 

b

 

3

 

 in ligand binding function is provided by the obser-
vations that arginine-glycine-aspartic acid–containing pep-
tides cross-link to this region, mutations within this region
abolish ligand binding, and several antibodies that inhibit
ligand binding map to this region (12). Mutations in the corre-
sponding region of other 

 

b

 

 subunits similarly block ligand
binding, and function blocking as well as activating mAbs for

 

b

 

1

 

 map to a discrete region within this fragment (13).
The presence of an invariant D 

 

3 

 

S 

 

3 

 

S sequence required
for ligand binding within this region of the 

 

b

 

 subunits as well as
within the 

 

a

 

 subunit I-domain led to the suggestion that these
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two regions might be structurally and functionally related (14).
Based on the similarity of hydropathy plots between the 

 

a

 

 sub-
unit I-domain and this region of the 

 

b

 

3

 

 subunit (5), a hypothet-
ical atomic model was built of the 

 

b

 

3

 

 subunit domain that pre-
dicts that this region is likely to share many of the structural
features of the 

 

a

 

 subunit I-domain (15). Mutagenesis of candi-
date oxygenated residues in the 

 

b

 

3

 

 subunit predicted to be in-
volved in cation coordination and ligand binding fully support
this model. Similar results obtained with the corresponding re-
gions of 

 

b

 

2

 

 (16) and 

 

b

 

1

 

 (17) further support the hypothesis that
this region of the 

 

b

 

 subunits adopts a similar but not identical
fold to the I-domain and might engage ligands via a MIDAS-
like motif. However, unlike the 

 

a

 

 subunit I-domain, direct evi-
dence for metal binding to this region of the 

 

b

 

 subunits region
has not been provided. 

 

The

 

 

 

a

 

-chain sevenfold repeats.

 

Recently, a hypothetical but
very persuasive atomic model of the seven NH

 

2

 

-terminal
repeats of the 

 

a

 

 subunits has been built (18). This model was
inspired by the crystal structure of the heterotrimeric G-pro-
teins. The 

 

a

 

 subunit fold is predicted to be a 

 

b

 

 propeller, a cy-
clic structure made of seven modules that can fold as a unit but
not independently. The ligand contact points are located on
the upper surface of the propeller, and may include loops from
more than one “blade,” as well as the propeller axis. Interest-
ingly, the much discussed “EF-hand” Ca

 

2

 

1

 

-binding motifs of
the 

 

a

 

 subunits lie on the lower surface of the propeller far from
the ligand contact sites. It is likely then that these play a struc-
tural rather than ligand-binding role, perhaps by connecting
the propeller to the stalk regions. Alternatively, they may be
involved in interactions with the 

 

b

 

 subunit. 

 

Tertiary structure changes

 

There is abundant evidence that integrins change their confor-
mations during ligand binding and activation (19–21). In prin-
ciple, changes in affinity of a ligand-binding site could arise in
two distinct ways: a movement of domains that “unmasks” the
ligand binding site, or tertiary changes within the ligand-bind-
ing domain that alter the shape and charge properties of the
interacting surface (“shape shifting”). Both mechanisms may
operate within integrins; there is some evidence for shape
shifting in the I-domains, while the propeller epitopes may
simply be unmasked. 

The dinucleotide fold adopted by the I-domain is well
known in other systems for undergoing tertiary structure
changes. Lee et al. (22) have shown that the 

 

a

 

M

 

 I-domain can
adopt two different conformations depending on the solution
conditions before crystallization. They showed that changes in
metal stereochemistry are linked to changes in the shape and
charge distribution of the MIDAS face and also to tertiary
changes, which are propagated to the COOH-terminal helix
and the opposite pole of the molecule. This led to the sugges-
tion that the two structures represent active and inactive con-
formers of the I-domain. In this model, it is the presence or ab-
sence of a ligand mimetic that “decides” the conformation.
Therefore, it is not contradicted by the lack of conformational
changes observed in the crystal structures of the 

 

a

 

L

 

 I-domain,
grown in the presence of different metals or in the absence of
metal, which lack a ligand mimetic (23). 

There is a wealth of evidence supporting overall conforma-
tional changes throughout the 

 

b

 

 subunit as the epitopes for
many inhibitory or activating monoclonal antibodies map to
the 

 

b

 

 subunit (24). These studies do not, however, distinguish

between unmasking and shape shifting. Within the 

 

b

 

3

 

 subunit
I-like domain, two monoclonal antibodies specific for the acti-
vated conformation of integrin 

 

a

 

IIb

 

b

 

3

 

 that map at or near the
ligand binding site provide support for conformational changes
in this domain (25, 26). In addition, the dominant negative ef-
fect of mutations of the 

 

b

 

 subunit MIDAS-like residues pro-
vides strong evidence that shape shifting is required for attain-
ment of the active quaternary conformation (see below).

 

Quaternary structure changes

 

We do not yet know how quaternary changes (i.e., the way in
which the 

 

a

 

 and 

 

b

 

 chains pack against each other) are linked to
structural changes in the ligand-binding domains, which alter
their affinity for ligands. One possibility derives from the study
of the heterotrimeric G-proteins. In that system, the 

 

bg

 

 sub-
units form a propeller with ligand binding sites that are
masked in the inactive state by the 

 

a

 

 subunit GTPase domain
(similar to the I-domain fold). On hydrolysis of GTP, the
GTPase domain changes its conformation and ligand binding
properties, detaches from the 

 

bg

 

 dimer, and unmasks ligand
binding sites on the propeller (27). In an analogous model of
integrin allostery, the 

 

b

 

 subunit I-domain structure would sit
on top of the 

 

a

 

 subunit propeller in the low affinity quater-
nary state, where it sterically blocks the propeller ligand bind-
ing sites. In the high affinity quaternary state, the 

 

b

 

 subunit
I-domain–like structure is released from its contacts with the
propeller, leading to shape shifting in the 

 

b

 

 I-domain and un-
masking of the propeller ligand binding sites (Fig. 1). In sup-
port of this model, we have obtained evidence that the synergy
site of fibronectin, located in the ninth type III repeat (FIII9),
binds to the third blade of the 

 

a

 

 subunit propeller of integrin

 

a

 

5

 

b

 

1

 

, while the RGD motif, located in FIII10, binds to the 

 

b

 

subunit I-domain (Mould et al., personal communication). The
structure of the fibronectin FIII7-FIII10 fragment has recently
been solved and it places these two motifs 35 Å apart (28).

Figure 1. Top and side views of a hypothetical integrin with three 
ligand binding sites (L) in equilibrium between the low and high af-
finity quaternary states.
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This places stringent constraints on the positions of the two in-
tegrin ligand binding sites and requires that, in the active state,
the 

 

b

 

 subunit I-domain lies against the side of the 

 

a

 

 subunit
propeller close to the third blade.

In those integrins that contain an 

 

a

 

 subunit I-domain, the
propeller model places it also on top of the propeller, between
the second and third blades, where it could obscure some of
the propeller ligand binding sites. The conformational differ-
ences observed in the crystal structures of the 

 

a

 

M

 

 I-domain are
consistent with the idea that activation leads to a hinge motion
of the I-domain that unmasks potential ligand binding sites on
the propeller. This motion would also allow shape shifting
within the I-domain that allows it to bind ligands with high af-
finity. If these two structures represent high and low affinity
forms, then we must look for a surface on the I-domain that
binds a “repressor” and locks the I-domain in the low affinity
conformation in the resting integrin. Zhang and Plow (29)
have made 

 

a

 

M

 

/

 

a

 

L

 

 chimeras that lead to a constitutively active
ligand binding function. The substitutions are on a surface of
the I-domain distal to the MIDAS face, near the domain ter-
mini. The proposed 

 

a

 

 subunit 

 

b

 

 propeller blades may contact
this region, but the “repressor” must also include the 

 

b

 

 chain,
and it is possible that the 

 

b

 

 subunit I-like domain may also con-
tact the 

 

a

 

 subunit I-domain. In this regard, it is noteworthy
that mutations in the

 

 b

 

 subunit MIDAS motif effectively abol-
ish ligand binding to 

 

a

 

M

 

b

 

2

 

 and 

 

a

 

L

 

b

 

2

 

 (16) despite the integrity
of the ligand-binding epitopes of the 

 

a

 

 subunit I-domain.
While such mutations might exert their effect by preventing
the formation of an initial receptor/cation/ligand ternary com-
plex (30), an alternative explanation is that these mutations
lock the 

 

b

 

 subunit I-domain into the inactive conformer,
which in turn locks the position of the neighboring 

 

a

 

 subunit
I-domain; i.e., allosteric control of quaternary structure. This
dominant negative effect is also seen in the binding of non–
arginine-glycine-aspartic acid ligands to integrins that lack 

 

a

 

subunit I-domains.

 

A “two-state” model

 

The emerging picture is that integrins have up to three, but
typically two, distinct ligand binding sites that are intimately
linked and allosterically controlled. The simplest allosteric
model with which we could try to explain the ligand binding
behavior of integrins is the two-state model formulated by
Monod et al. (31). The two states refer to two distinct quater-
nary arrangements (T and R) of the 

 

ab

 

 heterodimer. With one
ligand binding site, this model generates four possible states of
the integrin with different energies (unliganded T [Tu], li-
ganded T [TL], unliganded R [Ru], and liganded R [RL]).
With two ligand binding sites, there are six thermodynamic
states.

The simplest way to visualize this model is in terms of en-
ergy “ladders” (Figs. 2 and 3). There is a T state ladder with
narrowly spaced rungs (low affinity for ligand) and an R state
ladder with broadly spaced rungs (high ligand affinity). Tu is in
equilibrium with Ru and TL with RL. The quaternary confor-
mation (T or R) of the integrin in the absence of ligand, the af-
finity for ligand, and the effect of ligand on conformation de-
pends on the relative positions of the two ladders. For
example, in Fig. 2 

 

a

 

, Tu is lower in energy than Ru and TL is
lower than RL so that the integrin will remain in the T state
(low affinity) whether the ligand is bound or not. In Fig. 2 

 

b

 

,
the R ladder has lower energy, and ligand binding induces the

conformational switch; i.e., the condition for outside-in signal-
ing. In Fig. 2 

 

c

 

, the R state has still lower energy. The integrin
will remain in the high affinity state in the presence or absence
of ligand, and ligand binding will induce only local structural
effects; i.e., the condition in which the integrin has been acti-
vated by an intracellular signal (inside-out signaling).

In a fascinating series of experiments, Hughes et al. (32)
did charge reversal mutations, indicating that a single salt
bridge between the 

 

a

 

 and 

 

b

 

 cytoplasmic tails is required to sta-
bilize the low affinity (T) conformation. Mutations affecting
the putative salt bridge partners destabilize the T state, push-
ing the ladder upwards relative to the R state ladder, into a
state resembling Fig. 2 

 

c

 

. A single salt bridge is probably worth

 

z 

 

3 kcal/mol and corresponds to the difference in energy be-
tween Tu and Ru. If the ligand binding energies are in the na-
nomolar range (

 

z 

 

8 kcal/mol) for the R state and micromolar
(

 

z 

 

4 kcal/mol) for the T state, this generates the condition in
Fig. 2 

 

b

 

 or 3 

 

b

 

 in the resting integrin; i.e., poised for outside-
in signaling. The similarities with hemoglobin are strong here.
In that system, salt bridges also stabilize the low affinity T
state, and mutations that break those salt bridges increase the
affinity for oxygen by shifting the equilibrium towards the qua-
ternary R state. In cells, integrin-associated proteins could act
to stabilize the high affinity state by binding and sequestering

Figure 2. A two-state model of integrin allostery with one ligand 
binding site.
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one or both of the salt bridge partners leading to the condition
in Fig. 2 c or 3 c. Since this system relies on the quaternary or-
ganization of the T state to reduce the intrinsic ligand binding
affinity (the R state has the affinity expected of isolated do-
mains), most mutations in the interface between the a and b
subunits (intra- or extracellular) are likely to destabilize the T
state and lead to a constitutively high affinity integrin locked in
the R state (33, 34).

This simple model can provide a rationale for most natural
and unnatural effectors. For example, the effect of activating
antibodies can be explained in terms of stabilizing the R state
(moving the right hand ladder down). While doing this, they
may or may not block one or more of the ligand binding sites.
An inhibitory antibody could exert its effect by stabilizing the
T state, by directly obscuring a ligand binding site, or both.

In the case of two ligand binding sites, the situation be-
comes more complex. For example, there is the possibility of
cooperative ligand binding (Fig. 3 b). Here, binding to the first
site occurs with low affinity but induces a significant popula-

tion of the R state, and binding to the second site occurs with
high affinity. One must also take into account synergistic bind-
ing whenever the ligand is bivalent and the two binding sites
are the correct distance apart.

Conclusion

The breadth of integrin-mediated adhesive interactions and
their critical biological implications have ensured an intensive
effort directed at elucidating the molecular basis for integrin–
ligand interaction. Recent studies have added significantly to
the understanding of the interrelationships between ligand
binding sites. A continuing analysis of integrin–ligand interac-
tions together with emerging insights into the regulation of in-
tegrin affinity should provide new approaches to the control of
cell adhesion.
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